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PREFACE

“Through its previous four editions this book has been dcslgnefl to
acquaint the begmng studeat of heredity with the facts and principles
of mheritance It has also been the purpose of the book to arouse and
hold the interest of the student and to stimulate his thinking To these
ends human characters and other famihar examples have been chosen
wherever feastble, and the discourse has been kept simple and straight-
forward

Duning each of the intervals betw een successive editions of the book,
some new facet of genetics has developed 10 the point where it demanded
wclusion m the text Thus aver the years there have been added, among
others, discussions of glant chromosomes, of biockemical genetics, and of
cytoptasmic inheritance. Such developments have not been lacking in the
interval following the appearance of the fourth edition The genetics of
bacteria and viruses has naw been brought to the point where a discussion
of this topic seems imperative, and a chapter has been devoted to 1t. The
new chapter has been correlated with the textual material on cytoplasmic
inherstance and on genes and development, and these three chapters have
been grouped together to form an integrated unit following the discussion
of genes and mutations

The phenomenon of pseudoallelism has become one of major interest,
and a discussion of this topic is included in Chapter 26.

When the giant chromosomes were newly discovered, they were
awarded a separate chapter in the text, It now appears that their study
is so intimately concerned with the analysis of chromosomal aberrations
lh'al the material dealing with salivary chromosomes has been integrated
with the treatment of aberrations. The discussion has been divided into
two chapters, one dealing with variations in the numbers of chromosomes,
and the other with rearrangements of chromosomal material. This di-
vision should provide a more effective teaching device.
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The chemical structure of desoxyribose nucleic acid has now been
elegantly determined by the Butish workers, and a discussion of the
structure and genetic importance of this substance has been added to
Chapter 24 Further discussions of the genetie implications of DNA
appear in the new chapter on bacterial genetics,

The chapter on the physicat background of Mendetan inherttance
has beent extensively rewnitten, as have the chapters on sex-linked genes,
on linkage and chromosome mappng, the cytological basis of erossing
over, aud the d of sex. The p 100 of the blood groups
has been brought vp to date, and the mo systems of notation currently
in use have been d and explamed Suce a clear und ding of
the meaning of locus is helpful m graspng the wdea. of multiple aliehsm,
the chapter an multiple atleles has heets moved ta follaw the chapters on
hinkage and mappiog.

Some additional yearrangement of chapters has been undertaken,
fargely on the advice of users of the text A sampling of opintons of teach-
ers who have adopted the book was made, and we are gratefid for the
many excellent suggestions we recetved The chapter on fethal factors
tos been eliminated as such, its contents have in part been wserted mto
a new chapter {3) along with the discussion of lack of dommance, under
the heading * Modifications of the 3 1 ratio,” and m part mcluded m the
chapter on hnked genes Sex-infl d and 4
bave been combimed sate a single chapter

Buef mtroductions to the production of enzymes by genes have been
added to several of the early chaptess, thus giving the student a feelng
for hiachemical genetics early sn the course The chapter on selection and
breeding methods has beent expanded, and almost every chapter has been
revised to some degree,

In the discussion of evalution genetics (Chapter 28) mmproved con-
tinuity has been effected, we beheve, by removing the greater pars of the
denwation of formulas to an appendi< at the end of the chapter

The general consensus of users of the fourth ediion was that the
final chapter, on the analysis of human pedigrees, was not assigned to
students In prepariag manusenpt for the fifth edition this chapter was
therefore deleted, and some of the simpler concepts were discussed
other appropriate chapters

Many pew problems appear in this edition, and some of the prob-
lems of previous editions have been omtted 1t shonld be re-emphasszed
that the problems provide valuable sources of factual and thought-
provohing material supplementary to the discussion in the text New
thustrations have also been added to many of the chapters

Although we cannot here mention them by pame, we wish again to
thank alf those who gave advire and help with previous editons Forawd
and advice in prepanng manuseript for this edition, we wish to express




our sincere thanks to our colleagues, Doctors H L. Chance, J B. Clark,
K. E Crool, B. B. Hyde, and S. H. Wender. We are grateful to Mr and
Mrs. R C Dragoo, Jr., who helped so efiectively in the preparation of
the manuscript and lustrations, The authors assume full responsibility
for any errors which may appear and will always welcome suggestions
and enticisms from those who may use the book.

LAURENCE H. SNYDER
PAUL R, DAVID

The Unicersity of Oklakoma
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CHRARPTER ONE

The study of heredity

One of the most in ing developments of the leth cenv

tufy has been !he clarificatson o{ the bamie prnciples underlymg the

of istics, or traits, m of

Living orgasusms Although from time smmemional man has speculated

us to the caunses of it 1s enlyin ively recent years

that any real wnd of the p e tved has been
reached

The most elementary observation will provide us with matenal
for thought along these lines Dogs, for example, produce puppies,
never kattens Yet the puppses n a itter may possess such individu-
ality that 2 ehild ean distingissh one from the others by leokingat 1t
or by hstening to 1t squeal or even by touching 1t in the dark The
puppies themselves mlt be able to distmginsh any person from any
other by odor as well as in other ways

No twomdsviduals are exactly alike Vanality isa fundamental
charactersstic of hving thiogs Although no two sndividuals are guite
alike, we do recognize many simlanties among orgamsms, and we
soon come to reahize that many of these symlanties are obviously
correlated with the closeness of the biological relationship between
the individuals We do not always so readsly realize what 15 equally
true, namely that the differences among individuals may also be
corselated with the relationsiep between them

Biological relationship, however, is only part of the cause of
similarities and differences between mdw:duals Actually such in-
dividuality is the result of the heredetary and i
mentalinfluences. The relative contribution of each of these influences
varies from trait to trast and from cireumstance to cireumstance.
The smcncc of genetics embodies the study of the contnibutions of

ke-up and en and the analysis of the principles
and Jaws underdying the action of the blological snfluesnces.
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As a subgect for thought and discussion genetics arouses our
Leenest interest because we oursetves ate the products of innumerable
heredstary traits, developing and interacting under the wnfluence of
the environment ®hich is our nold As a sciesce genetics 1§ subject
1o certan natwral lavns., and although relatively young 1t already
compares 10 exactness with such older sciences as physics and
chermstry

Grenetics touches many fields, from cach of which 1t has drawn
matenal for 1ts foundations and support and to some of which it has
contnibuted defimte principles oy practical apphcatsons in return
Examples of such practieal appheations will be brought out in suc-
ceeding chapters

The earlier wark 1n genetics wus largely evolved from the experi~
mental study of plants and animals One of the pleasmg later results
hos been that the genetie pristeiples thus evalved appear to be just
as apphieable to man as to the faes, corn, cows, or Jimson weeds fram
the study of which they were developed [t s posssble, therefose, ina
beginning study of gencties to use human besngs to some extent as
the subjects for discussion This we shal} endeavor to do as far as
possibile

In dex elopmg prnciples, honever, 1t 1s frequently valuable and
sometynes qune neecssary to ustrate by means of such plants and
ammals as are castly and quickly rased by mvestigators i the labora-
1wty {n many instantes, of course, the student of heredity 1s directly
coneerned with the mprovement of domesuie animals and enltsvated
plants It 1s no uncommon procedure thewe days tor the geneticist
to make & new varicty of plant to order In ammals the procedure
1s slover and more difficalt, but the impros cd breeds of hve stock,

pets, and poultry owe ther present-day purted ven to man's wcreasing
knowledge of the prnciples of genties And the cnd 15 not yet

In the case of man hmself ve are ust Leginning to realize onr
:zm‘;:‘;:t;c’&:[‘3;‘2‘:’:{]:0‘3%‘ when more and more ndividuals
N i aee, and fewer and fewer like the poorest,
is dawning wnder the influence of the genetse viewpomnt Every day

new facts about human swhentance are being discovered, and every
day new possibi y

present th 1 Geneties 15 a dynanue
mb{krt Even duning the progress of a scmester’s egurse the student
rar;.;;i gm tP!w op;}on:nuy of makang a small but potentially valu-
L sution 10 the subject by presenti t

histaries of is own taking v v for analysis ey
o l’[‘hu tass of herelity are well enough understood, however, for us
ot ?‘t:;xvl 1o discover any new Fendamentat prenciples from the

¥y of man Rather we hope to analyze the human organism and

relate its hered: |
P lo ples and faws already under-

v mak
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stood. Thus 15 necessanidy a slow process, but the day-
by-day advances make fascinating study

To develop a knowledge of heredity we must have
vanations A species showing striking dufferences be-
tween individuals becomes for this reason valuable to
us from the standpomnt of geneties If every person, for
example, had brown eyes, we should know nothing as
to the nature of the mhertance of eye color m man
But, when m the mdst of 2 brown-eyed population
we meet 2 blue-eyed person, we begn to collect data
on the heredity of the color of eyes Vanations, espe-
cally striking vanations, then, make a convenient -~
troduction to geneties

Among our own famubies we find an avaitable source
of vanations with which to begut our observations Let

Fig 11 A family
bsstory lustratmg
the nherdance of
eye color m man
Solid svmbols indi-
cate blue eyes holv
fow svmbols nde-
cate brown eses
Squares  snduate
males, ardes fe
males

us ook about us at our own friends and relatives Let us note some:
hfferences and resemblances in people and try to develop a few funda-
mental principles for ourselves before startng the more technical dis»
cussson of heredity

The color of eyes makes a convenient and sasmly available be-
ginning Here is a family 1n which some of the members are blue-eyed
and b d Let us th sach a family m the form of 2.
chart, which 15 a very convement ad to analyms In sflustrating
famihes it 19 customary to ndicate males by sguares, females by
aircles Matings are tlustrated by honzontal hnes connecting the ap-
propnate squares and circles, offspring by vertieal kmes leading to
other squares and circles In the family under discussion are a son sud
a danghter The father and daughter are brown-eyed, the mother and
son blue-eyed Let us represent brown eyes by hollow squares and
aircles, blue eyes by solsd ones Qur farmly thus can be visuahzed as
mn Figure 1 1 This we speecly learn to recognize as a famuly consssting
of two parents and two children, 2 boy and a grt The bollow symbols
denote one character, the solid ones a contrasting character, in this
case brown and blue eyes, respectively

Let us look a bit further in our scarch for eye
color 1 famshes Here is & famly m which the
parents are both brown-eyed (Fig 12) Butt s
scen that some of the children are brown.eyed,

hke the parents, and some are blue-eyed, unltke Pig 12 Family history
oither parent Does this mean that the blue eyes uostraling the mhen-

are not a result of heredity? Not at ali, we shall

tance of g)ye color in
man  Brown eyes are

find many wstances of heredsty & in which the off- epresented by hollow
sprng differ from Loth parents We shall find that syrabols, blue eyes by
hereditary potentiafities are the things that are in-  sohd symbols.
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herited and not developed characters We say that a certain child
inherits his father’s eyes What the child inherits is the capacity to
produce eyes like those of the father Or the capacity may be to pro-
duce eyes like those of some other ancestor and not like those of either
parent Yet that capacity was inherted through the parents just as
surely and in just as definite a manner as though the child’s eyes
were exactly like those of one of the parents.

Our attention is caught by an unusual eye color. Here is a family
in which some of the indrviduals have pink eyes The hair and skin
are devoid of resulting 1n snow-white hair and a rosy-whit
skin, due to the fact that the circulatmg blood 1 the deeper layers
shows through the scrm-transparent outer layers. The pink color of
the 111s of the eyes is likewise caused by the fact
that the blood vessels are seen through it. People
with these characters are called albinos. In Fig-
ure 1.3 are photographs of albinos, and Figure 1.4
shows a fanuly history in which this character
occurs

Here again it is scen that a character in an
offspring may be different from the corresponding
character in either parent. This s true in certain
conditions of heredity but not 1n others, Figure 1.5
shons a family history 1 which both parents are
albmos and all their children are albinos Try as we
may we cannot find an instance where two albino
parents have produced anything but albimos We
shall find in the progress of our study numerous
characters which seem to *breed true’* and do not
ordmanly give nse to dissimular traits,

Here 15 an interesting family in which a charac-
ter appears with stnking frequency. In this case
it is an extra finger on each hand which attracts
our attention It 1s indicated by the black squares
and circles in Figure 1 6 We note that this charac-
ter does not seem to oceur in an individual unless
one of the parents had an extra finger. It scems to
occur equally readily in both sexes We shall find
many characters of this nature,

A famly in which many of the members are
bald-headed next engages our attention. Here we
note a new fact: The condition is largely confined

Fig 1.3 Two albino parents and their albino child, From
in the Journal of Heredsly

6
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to males and may pass directly from father to son
{Fig 1.7} Such conditions will require careful analy-
mis Jater on,

In contrast to the above family is one in whach
hemophilia, or “bleeding,” ocours Here again we . s
notice that the condition is apparently restrcteg 1§ T4 Family Hs-

tory of albmsm
to males It seems, however, not to be passed from  mzn The sobd syme
father to son, but rather to be transmutted from an  bolsindicate the afomo
afficted man through his daughters to some of hig  wdwiduals
grandsons Many characters of this type of behavior
will be met with as we proceed (Fig 1 8)

One last fanuly may be considered before we
turn to the more detailed study of heredity Here
is a family in which for several gencrattons the
men have been stone-cutters. Their occupation Fig 1.5 A famly
brings them into close contact with fine sione-dust  where both paventsare
which they are forced to breathe to some extent, albwmes Note that all
These men have frequently shown a lung disease ;tl’;:h"drm ate al-
which develops late in fife It was thought by the i
fammly that the breathing of st dust canted the jung
trouble .

However, in the last two generations some of the members of the
family have not been stone-cuttess, yet have developed the lung
trouble yust the same It Wkewsse appeared in 2 woman i a late
gesseration And one of the stone-cutters did not devetop the trouble.

The lung disease 15 indicated by sohd symbols, and the stone-cutters
are shown by mcluding the letter S the symbols i Figure 1 9

Several present th 1 Was the lung
trouble ongmatly dye to the continued mhalation of dust from stone
cutting? I so, could the trouble become so firmly ingramed 1 the
stock that finally 1t was transmutted to mdividuals who were not
themselves stone-cutters? Or was the lung disense inhented and just

-
e T

Fig 1.6 A family history of polydactylism {an extra finger ont each hand}

THE STUDY OF HEREDITY 7



Fig 17 A family history of bald- > .
ness The bald mdwaduals are indi- Enough has been said to suggest

cated by solid symbols

Tig. 1.8 A pedigree of
hemophulic individuals

Fig 19 A pedigree of o
family in which most of 1he
Tt Fave Leen Monecotters,
and fave developed 4 tuny

‘uea\r@s. The lung trouble js
indicated by sod gy mpoqe

t € s10ne-cuttens are degiyn:
tel by an enclosed 5, *

3 CHAPTER omy

happened to appear in those of the
stone-cutting trade? If the condition
was inherited could the irritation of the
stone-dust hasten or aggravate its de-
velopment * Why did not all the stone.
cutters develop the trouble if stone-dust
caused 1t? Such questions will be dis-
cussed during the progress of our study.

the fasemating possibilities in searching
for bereditary traits in families. Many

hemaphihia, The sol,d symbols indicate the

fore traits may readily be found and con-
sidered Sueh characters as blindness, deafness,
musical ablity, discase susceptibility, stature,
J'ongevxty. temperament, and many others make
interesting material for study If such pedigrees
areexamined at the very beginning of our study,
& few apparently general prineiples drawn from
them, and the pedigrees then filed away for later
analysis after some of the laws of heredity are
understond, our study of genetics may be made
a five and personal subject instead of a cold and
abstract discussion
bchat"i‘hcn[“e have learned something of the
tion o(o ™ of hereditary factors from the observa-
of an;nrﬁ“mts and offspring in many spec'les
t6 rajse s and plants, we shall be in a position
eal uestions as to the physical and chemi-
fature of such factors, thew location



within the organism, and their modes of action in producing char.
actenistics.

‘We sha} discover that herecitary factors are complex molecules,
which we call genes. They appear to be composed of desoxynbose
nuclewe acids Genes are located at definite points sn microscopic
structures called chromosomes, found within cells The detarled chem-
weal itton of cf 38 rapdly b z known. Al~
though the overwhelmung majonity of hereditary differences within
species ate due 1o dafferences 1 genes, there are alse matenals i the
cytoplasm which have a role i heredity, and these, too, we shall
study.

Genes are capable of reproducing themselves exactly for many
cell generations Occasionally, however, the chemical arrangement
of a gene may change, resulting in a different structure and action
of the gene, and hence, under certam circumstances, 1 o new char-
acter Such a change v call 2 mutation. We shail find that the mu-
tated gene now reproduces tself sn ats changed form just as faithfully
as it previously copied its ongwal form Thus mutations may be
mherited

Expenimental studies of mutations show that the slow natural
mutation rate may be greatly speeded up by various forms of radia-
tion and by certam chemueals In this way the whole problem of

) 15 opened to 1 attack, and tius problem is one
of the major research interests of geneticists at the present time The
effects of rachation on mutations m human bemgs will be of wterest
to us, and we shall discuss them carefully

During the course of our study of genetics, then, we shall estab-
tish the fact that many characters are the results of genes, working
within the framework of their owa environment and that of the
organism The queszum will Jogically arise as to the specrfic action of
genes in ‘3 How, for i 5 €an 2
moleculte of protemn in the eell make a person an albmo or cause him
to have brown eyes or to be mentally deficient? Answers to problems
such as these are rapidly coming to hand, and we shall learn what
research workers m this arca are discovermg Those of you who have
studsed organic or biclogieal chemustry will be famuiliar with enzymes,
the orgamc catalytic agents which facihitate chemcal reactions in
hving bodies The study of the production of enzyres by genes, along

with the subsequent action of the in controliing
and development, is one of the most interesting phases of the scrence
of genetics

Genetics will also prove to be of very practical value in agricul-
ture and in furthering the health, welfare, and happmess of mankind
We shall discover that the appheation of our knowledge of the pro-

THE STUDY OF BEREDITY 2



duction by gene action of certain diseases and anomalies can'rcsult
in the earher dsagnosis and treatment, and even m the prevention, of
many of these ilinesses and abmormalities .

In these and other ways genetics will uafold to us as a science
which 15 of basic impostance 1 the understanding of the phenomena
of the growth and development of individuals and of the evolution of

hving organisms,

PROBLEMS

Make 3 record of 2 fanuly known to you
1 shich some i

be concerned m the transmission of the

appears n several members Record 1t in
the form of a pedigree chart as was done 1
this chapter Answer as many of the follow-
ng questions about the character as you

n

1.1 Is the eharacter clear-cut, o that a
person esther has st ar does not have 1t, or
are there vanous degrees of expression
ranging rom one extrenie to the other”

1.2 Dues st oecur in both males and fe-
males, and if so, do bath sexes show 1t with
approxieaately the same frequency?

13 Does 3t ever appear in a son of
daughter when peither parent shoned 12

14 When both parents have the charac.
ter, do all the children show it

1.5 Would the espression of the chars
acter be zasity influenced by changes in the
emvaronment?

1.6 If the character could be mfluenced
by the envwonment, do you think tt might
sl have a hereditary basis®

1.7 File away the pedigree you have
secorded, and after you have completed
the sturdy of the first sixteen chapters, ex-
amine it again and deternune what hand
of heredstary tehavior, of any, appears to

10 CHAPTER ONE

1.8 List same human chatacters which
rrught be readidy mfluenced by changes in
the enviromment, Suggest the envsronsnen-
tal changes which mught be expected to
nfluence eack,

1.9 List some human characters which
would probably riot be easily influenced by
changes 1n the environment,

1.10 List some human characters which
do not appear until late in hie Would
such characters be relatively easy or diffi
cult to study from the standpomnt of he-
redity” Why?

111 {ast some human characters which
vary considerably in the degree of thesr
expression from person to person In begin-
g the study of heredity, would such
characters be the most favarable kind for
study? Give reasons for your answer,

112 Lsst some characters sn domestic
anumals or pets which you have observed
to be apparently dependent upon heredity.
Why would it be easier to learn the funda-
mental prinoples of heredity from the study
of animals and plants than from the study
of human bengs?



CEIAPTER TWO

Simple Mendelian inheritance.
The 3:1 ratio

Among the dogs of certain breeds there occasionally appeats
one which is deaf (Fig 2 1) This is an undesirable charactetistic, as
can be readily imagined, and breeders of dogs are desirous of getting
rid of it Yet, in spite of taking the precaution of not using deaf dogs
for breeding, the character crops up again and agam in the puppies
born mn certain kennels It 1s obvious that some hereditary factor 15
causing the deafness, since in the same htter, raised under external
conditions practically identical for each puppy, some will be deaf
and others not.

Fog 21 This
spanel would make
an ewcellent pet
were 1t not for the
fact that she s com-
pletely deaf. The
deafness is heredi-
tary.

SIMPLE MENDELIAN INHERITANCE 11



The study of the inheritance of this character makes an inter-
esting story In order to understand 1t fully certain matings shokqd l?e
made We find that if a dog with normal hearing, from a strain in
which there 1s no deafness, 15 bred to a deaf dog, all the puppies have
normal hearing If we aflow these puppies to grow up and then mate
w0 of them together, they will produce puppics in the ratio of three
normal to one deaf, Morcover, when two deaf dogs are crossed they
produce only deaf puppies

The geneticist, sceing these results, knows immediately that deaf-
ness and normal hearng in dogs are dependent on a pair of unit
genes, with deafness recessive He knows this because of the laws
and principles discovered m the eighteen-sixties by Gregor Mendel.
Moreover, the gencticist can immediately predict what the results of
other crosses involving deafness will be, such as crossing one of the
dogs which bad one nommal and one deaf parent with a deaf dog
Further, the geneticsst can tell the dog-breeder how to get rid entirely
of deafness 1n his strain and how to do 1t easily and quickly He can
do this because of tus knowledge of Mendel's laws

Let us examine these laws of Mendel Let us see why the three-to-
one ratio 1s famuliar to the genetiesst, and let us find out how he is
able to use this knowledge 1 a practical way

Our present knowledge of heredity rests directly on certain prin-
ciples and laws discovered through the panstaking research of
Mendel Others have added to and extended these principles, but he
was the first to set forth clearly a logical explanation of the way 1
which genes behave duning a cross Johann Mendel was born n

1822, of German parentage, in the village of Ieinzendorf, in Stlesia.
In 1843, at the age of twenty-one, he entered the Augustiman Monas-
tery at Brimn, Morawia, as a novice. There he spent the remainder
of hislife, except for short periods of teaching 1n nearby high schools
and a course of study at the University of Vienna Upon entenng the
monastery he took the name of Gregor, and was thenceforth known
as Gregor Johann Mende! A fascinating account of the life of Mendel
has been written by Iitis
Ina hm'c strip <§( garden behind th‘c monastery building Mendel
conducted .hls cxpcnmcm's upon h'ybndlulion. Having a scientific
turn of mind, he made investigations not only in biclogy but in
metcorology and geology as well In l:us rooms he hybndized mice,
along ll}c edre of the garden he experimented with bees, and 1n the
x:rdt\r; tlzd‘f he ma:;lc }:lum_cmus erosses with many kinds of plants
s e e oot s o
b . Thereis a toueh of humor in the result
for while at first he l'}:nl Ieisure for his work, he was limited in thc'
space available for him. Later, when elected prelate, all the space
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he desired was at his disposal, but his duties robbed him of the time
he needed Still later, when both time and space were available, he
was handicapped by an excess of avowrduposs, having become too
stout to make the Jong walks and hil-chmbings so necessary m the
collection of maternal, ¥le smoked as many a5 twenty egars 2 day
in an effort to overcame tins increasing weight

Nevertheless, Mendud accomphshed 2 $remendons amount of
investigation M v it was dingly well planned and ad-
mirably carried out, $o that the results form today the very basss of
all studses on hetedity

Alendel's classie paper was wntten in 1865 and pubbshed m the
following year Counsidering that men have been vitally interested m
the mysteries of heredity at least smee the dawn of istory, it may
scem rematkable that the relatively ssmpie rules of inberttance which
Mende! discovered had not been recogmzed Jong before his time Part
of the explanation hies 1n the fact that every scentific diseovery
depends to an ymportant degree on discovenes previousty made
Aendel's laws, as we shall soon sce, are essentially stadestecal laws,
based on the proportions of different types of progeny produced from
various kinds of matings For anyone to recogmze the constancy of
these proportions, 1t was necessary to work with ofganisms which
could be mated ar erossed according to the mvestigator’s plans, and
from whtch very large numbers of progeny could easily be obtatned

Many common plants meet both of the requirements just men-
tioned, and Mendel’s crucsal discovertes were mn fact made n the
course of his plant-breeding expeniments But the pessibility of making
controlled crosses in plants depends on the knowledge that plants
reproduce sexually, and that seeds are formed only as a result of the
umiting of mate and female germ celfs These facts were not discovered
1 modern Europe uatil aearly 1700 although, wnterestingly enough,
they were 1 essence well known to growers of date patms in the Near
East a thousand years or more before the Christian era.

‘The discovery of sexuality in plants fas turned out to be one of
the most revolutionary discovenes of the last three hundred years m
its practical as well as 1ts theoretical consequences, but it appears to
have exeited relatively hittle mnterest at the time 1t was made It was
not untd the 1350's that the knowledge of sexual reproduction 1
p\ani& was apphed 1o selentific mvestigabion, when the first systematie

m plant hybad were undertaken by Koelreuter,
a German professor of natyral history Fhs studses lud the ground-
wark for most subseqs pts to und d the ¥ of

heredity.
Strong mierest in the experimental hybridization of plants de-
veloped in the early 1oth century. From the 1820's on, gaining
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momentum as the years passed, there was a surge of activi.ty i_n Ger-
many, m England, and 10 France, concerned with investigations of
mhentance m plant crosses The stimulus for this activity derived
from two sources First, there wasa growing awareness of its practical
importance, dating from Themas Kmght's demonstration, at the
heginmng of the century, that smproved varetics of food plants could
be developed by the use of artifictal hybndization. Second, the ide2
of evolution was coming to the forefront 1n biologmeal thinking. It had
been shown much earher that cross-fertilization in plants oceuts not
only through artsficial nterference, but js 2 common phenomenon in
nature, and many biologists now thought they mght find o key to
evolutionary processes through the study of plant hybrids.

Punng the forty or fifty years immedately preceding the pub-
fication of Mendel's paper, more than a dozen experimenters, both
prafessional biologists and practical plant-breeders, were working in-
tensively on the same problems that Mendel was concerned with.
Many of them were men of outstanding abulity and several of them in
their experments used the same plant with which Mendel obtained
v most Wumimating results, even some of the very observations
which Mendel made, and which served as major limks in his chain of
analysis, had been independently reported by other workers. Why
then, was Mendel alone able to analyze successfully the phenomena
he was studymg?

The answer, we think, lies primanly 1n the fact that Mendel was
the first to approach the problem quastitatively It was essential to s
suecess that he carcfully select for s erosses plants which differed
in clear-cut, readily distinguishable features It was especially essen*
nal that he test each parent strain to be sure that it was true
breeding But others had also followed these procedures. Indecd,
Z?T‘:c of them had obsc’r\'ed, as Mendel was to do, that the offspring
“crzfﬁ“:{;::c" s"h"e' and purple-flowered plants, for example,
proxlncod sorme “:c . and that seeds {rom these hybrd plants, in turf
alone kept mrc(ul‘t:: :mg soms purple-lowered progeny But Mendel
anl conted the bcm s of sced sown from each individua) Pl
on alarge cnoux;ll\"sccz\,l’co{; Z;l:i'yfpcgoﬁsp ring He did this, moreovés
erass, the proporiions of difl sty himself that from a given kind of
same iferent types of progeny werc always the

bincs"“s:;:‘lzc:mcnxts wuh plants Mendel used garden peas, colum=
fouro'clocks, &“5‘5‘[‘1\701’\'»0{'25‘ sedge, putnpkins, hawlaveed, vEtCh
Tts Gmmi] V “;‘“S' cinqueloil, mullein, violets, maize, and others:
tockay 23 which has for &k with peas, however, swhich is remenbered
peas Mende] ob o ormed the basis for modern genetics. In garden

served seven pairs of contrasting characters, These
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included smooth seeds and wrinkled seeds, yellow cotyledons and
green cotyledons, inflated pods and constricted pods, yellow pods
when unnpe and green pods when unnipe, flowers i the amils of the
leaves and flowers at the ends of the stems, transparent seed coatsand
brown sced coats, tall plants and dwarf plants

Thus the first step towards analyzing inheritance was the ob-
servation of elear definite differences between individuals of the
species The next step was the crossing of individuals which differed
one from the other in regard to these characters Mendel crossed a
plant having a certain character with one having the contrasting chat-
acter, He was able to do this by removing the stamens from a flower,
so that self-pollination and self-fertslization could not occur He then
by hand placed on the stigma of this flower pollen from another plant
having the alternative character A cross between the two was thus
achieved. The m'uﬁcxal\y 11 d flower was ful
from any other po\len grains which might reach 1t by meuns of 1nseets,
wind, or other agencies

The seeds produced by the cross-pollinated flower were planted,
and the resulung hybrids were carefully observed They were then
erossed among themselves to obtain another generation The careful
abservation of this second generation of hybnds resutted in the formu-
lation of certain fundamental and important pnnciples.

TLet us follow one such cross Among the pea plants Mendel noted
some which were tal), acqunng a height of six feet or more, while
athers grown in the same sl were dwarf, reaching a height of only
eighteen inches or less He crossed a tall plant from a tall race (that
is, with no dwarfness in 1ts ancestry as far as he knew) with a dwar{
plant from a dwarf race. The resulting plants were ail tall, thus,

Parents Tall > Dwarf
F Tall

Mendel then took a very important step He crossed two of these
hybrid talt plants together. These hybrid tall plants form what we
call the first filial generation, or as it 1s usually wntten, the £ He
raised as many plants from this cross of two Fy plants as possible,
and found that among the offspring there were both talf and dwarf
plants Moreaver, there were three times as many tall plants as
dwarf ones, thus:

Parents Tall X Dwarl
Fy Tall X Tal
Fs 3 Tall 1 Dyarf
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Counting the actual numbers of tall and dwarf plants in the
sccond fillal generation (the F;) was a master stroke. Mendel then
scli-polinated the Fs plants, that is, he allowed the pollen from a
foner 1o fall on the shigma of the same flower. He found that the
dsarf plants when self-polimated produced only dwarf, while of the
tall plants in the Fy one third bred truc and two thirds produced both
tall and dwarf 1n the ratio of threc to one, as the F; plants did.

Thinking about these results brought Mendel to several conclu-
sions First, only one of the tvo characters concerned in the cross
showed up 1n the F; In this case all the Fy plants were tall, never
dwarf Second, the dwarf character, although it disappeared in the
F), was not lost, since it appeared again in the F; Mendel reasoned
therefore that the Fy plants must have carried a *‘hidden” gene for
dwarfness as indicated 1n the following diagram (Although, as we
shall sce m Chapter 4, Mendel did not use the word “gene’ and
never saw a chromosome, his hypothetical ““factars™ behaved as
today we know genes to behave We shall, therefore, use “'gene” in
relating Mendel's work.)

Parcuts Tall X Dwarf
e
Fy Tall (dwarf)

f then the Fy plants contain two genes for height (one for taliness
which shows up and one for dwarfness which remains hidden), it is
only logical to suppose that any plant of any generation must also
contain two genes for height. A tall plant from a tall race might thus
be supposed to have two genes for taliness, while a dwarf plant might
be supposed to have two genes for dwarfness Our eross could thus be
visuahzed:

Parents Tall (tall) X Dwarf (dwarf)

P Tall (dwarf) > Tall (dwarf)

Fy Tall (tal) Tall (dnard) Tall (Awarf) Dwarf {dwarf)
Mendcl desi d as domi the ch which appears 1n

the Fi, masking the effect of the gene for the alternative character,
the character which does not appear (although its gene is present) h(.:
calicd recessive. Today we apply these terms to the genes themselves
aswell as to the characters Thus tallness is due to a dominant fene,
dwarfness to a recessive As long as the dominant fene 1s prcscnt’
the n:w«i\c rene does not produce any obnious effect A simﬂcu:
situation hedd in the other pairs of characters which Mendel studied,
Thus, when a plant with anllary flowers was crossed with a plané
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having terminal flowers, all the F, plants had axillary flowers, but the
F, generation showed some plants with axillary flowers and some with
terminal flowers, again in the ratio of three to one

One further point seems clear If the genes are supposed to oc-
cur 1n pairs in each individual (as appears to be the most reason-
able explanation), some method must exist which keeps the genes
in pairs from generation to generation Mendel suggested that to
account for this we assume that only one of the two genes of a pair
gets into each matyre germ cell Thus when two such germ cells unite
we shall have two genes for each character brought back together in
the new individual Today we are very sure that this explanation 15
correct This is known as the law of segregation,

Now let us find a more conventent method than the use of whole
words for <rgraming crosses Symbols will be much simpler It s
customary in genetics to use parrs of letters to represent pairs of genes
A captal letter 1s generally used for the dominant gene and the cor-
responding small letter for the recessive gene of the parr The first
letter of the name of one of the characters 1s usually chosen Thus
dwarfness begins with **d,"” so we may let D (a capital letter) represent
a dominant gene and d (the corr ding small Jetter) the
alternative recessive gene These genes act in such a way that the
combinations D7 and Dd produce tallness and & results in dwarf-
ness Let us indicate mature germ cells {which we call gametes) by
putting circles around them We may then summanze our cross as
folloves:

PARENTS® DD < i

GAMETES Ip @ @

3 2 D > Dd

D 2
GAMETESS @ @ RN
}% D{ | v

2 4 R

ST et tal

Let us designate male gametes by attaching a tail to the circle
This distinction will be found convenient in diagraming both plant
and ammal crosses,

Then, if each type of sperm has an equal opportunity of meeting
each type of egg, we shall obtain by this method of symbols the
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results which were actually obtained by breeding. It is ta be ﬂ?Wd
that genes segregate in the germ cells. that is, only one of a pait of
genes is tound m 2 gamete.

The checkerboard m the precedmg ¢ 1 2 co
method of recarding alt the possible combtnations of gametes.

By reference to the abave dagram we may detive a set of terms
which w1l be of use 1o us 1n subsequent, gene analyses The chatacter
which shows up in the Fy s, as stated carlier, due to a dominant
gene. The onc which remasned hidden 15 due to 4 recessive gene. In
the foregomng example D represents z dami gene and d ref
a recessive gene Two such gencs formng a contrasting pair are sasd
to be alleles. The adgectve formed from this word is altetic. When
the difference betwien o gnen character and an alternative one is
determuned by 2 single par of alleles, the character is said ta be a
unit character.

A mature gersm cell 1s frequently called 2 gamete; the unton of tveg
gasnetes resuits 1 a 2ygote. A zygote is said 1o be o homozygete if
the two members of the pair of genes are alike; o heterazygote of the
1o members are different Thus the zygote DD is a homozygate o,
s we often say, a plant of the genetic formula DD is homozygous for
tallness A plant of the formula dd is homozygous for dwarfness A
plont of the formuta Dd, having the two gencs of the pair different,
1 heterozggous for the genes for height. It Wil be seen later that an
ndunsdual may be hornorygous {or one pair of genes, heterozygous
for another pasr, and s6 on

In the F, of the cross these were two kinds of plants which we
could discern by means of our senses tall and dwarf However, there
were three kinds of plants when classified by their genetic formulas:
homozygous 1w, DD, heterozygous, Dd, and homozygous dwarf, 44
The ctasstfications which w e can mahe hy means of our senses (in this
ease tall and dwarf) are known as phenotypes. The clasuifications
which are made on the basis of genetic formutas (n this case DD, Dd,
and dd) are known as genotypes,

With the above facts in mind, fet us think again of the original
problem of deafncss in certain breeds of dogs We first made z eross
Letween a deaf doe and o normat one {rom a tiormal Yipe {whith we
may now eall a homozygous normat) The puppies all had normat
hc:mm:,‘ Thy m.d'ncnus 1o us shat, if the difference between deaf and
20““‘“‘ i ““"‘“‘1}’-3'}' and dependent an a single pait of alicles, normal
cs; :-s:‘ ‘:1 ‘t\:;m’m:;‘n over .dmlncss I thss is true, Wh“E should we

- 2! Chviousty the threcto-one ratio with which we have

bmmzzc fasbiar, that 1s, in this case, three times a5 nmany normai
pupples as Jeaf puppies.
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‘When we find that this ratio is actually obtained in the F;, we
are justified in assuming that deafness in dogs is a unit character,
recessive to normal hearing, so that the gene for normal hearing
and the gene for deafness are alleles As such, only one of these genes
could be in a gamete, and two (any two) mn a zygote

Assuming, then, from these results that the genes for deafness
and for normal hearing are alleles, we may henceforth indicate them
by symbols Since the word deafiess begins with “d,” just as dwarf-
stess did, we may agan choose the same letters Let D represent a
dominant gene and 4 its recesstve allele, acting so that DD and Dd
produce normal hearing and dd produces deafness

What will be expected, then, 1f we cross two deaf dogs? Qbviously
all the puppies should be deaf, since deafness must be homozygous
to show up, Thus:

dd > dd
dd

Now can we tell the breeder how to get nd permanently of deaf-
ness 1u his strain? He 15 already elimnating the deaf dogs from tus
breeding stock as fast as they appear, but in spite of this, deafness
cantinues to appear. How can deafness appear when no deaf dogs are
used as parents? Obviously because the normal parents are in some
cases heterazygous, thus-

Dd X Dd

These will produce some deaf puppies The kind of dogs the
breeder should have are of the homozygous formula DD, but these
cannot be told by external from the t ygous dogs
(Da).

By breeding each normal dog 10 a deaf dog and observing the
results scparately, we may readily identify and ehnunate the heter-
ozygous individuals as well as the deaf ones, feaving only the homozy-
gous normals Work out a diagram of these matings for yourself and
sce that it is so A strain composed only of dogs homozygous for
normal hearing will thencefcrth be ewcctcd to producc only normal
puppies Thus an undesi which
could never be eliminated simply by culhng out the individuals show-
ing the character, may be quickly and permanently eliminated by
simple genetic methods,
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results which were actually obtained by breeding. It is to be noted
that genes segregate i the germ cells. that 1s, only one of a pair of
genes 1s found m a gamete. .

The checkerboard in the precedmg duagram s a convenient
method of recording all the possible combinations of gametes,

By reference to the above diagram we may derive a set of terms
which will be of use to us in subscquent gene analyses The character
which shows up 1 the Fy 15, as stated carlier, due to a dominant
gene. The one which remained hidden 15 due to a recessive gene. In
the foregoing example D represents a dommant gene and d represents
a recessive gene Two such genes forming a contrasting pair are saud
to be alleles. The adjective formed from this word 1s allelic, When
the difference between a given character and an alternative one is
determuined by a single parr of alleles, the character 1s said to be a
unit character,

A mature germ cell s frequently called a gamete; the union of two
gametes results 1n a zygote. A zygote 1s said to be a homozygote if
the two members of the pair of genes are alike, a heterozygote if the
two members are different. Thus the zygote DD is a homozygote or,
as we often say, a plant of the genetie formula DD 15 homozygous for
tallness A plant of the formula dd 1s homozygous for dwarfness. A
plant of the formula Dd, having the two genes of the pair different,
15 heterozygous for the genes for height It will be seen later that an
indn1dual may be homozygous for one patr of genes, heterozygous
for another pair, and so on

In the F; of the cross there were two kinds of plants which we
could discern by means of our senses talt and dwarf However, there
were three kands of plants when classified by their genetic formulas:
homozygous tall, DD, heterozygous, Dd, and homozygous dwarf, dd
The classifications w ich we can make by means of our senses (in this
case tall and dwarf) are known as phenotypes. The classifications
which are made on the basis of genetic formulas (in this case DP, Dd
and d‘{) are hnown as gedotypes. T
e 1 . e s ik i o e o
between a deaf dog and a :(;“nnflcfy . (1)’ oRs We ﬁrst' made 2 cross
sy o gl & bomozs o & n‘c {;hm a normal line (which we
heanng This indicates ts unotrm?) fy huppos all had normal
normalis huulimr;' and dus h; 1l ihe d““ﬁcm? beteveen deaf and

heanng 1s domir-mt‘ over ?m o 1t smyzlc Pais of alleles, nosmal
0 cafness If this is true, what should we

expect lh(.' Fi? Obnviously the three-to-one ratio with which we have
bccm‘f\t famihar, that is, 1n this case, three times as many normal
puppies as deal puppies.

18 CHAPTER TWO



gene (u) vesults, when in the homozygous
condition, in an udder abnormafity, A
farmer has a herd of cattie m which some
of the indwaduals have notched ears and
some have abnormal udders He desires to
nd his herd of these characters Which
would be the more easily eliminated from
the herd? How should he go about elimnat-
ing each?

2.16 1n man normal pigmentation is due
to a dormoant gene (), albimsm to its
recessive allele () A normal man marnes
an albino woman, Therr first child 15 an
albino. What are the genotypes of these
three persons? If there are more cinldren,
what would they probably be ike?
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CHMAPTER THRER

Simple Mendelian inheritance.
Modifications of the 3:1 ratio

In crosses described in the last chapter between peas (Tall X
Dwarf) or dogs {Deaf < Normal) which dsflesed in a single character,
the Fy progeny were indistinpuishable from one of the parcntal types;
that 1, ene gene of a payr was dominant to 1ts alicle in each instance.
Thss 1s by no means always thc case ln poultry, when birds with

dashed-white pt 1y white feathers, with scat-
tered slate-biue flecks) are mated to solid blacks, the oﬁsprmg are
“bine,” having slate-blue feathers edged with black, as in the Blue
Aundalusian breed (Figure 3 1) In the & the ratio observed is ap-
proumately one black, two blue, one splashed-white Schematically:

Porents Black X Splashed-white
i
£ Blue X Blue
]
F, Black Blue Hlwe  Splashed-white

If you compare the above diagram with the similar one of the
pea cross shown oft page 16, an explanation of these results should
oceur to you at once  The blue chickens here carrespond to the peas
symbohzed as " Toll {dwarf)” n the earler diagram That is, they
are hetesozygous for a pair of allelic genes, one of the alleles, when
homozygous, procd black ph the other in homozygous state
mves splashed white To put this m symbols, we may represent the
two alleles by the fetters 11 and w Neither aliele is dominant to the
otker {so that the choice of which allele to symbolize by the capital
letter is enturely asbitrary); instead, the heterozygote has an inter-

medute appearance. Thus the W' genotype produces black, w
gives blue, and ww splashed-white,
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If our theory is correct,
mating two birds with black
plumage together should give
only black progeny, and the
splashed-whites should hikewise
breed true, while blue> blue
should always give the same
122:1 ratio found in the F,
above; and this 1s 1n fact what
happens Using letter symbols,
work out the results in Fy and
F, from the cross black >
splashed-white in a diagram
simular to that on page 17.
What crosses involving still
other combinations of genotypes
are possible?

Another familiar example
of lack of d is found in

shorthorn  cattle We may
designate the alleles involved
as R and r Homozygous RR
animals are red, and rr homo-
zygotes are white, The hetero-
zygote, Rr, is roan, exhibiting
a fine intermixture of red and
white hairs which give it a
pepper-and-salt effect If you
purchased a herd of roan short-
horns and consistently got rid
of alt red and all white calves
as they were born, how many
generations would it take to
produce a true-breeding herd of
roan shorthorns?

We shall encounter many
instances of alleles which in
heterozygous condition produce
an effect that is readily distin-
guishable from both homozygous
types, so that neither allcle,
strictly speaking, can be de-
seribed as dominant to the
other. On the other hand, even

Fig 31 Blue Andalusian fowls, These birds
are heterozygous Their color is due to the
blending effect of a pair of alleles Dirds homo-
zygous for these alleles are either black or
splashed-white. Blue Andalgsian fowls are
therefore not a true-breeding variety.
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when the heterozygote cannat be distinguished from ope of the
homozy gous types i superficial appearance, we trequently find that
1t 1s distnguishable by mere entical examnation or by the use of
spectal techniques One of the character pars with which Mendel
worked, rosnd versus wrink Ied peas belangs w this categary, although
the faet was wnknown to Mendel hungell
When true-breedmy pea plants math round seeds { R RY are crossed
to wrinkied-secd plants (rr}, the F; oll have round seeds fn the F: we
obtam a ratio of three round to one wrinkled To the unaded eve the
heterozygous Ry pea looks st as round and smoath as the homo-
zygous RR. whereas the seed coats of the rr peas are distmetly
wnnkled and shrunken The cause of the ditierence w appearanee
between round and wrnnkled has been traced to a difterence 1 starch
cantent Inbath types of pea the seed when ramarture contuns sugar
In the round pea, the sugar 5 almoest wholly converted into starch as
the seed matures, and s Tetams water, eo that the npe teed remans
round and firm In the rr pea, the connersion of sugar wto starch 18
very wcomplete, tess water is retained furing the ripemng process,
and the seed coat becomes wrinkled as 18 contents shrink
Alreroscopic exanunation of the food reserves i RR and rr seeds
teveals an abundance of well-formed starch grams in the former, in
the rr peas, on the other hand, the number of starch grams is greatly
dimimshed, and the mdividual grams that ave found appear 1o be
unperfectly formed or partly disintegrated When now we examine
micr pically the sced of the Rr ¥ cgates, we find
an mtermediate conditon starch grams are distinctly less numerous
than w RR seeds, but much move sbundant than i the »'s, and the
individual grams are imperfectly formed, though to a Jess degree
than those of wrinkled homozygotes
‘Thus while the R allele, judged by s most obvious effect (the
development of a round, filled-out seed), appears to be domunant to r,
the domi 1s absent or i 10 terms of the basic process
for which the gene is responaible, the conversion of sugar mnto starch
reserves in the seed
If yon will thik a ttle about the case just described, it may
give vou a clue to a possible ! ion of the of
dominance. We have seest that 1n RR plants there 1s practically com-
plete conversion of sugar snto starch withmn the npening seeds, whale
in rr's the conversion takes place only ta a very lunited depree We
mught plausibly suppose that an R gene is concesned with the pro-
duction of sowme substance, X, {an enzyme, perhaps) which is neces-
sary for the chemical transformation of sugar into starch, and that
an r gene produces a much smaller quantity of 1his substance The
incomplese dominance of the R allele, thenf u be explamned, of
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two R genes produce sufficient of the substance X to convert all of
the sugar, while the combination R plus r falls just short of providing
enough If the R gene were still a stronger producer of substance X
than it 1s, it might well be that cven the one R gene in the heter-
ozygote would suffice for complete conversion of the sugar Since
two R alleles in the homozygous RI’ could do no more than this,
RR and Rr would be at 1 ishable, and domi
would be complete Similarly, if the R allele were appreciably
“seaker”’ than it 15, the Rr peas might even in gross appearance be
intermediate between RR and rr peas, and there would be no dom-
inance

There are numerous other instances of close superficial Tesem-
blance of a heterozygote ta one of the homozygous types, from which
it can nevertheless be distinguished by special means Let us examine
an example from human genetics,

A gene, s, when homozygous, Tesults in the development of
sickle-cell disease, 2 condttion which 1s charactenzed by severe chronic
anemia, retarded physical development, and pains m the jomts,
muscles, and abdomen It 1s fatal almost without exception Micro-
scopic examnation of the blood in this disease reveals that a large
propartion of the red blaod cells are of grossly abnormal forms, of
which the term “‘sickle-shaped” is very roughly descriptive All of
the red cells in a sample of blood from ss individuals will become
*“sickled” sf the blood is deprived of access to oxygen Heterozygous
Ss individuals appear to be entirely healthy, extubiting none of the
disabling impairments listed above as charactenstic of the discase
Nevertheless, if their blood 15 cxamined under the microscope, a small
percentage of the red cells are seen to be sickled, and all of them can
e induced to become so by oxygen deprivation, although a con-
siderably greater reduction in oxygen tension s required than is
needed to produce the same effect 1 blood from persons with the
sickle-cell disease (Fig 32)

‘The student should ize by now that domi is a rela-
tive, not au absolute term, 1t applies to o phenomenon which vares
greatly from case to case At one extreme (as illustrated by roan cattle
or Blue Andalusian poultry) the heterozygote shows the effect of each
allele to about the same extent, dominance is absent In other cases
the effect of one member of a pair of genes in the heterozygote is much
more appnrcnt than is the effect of its allele. Thus is often called
as in the case of the round aliele
in peas (which, 1n fact, is commonly referred to as dominant) the
resemblance 1s almost, but not quite complete And finally, we have
complete dominance 1f the effect of an allele 1n heterozygous condi-
tion 1s identical with ats effect in the homozygote The terms *“dom-
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when the hetcrozygote cannot be distinguished from one of the
homozygous types 1 superficial appearance, we trequently find that
1t 15 distinguishable by more eritical examunation or by the use of
special techniques One of the character pates with which Mendel
worked, round versus wruitkled peas belongs m this category, although
the fact was unknown to Mendel hymself

When true-breeding pea plants wath round seeds (RR) are crossed
1o wrinkled-seed plants (7), the £ all have round sceds [n the Fywe
obtain a ratio of three round to one wrnkled To the unarded eye the
heterozygous Rr pea looks just as round and smooth as the homo-
zygous RR, whereas the seed coats of the yr peas are distinetly
wrnhled and shrunken The cause of the diflerence in appearance
Dbetween round and wrinkled has been traced to a difference in starch
content Inboth types of pea the seed when smmature contains sugar.
In the round pea, the sugar 1s almost wholly converted into starch as
the seed matures, and ths retains water. so that the ripe sced femains
round and firm In the rr pea, the conversion of sugar nto starch 1s
very mncomplete, less water 1s retamned during the ripemng process,
and the seed coat becomes wrinkled as 1ts contents shrink

Microscopic exammnation of the food reserves in RR and rr seeds
reveals an abundance of well-formed starch grains in the former; in
the 7r peas, on the other hand, the number of starch grams 1s greatly
diminished, and the individual grains that are found appear to be
imperfectly formed or partly disintegrated When now we examine
microscopically the seed contents of the Rr heterozygotes, we find
an intermediate condition starch grams are distinetly less numerous
thann RR sceds, but much more abundant than in the rr’s, and the
individual grams are imperfectly formed, though to a less degree
than those of wrinkled homozygotes

Thus while the R allele, judged by 1ts most obvious effect (the
development of a round, filled-out seed), appears to be dominant tor,
thed is absent or i plete in terms of the basic process

for which the gene is responsible, the conversion of sugar into starch
reserves in the seed

. If you will think a Jittle about the case just deseribed, it may
give you 2 clue to o possible explanation of the phenomenon of
dommance We have scen that m RR plants there is practically com-
?lcte conversion of sugar into starch within the ripening seeds, while
in rr's the conversion takes place only to a very limited degree. We
might plausibly suppose that an R gene 1s concerned with the pro-
duction of some substance, X, {an enzyme, perhaps) which s neces-
sary for the chemical transformation of sugar mto starch, and that
an r gene produces a much smaller quantity of this substance. The
incomplete dominance of the R allele, then, would be explained, if
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two R genes produce sufficient of the substance X to convert all of
the sugar, while the combination R plus r falls just short of providing
enough. If the R gene were still a stronger producer of substance X
than it is, it might well be that even the one R gene in the heter-
ozygote would suffice for complete conversion of the sugar Since
two R alleles in the homozygous RR could do no more than this,
RR and Rr would be altogether indisti hable, and d

would be complete, Similarly, if the R allele were appreciably
“‘weaker” than it is, the Rr peas might even 1n gross appearance be
intermediate between RR and rr peas, and there would be no dom-
mance

There are numerous other instances of close superficial resem-
blance of a heterozygote to one of the homozygous types, from which
it can nevertheless be distingusshed by special means Let us exarmine
an example from human genetics,

A gene, s, when homozygous, results in the development of
sickle-cell disease, a condition which is characterized by severe chronic
anemia, retarded physical development, and pawns m the jonts,
muscles, and abdomen. It 1s fatal almost without exception Micro-
scopic examination of the blood in this diseasc reveals that a large
proportion of the red blood cells are of grossly abnormal forms, of
which the term “sickle-shaped” is very roughly desenptive All of
the red cells in a sample of blood from ss individuals will become
**sickled™ if the blood is deprived of access to oxygen Heterozygous
Ss individuals appear to be entirely healthy, exhibiting none of the
chsabling impairments listed above as charactenstic of the discase.
Nevertheless, if their blood 1s examined under the microscope, a small
percentage of the red cells are seen to be sickled, and alt of them can
be 1nduced to become so by oxygen deprivation, although a con-
siderably greater reduction in oxygen tension is required than 1s
needed to produce the same effect in blood from persons wmith the
sickle-cell disease (Fig 32)

The student should recognize by now that dominance is a rela-
tive, not an absolute term; it applies to a phenomenon which vares
greatly from case to case At one extreme (as iltustrated by roan cattle
or Blue Andalusian poultry) the heterozygote shows the effect of each
allele to about the same extent; dominance is absent In other cases
the effect of one member of a pair of genes 1 the heterozygote 1s much
more apparent than is the effect of its allele, This ;5 often called
i let i 0 » 3511 the case of the round allele
in peas (which, i fact, is commonly referred to ag dominant) the
resemblance is almost, but not quite complete Ang finally, we have
complete dominance if the effect of an aflele in hctemzygo'“s condi-
tion 15 1dentical with its effect in the homozygate The terms

“dom-
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Tig. 32 Thotomicrographs of human red blood cells Upper, normal cells from
a person of genotype S5 Center, cells from a heterozygous individual S, showing
sickling of some of the cells. Lower, cells from a homozygote, s, with complete
sickling Courlesy of the Unwersity of Mschigan Heredity Clinic, Dr. James V.
Neel, Director
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inance” and “dominant” originally referred to the last-described
situation only, but in the hght of the preceding discussion, the student
should not be surprised to find that there 1s some vanation 1n the way
they are used In particular, when an allele produces a distinctly
abnormal effect in the b gote, 1t 15 tather ly referred to
as dormmnant, without qualification, even when 1ts effect mn homo-
zygotes 15 conspicuously more extreme or {espectally 1n human ge-
netics) when tt has not been found 1n homozygous condition

We have seen in the case of sickle-cell disease, a gene which when
homozygous has effects so drastic as to result in death Genes with
regularly fatal effects are called lethal genes, and they have been
found in every kind of plant and animal that has been studied
genetically,

Some lethal genes are completely recessive, producing no discern-
ible effect in the heterozygote, but killing the animals or plants that
have them in homozygous condition Other lethals, besides being
fatal when homozygous, have recognizable but nonlethal effects 1n
heterozygotes Genes of this latter class, if they kill before birth or
hatehing (or before germunation 1n plants) result in a modification of
the 3:1 or 1:2:1 ratio that we have learned to expect in the offspring
of two heterozygotes

A good example of the modification of the 3:1 ratio by a gene
which prod a i effect 1n the t e and, when
homozygous, kills dunng embryonic development 1s provided by the
Creeper fow! In this ammal wings and legs are considerably shortened
and deformed, giving it a squatty ap-
pearance {Fig. 3 3). When Creepers are

mated to normal birds, we obtain equal
numbers of Creeper and normal progeny
‘When Creepers are crossed together the
offspring always show a ratio of two
Creepers to one normal Normal birds
crossed together never produce Creepers
‘The actual results obtained by Landauer
and Dunn in crosses of this nature are
given in Table 3.1.

Since two normal parents never pro-
duce Crecper offspring, but two Creeper
parents frequently produce some normal
offspring, 1t is obvious that Creeper can-

not be due to a recessive gene. It can be
due to a dominant gene, however, since
Creeper is inherited directly from one
generation to the next, a Creeper bird

Fig 33 A Creeper fow] In the heterozygous
condition the gene produces the squatty appear-
ance shown above, mn the homozygous state it
is lethal, From Landauer an Bull 193 of the
Conn. Agr. Exp. Station
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wable 31, Resvirs oF Vamous Crosses InvoLymve CREEPER AXND
Norwar Fowrs (From Landaver and Dunn)

OFrsPRING
Mamng
CreEPER RA AL

Creeper 7< Creeper 775 348
Creeper 2 Normal 1676 1661
Norm il XX Normal none all

always having at least one Creeper parent If Creeper 15 due to a
dommmant gene, however, Creeper birds must always be hetero-
zygous, since Creeper crossed with normal always gives a one-to-
one ratio This, it will be remembered, 1s the ratio obtained by
crossing a heterozygous individnal with a secessive mdividual.
Further mdication that Creepers are always heterozygous is found in
the fact that they never “breed true” when crossed among them-
selves, but always produce some normal offspring

The explanation of the fact that Crecpers are always heter-
ozygous 1s found in the ratio of two Creeper to one nosmal that is
always obtained among the offspring when both parents are Creepers
That this ratio is sunply a modification of the 1:2:1 ratio we have
already discussed is readhly seen when we discover that about a
quarter of the developing embryos from Creeper XX Creeper matings
die in the shell, most frequently around the fourth day of incubation.
The product of the mating, then, really includes three classes of
progeny, in the ratio of one monviable embryo - two Creepers : one
normal After hatching we see only the last two classes, and the ratio
then observed is, of course, two Creepers to one normal. Letting €
represent the gene for Creeper and c 1ts normal allele, and remem-
bering that the Creeper gene produces its lethal effect only 1 homo-
zygous condition, we may diagram the cross between two Creepers
and the cross between Creeper and normal as shown Thus crosses of
Creeper X< normal always result in the 121 ratio, because all Creepers
are heterozygotes

Lethal genes which have an obvious effect in heterozygous con-
dition, as in the case just described, are relatively easy to recognize
because of the abnormal ratios they produce It is not always easy to
find the nonviable homozygotes, however, because some lethals kill
early in development Thus, the Yellow gene in mice has long been
recognized as lethal in homozygous condition, hecause crosses of
Yellow X< nonyellow always produce Yellow and nonyellow progeny
ina 121 ratio, and Yellow X Yellow crosses produce Yellows and non-
yellowsin a2 211 ratio But it was many years before the homozygotes
were identified: they die at a very early stage (shortly after the
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PARENTS® Cc <  C: PARENISB  Cc >  «

Creeper Creeper Creeper normal
GAMETES I @ Q @ @ GAMETES B @ Q @
OFFSPRING I ¢ OFFSPRING c
c cC Ce | Ce cc
dies | Creeper Creeper | normal
. Ce @
Creeper | normal

fertahized egg has passed down the oviduct into the uterus) because
they do not become properly attached to the uterine lining

Lethal genes which produce no discernible effect in heterozygous
condition are somewhat harder to distingmsh They may be 1dents-
fied, however, by vatious methods

In cattle, for example, calves which are homozygous for a certain
lethal gene have an abnormal lower jaw with impacted molar teeth
They never live more than a few hours after birth and they may even
be born dead (Fig 3 4) Calves heterozygous for the gene are per-
fectly normal and show no detectable sign of the gene's presence The
existence of this gene, which has been named * parrot beak,” was
easily discovered because the homozygotes do not die until they have
developed sufficiently to be readily found and recogmzed as abnormal
If the lethal killed the embryos very early 1n embryonic hfe (as docs
the Yellow lethal in miec), the homozygotes very hikely would have
escaped detection, and the existence of the gene would not have been
discovered

Several other lethals of the same general nature as ** parrot-beak "
have been described in cattle by various investigators, particularly
Mohr and Wriedt These include “amputated,” 1 which the calves
are born dead with legs and lower jaw mussing, ‘‘short-spine,” a con-
dition of fused and compacted vertebrae, *hairless,” and others
(Fig 3 5) The “'bull-dog” lethal, on the other hand, 1s more lIike the
Creeper condition m fowls, the heterozygotes bemng the short-leguced
“Dexter” cattle, while the homozygous lethal genotype produc
dead calves with bashed-in faces, ridiculously short legs, and ot -
peculianties (Figs. 3 6 and 3.7). More than 25 lethal genes have tus
reported in cattle, 7 1n horses, 14 tmn swine, 6 m sheep, 21 1n chichs
and 1 in ducks

Since lethal genes may be cartied along from generation {6y« .
ation by heterozygotes, their elimination requires a breedine o- ¢
all normal individuals, as outlined in Chapter 2.
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The lethals which have been discovered
1n man afe those which exert their fatal
effects relatively late, that 15, in post-natal
lfe or, in a few cases, at about the time of
tirth In sicklecell disease, which has al-
ready becn mentioned 1 another connec-
tion, death usually occurs before adulthood
and sometimes 1 mfancy, although 1t may
take place, rarely, as late as age 3o Another
type of severe anemsa (Cooley’s anemia or
thalassemia major), also resulting from the
homozygous condition of a lethal gene, is
usually fatal dunng childhood aor early
youth There are two forms of amaurotic
1diocy, a condition charactenzed by striking
mental and phystcal detertoration, abnormal
hipoid metabohsm, and ramdly progressive
degeneration of the retina leading to total
bhindness The two forms are distinguished
by differences tn age of onset and of death;
each 15 caused by a different recessive gene
1n homozygous condition In one form {called
juvenile), the onset takes place about age
6 or 7 and death occurs rather regularly
m the middle teens The other form (in-
fantile), 1s usually noticed 1n the first 6 or 8
months after birth, and ends in death during
Fig 34 The result of a lethal gene in  the second or third year
cattle which has no visble effect m the A few lethals are known in man which
heterozygous condition, When m the homo-  are fatal during the first few days of life or
f_‘[f;"::é;i?;’,‘,"c:?“(‘n ézisf“::x‘“;::;‘_ even just prior 1o birth; among these 15 t.he
lives more than a few hours Delow 1sshown  5CRE Tesponsible for one of the recessive
the lower jaw of 2 “parrot.beak” calf, mth  types of epidermolysis bullosa, a condition
molars impacted and jaw-bone fractured. in which spontaneous blisters and other

severe lesions develop in the skin. Numerous

other lethals in man cause death dunng childhood or adolescence

Lethals which kill in the first stages of embryonic life doubtless exist

in man also, but you can perhaps see that they would be extremely

dlmcult'lo recognize It is quite possible that at least a portion of the

muscarriages that occur in early pregnancy are consequences of the
action of lethal genes

.Sever:fl of the Jethals 1n man which are mentioned above (juvenile

and infantile amaurotic idiocy, and the severe type of epidermolysis)

resemble the * parrot-beak” lethal in cattle, in that the genes respon-
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Tig 34 The result of a lethal gene in
cattle which has no visble effect n the
heterozy gous condition When in the homo.

ZVEOUS Tecessive state, the gene produces a
“parrot-beak™ call (above), which never
Ives more than a few hours Delow is shown
the lower jaw of a * parrot-beak " calf, with
molars impacted and yaw-bone fractured

Lethals which kill in the first
in man also, but you can perh:

difficult to recognize. It i
muscarriages that oceur
action of lethal genes
Several of the lethal
and infantile amaurotic
resemble the ¢
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parrot-beak" letha)

The lethals which have been discovered
in man are those which exert their fatal
effects relatively late, that s, in post-natal
Life or, 1 a few cases, at about the time of
birth In sickle-cell disease, which has al-
ready been mentioned 1n another connec-
tion, death usuaily occurs before adulthood
and sometimes m 1nfancy, although it may
take place, rarely, as late as age 30. Another
type of severe anerma (Cooley's anemia or
thalasserma major), also resulting from the
homozygous condition of a Jethal gene, is
usually fatal durmng childhood or early
youth There are two forms of amaurotic
wdiocy, a condition characterized by striking
mental and physical deterioration, abnormal
lipord metabolism, and rapudly progressive
degeneration of the retina leading to total
bhindness The two forms are distinguished
by differences 1n age of onset and of death;
each 1s caused by a different Tecessive gene
n homozygous condition Inone form (called
juventle), the onset takes place about age
6 or 7 and death occurs tather regularly
m the middle teens. The other form (in-
fantile), is usually noticed in the first 6 or 8
months after birth, and ends m death during
the second or third Year

A few lethals are known in man which
are fatal during the first few days of life or
even just prior to birth; among these 1s the
gene responsible for onc of the recessive
types of epidermolysis bullosa, a condition
m which spontaneous blisters and other
severe lesions develop 1n the skin. Numerous
use death during childhood or adolescence.
stages of embryonic Iife doubtless exist
aps see that they would be extremely
§quite possible that at least a portion of the
in early pregnancy are consequences of the

sin man which

s arementioned above (juvenile
idiocy,

and‘ the severe type of epidermolysis)
Lin cattle, in that the genes respon-



sible have no effect, as far as we can dis-
cover, 1n heterozygous state The sickle-
cell and thalasserma lethals, on the other
hand, are more comparable to the Creeper
lethal ip poultry or to Yellow tn mice be-
cause efiects of these genes can be detected
1n heterozygotes (by microscopic examina-
tion of the blood) as we have already noted
1 the case of the sicklecell gene Pefhaps ~
even maore closely comparable is a f;enc for .~
brachyphalangy which 1n heterozygous

B

. *~_,4M“'1” -

g

Fig 35 The results of lethal genes in cattle
which have no wisible effect w the hetero-
2ygous condition Above, a “short-spine”
calt, below, an “amputated” calf From Mohr o ps

and Wriedt in the Journal of Genetics, courtesy phlabs e e St d
of the Cambridge Unsversity Press

condition causes a shortening
of the mddle jonts of one or
more fingers The condition 15
g0 rare that it is excessively
unlikely to be found in both of
two parents, and therefore there
18 little chance of discovening
what the gene does when homeo-
zygous One family, however,
has been reported in which both
parents {close relatives of each
other) had the abnormality Of
their two children one had the
shortened fingers characteristic T 36 The ""s“‘;s °§ a( lethal gecs 2 arts gyt ke
of persons heterozygous for the :h::i‘_l";gﬂm,; St - ::’:”:f‘ L tem, ,\*::}'
brachyphalangy gene. The other a0 of the gene, which 1 the bom.. e FrterresT

was born without fingers or sullborn “bull-dog™ calved gy . ';’ )

astate e

- that e
toes; the child had, moreover, a  Figure 3 7. Below, a norma! | 2
vanety of severe deformities
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Fig 37 A "ball-dog” calf, the result ofa
letha gene 1 the homozy gous tondition.
From Wrieds, Heredity n Lue Stock, by
permission of The Macmsllan Co.

throughout the skeleton, and it
survived for only a year after
irth It 1s reasonable to suspect
(though we of course cannot
aceept 1t as proved) that the
severely deformed child was
homozygous for the brachyphalangy gene, and that the effect of
this gene 1 the homozygote s lethal

In plants, albimsm 1s a good example of a lethal gene which has
no effect in the heterozygous condstion, but homozygous albino
plants, because they have no chlorophyll, are unable to manufacture
sugar, and although they live long enough to be recogmzed, they die
as soort as the food material in the sced 1s exhausted On the campus
of a large Southern university there 1s a row of maple trees beneath
which large numbers of seedhings start to grow each year Regularly
one quarter of these seedlings are albino, indicating that the parent
trees are heterozygous for albimsm Many lethals of varous types
are known i plants

The lethal genes discussed 1n this chapter were discoverable, as
we have already noted, either because they produce a discernible
effect 1n the heterozygous condition, as i the C.ecper case mn fowls,
or beeouse they do not Jall until a relauively late stage of embryonic
or seedling development, as in the case of *‘parrot beak’" in cattle or
albinism i plants When a lethal produces no noticeable effect in
heterozygous condstion and kills at an early stage of development, 1t
is much more difficult 10 1dentify The recognition of lethals of this
kind 15 often possihle by the use of special genetie techmgues, but
since these methods involve the analysis of Intkage relations, we shall
defer consideration of them until the subject of linkage has been
discussed (Chapter 10)

We may summarize this chapter by reminding you that the 3:1
ratio found in the F: of crosses involving a dommant and 2 recessive
alleless rea\\.y atizirratioin which the first two classes appear alike
Where dominance is lacking, the true ratio of 3221 may be readily
observed In some cases, one allele of a pair may be lethal in the
homozygous state and produ‘ce a visible effect 1n the heterozygous
st.';l?, sr') that the observed ratioamong the living offspring will include
only two of the classes, and will be 2:1 instead of 3irorizaix
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PROBLEMS

3.1 Yellow guinea Pigs crossed wath
white ones alvays produce cream-colored
offspring Two cream Bunea mgs when
crossed produce yellow, tream, and white
offspring 1 the ratio of 1yellow 2 cream
E white, How are these colors tnhersted?

3.2 In radishes the shage may be long
or round or oval Crosses between long and
aval gave 159 Tong, 156 oval Crosses be.
tween round and ovat 53ve 199 round, 207
oval Crosses between Iong and round gave
576 oval Crosses between oval and aval
Lave 121 long, 243 oval, 119 round What
type of inhertance 15 wvolved?

33 From the materist given in the
preceding problem, what would beexperted
from the cross of long wth long? OF round
with round?

3.4 Using the facts gtven sn this chapter,
what hinds of offspring would be expected
and in what propartsons 1f 2 Blue Andalu.
sian male bud were mated to a black
female? A blue female® A splashed-white
female?

3.5 In fowes, o pair of alletes 7 and p
mteract as follows: PP ys lethal, usualty
keflmg dustng embryonse Iife; Pp results
n platinum color, and £p produces silver
foxes Couid a fos breeder establish g true-
breeding vanety of platnum foves?

3.6 Whers platinum fores are crossed
together, the offspring usually appear in
the ratw of 2 platinum 1 sidver. Occasion.
ally, however, a pure white pug appears
from such matings, but myartably dies after
a few hours or days What 15 the probable
explanation of the white ‘Pups?

3.9 In mnk, a popudar new color 15
blufrost. When standard brows munk are
crossed with blufrost, the offspring appear
in the ratio of one brows to one blufrost
Brown crossed sith brown never produces
blufrost What would you predset amony
the offspring from a emss of blufrost with
blufrost?

3.8 Atbmisn s lethat in plants, yet
many spectes of plants produce allings
among ther offspaung If albwos afsays
dee before reproducing, why does the chag.
acter nat becorne elunated?

3.9 Gallus, 2 famous Holstesn bull, was
heterozygous for the recessive fethal pene
responsible for absence nf legs (“ampu.
tated™) Such famous sires may has o many
hundteds of offsprng, and through Gallusg
the gene for amputated was wdely spread
among the Holstewn breed What problems
of importance to the Holstem brecsders
does thus fact create®

3.10 Outhne 2 treeding  program by
means of which tis character muight be
elminated from the Holstern breed

3.11 There arc many charaeters i mun
which never skip generations, but which
occur $o rarely that twa affected persons
seldom of ever marsy Hence we knaw sych
a character (hypotrichosts, or the complete
absence of har, for example) only tn the
heterozygous state Would st be possible
for the homozygous state of the gene for
such 2 character 1o be lethul®

3.12 In a certam senes of matings be-
tween normal pgs, 38 offspring were barn
Of these, 26 were mormal and ¢ had greatly
swollen forelegs The latter ived only a few
houss How eould t bese results e explatned
geoetacaily?

313 In the Tzourcany sheep of Rou-
mama gray wdnaduals and black individ-
sals are found The black animals when
bred tagether gave all black offsprng Black
mated te gray results 1n approumately
equal ratios of biack and gray lambs When
&rays are bred toget her, approumately two
thirds of the offspring are gy and one
third black How are these colors tethertted®

3.14 Certam breeds of dogs, such as the
Mevican Hareless, have very httle har and
few teeth Crosses of hasrless with normal
dogs produce eqial numbers of hasrless
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and nosmalofispring, Crosses between hair-
less dogs produce only half as many normal
offspring as hauless offsprng In addition
a proportion of the puppies 15 born dead.
These stillborn puppies lack external ears
and show abnormalities of the buccal
cavity Account for these results genetr-
cally

3.16 In crosses between two crested
ducks, only about three quarters of the
eggs hatch The embryos of the remaming
quarter develop nearly to hatching, and
then die Of the ducks whuch do hatch,
about two thids are crested and one
third have no crest What would you expect
from the cross of a crested with a non-
crested duck?
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316 A breeder of Shorthorn cattle has
cows which are white and a bull which is
toan What proportion of the calves pro-
duced 1n his herd will be white? Roan? Red?

3.17 Which of the calvesin the preceding
problem would be homnzygous? Which
would be heterozygous?

3.18 Starting wath a roan bull and white
cows, as 1 Problem 3 16, could you even-
tually estabhsh a true-breeding red herd?
How?

3.19 Would 1t be easier from a genetic
standpomt (o estabhish 2 true-breedang herd
of red Shorthorns than to establish a true-
Breeding flock of rose-combed Wyandottes?
1f so, why? (See Problem 2 4.)
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CHAPTER FOUR

The physical background
of Mendelian inheritance

In the preceding chapter we learned that genes are transmitted
from parents to offspring in a manner that 1s statistically predictable.
We also noted that genes are parts of chromosomes In this chapter
we shall consider some of the details of the transmission of genes from
parents to offspring We shall learn how genes occur 1n pairs 1n the
somatic cells of an organism, and segregate in the germ cells

Although Mendel’s work was pubhshed 1n 1866 and seems to us,
when we read it to-day, a of clear and cor g eXposi-
t10m, none of Mendel's own 1e: {ats
For more than thirty years his contributions to our understanding of
heredity were entirely neglected Then, near the close of the last
century, DeVries in Holland, Correns in Germany, von Tschermak
in Austria, and Spillman in the United States, working imdependently
of one another and in 1gnor:mce of the wnhngs of Mende), reached

1 which 1withhis A search through
the literature brought Mendel's paper to ight, and in the year 1900
the results of his work, verified by workers of a later generation, were
made known to the scientific world This event marks the beginning
of modern genetics

The questions of why Mendel’s discoveries made no impression
at the time they were published, nor for nearly thirty-five years after-
ward, have aroused much speculation, Perhaps, as Glass suggests, the
bologists of the time, as a result of the tremendous impact of Darwin's
Origsn of Spectes, were so intent upon problems relating to differences
between spectes that therr interest was not excited by reports of crosses
wathin species. How many scientists read Mendel's paper 1n the years
before 1t was disinterred we do not know but references to 1t in other
works indicate that it was not understood by those who cited it, and
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make plausible the contention of Tltis that the time simply was not
nipe for an understanding of Mendel’s analysis In a period when
quantitative methods were unheatd of in most areas of bml.ogy, a
paper on plant hybnidization which bristled with numerical ratios and
with Jetter symbols m what looked like algebrase formulas could well
have been brushed aside by many a render as apparently rrelevant
to 1ts subject, or even as mcomprehensible gibberish

The fact that the Mendelian laws were abmost simultaneously
rediscovered by at least four independent 1nvestigators near the end
of the century was, of course, no mere concidence Interest in prob-
lerns of evolution was as intense as it had been carher But serious
doubts had been cast upon the vahidity of the Lamarckian idea
(accepted by Darwmn) that vanations produced m orgamsms by the
direct action of the environment are causes of evolutionary change
This led to the focusing of attention on vanations which are not
t ble to envi 1 diff and other considerations
caused particular interest to center upon discontinuons vanations —
1, preasely such contrasting ““umt character” differences as those
which Mendel had studed. In the meantime, developments in sta-
tistics and biometry had recetved wide recognition, so that guantutative
analysis of the progemes of segregating crosses was now a natural
thing to attempt Once this was undertaken by competent mnvesti-
gators, the rediscovery of the laws of Mendel was practically in-
evitable

Mendel’s laws are essentially a description of what happens when
we make varnous kinds of crosses or matings Having found this out,
the next question we are likely to ask 15 ow or why 1t happens. The
answer, as was seen almost immediately upon the rediscovery of the
Mendelian laws, 1s to be found m the behavior of the chromosomes
(Fig 4 1) These arc deeply-staining structures found in the nuclei of
cells, and we now know that they are the basis for segregation and
other phenomena of heredity But Mendel knew nothing of the be-
havior of chromotomes, nor even of their emstence, for knowledge of

the intimate details of cell structure had to await certain

eritical improvements m the microscope which were not ac-
comphished until the nincteenth century was well under way.
The basic facts of chromosome behavior were just becoming
known in the last two decades of the century. But the more
essentiaf of these facts had been learned by the time Mendel's
laws were rediscovered sn 1900, and several biologists almost
at once saw that there was a stniking series of parallels
Fig 30 Chromosomes Detween the behavior of penes on the one hand and the
n 2 cell of Ascans (»  behavior of chromosomes on the other This led them to sug-
worm) gest that the genes are located on the chromosomes. Let us
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look into the behavior of chromosomes and see how 1t parallels the
behavior of genes We shall thus come to some conclusions about
what genes actually are

First of all we can readily see by microscopic examnation that
living orgamisms are composed of minute structural umts These we
call cells. All parts of the organism seem to be made up of these cells,
arranged 1n various ways When we examine them closely we find
that, while they apparently differ considerably 1n shape and appear-
ance, practically all of them possess one characteristic 1n common a
more or less spherical nucleus somewhere 1 the :nterior of the cell

‘The matenal of which cells are composed 1s known as protoplasm.
It is the living material of our world Part of the protoplasm forms
the mucleus i each cell The rest of the protoplasm, dufferent
appearance and structure, 15 known as cytoplasm. We find this part
to be the basis of the differences 1n general appearance of cells Muscle
cells, nerve cells, epithehal cells, and others differ from each other i
the shape and construction of the cytoplasmic part of the cell The
nuclei of all the cells of an organism, however, are surpnisingly alike
Tt is to the nucleus that we must turn our attention for the analysis of
the physical basis of Mendelan heredity.

All the rmlhons of cells in our bodies have come into eistence by
division and subsequent growth from other cells, ongimally tracing
back to the single fertilized egg cell from which each individual arises.
Every cell, 1f we could watch 1t long enough, would be seen erther to
die or to drvide The knowledge of what happens when a cell divides
is of fundamental importance 1n understanding heredity

Mitosts

Many years devoted to the development and application of care-
ful techniques e belind our knowledge of what happens when cells
divide New techmques are currently adding to that knowledge at 2
rapid rate The use of the phase mucroscope, for example, makes 1t
possible to see, in ltving and unstained cells, structures which cannot
be distinguished with the ordinary miscroscope because they have the
same degree of ti as their sur d; Electron mi-
croscopy 1s contnbuting information about details of chromosome
structure that are far below the limuts of visibility under the highest
magmfications afforded by conventional microscopes Special methods
have been devised to permit the study of 1solated chromosomes, and
through the use of these methods much has been learned about the

1 ec of chr material

When a cell 1s not dividing, we speak of 1t as being in the inter-
phase. At this time, in most living cells, hittle or no structural detail
can be seen in the nucleus with an ordmary hght microscope. Cells
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that are killed and stamned present a variety of appearances, de-
pending on the method by which the cells are killed and on the stains
that are used Quite commonly, however, the stamed interphase
nucleus has a finely granular appearance and contains what looks Iike
a loose skem or network of delicate fibnls Careful study has shown
that there is no actual ““network,” but mstead, a number of very long,
loosely cotled filaments These are the chromonemata (singular,
chromonema), chemically they appear to be composed chiefly, 1f not
altogether, of protemn The granular material has long been called
chromatin, because of the readiness with which 1t 1s colored or stamed
by certamn dyes We now know that 1t 1s composed of nucleoproteins,
substances of very complex chemical composition whose molecules
consist of protein combined with nucleic acids (see p 363)

If we examine cells 1n successive stages as they approach division,
we find that the chromonemata appear to become progressively
shorter and thicker The shortening s largely a consequence of their
becoming more tightly called The apparent thickening 1s also 1n some
degree a result of the tighter cotling, but 1t 15 chiefly accounted for by
the fact that DNA (desoxynibose nucleic acid), or DNA-contaming

1 ein 4 about the chr 1 filaments The con-
densation of the DNA 15 not a mere deposition of this material on the
chromonemata, rather, 1t appears to result from the contraction of a
collordal mass of nucleoprotein in gel form which has previously been
m a diffuse or extended state As the condensation of the deeply
staining DNA proceeds, the coiled chromonemata withmn it are usnally
obscured, although they still can be made visible by special treat-
ments which cause the coils to relax before the cells are kalled

The condensed masses of nucleoprotetn, together with the chro-
monemata within them, are the chromosomes. When they have
attamed therr final thickened condition, we can observe several inter-
esting and mmportant facts First, m favorable material, each chro-

mosome 1s seen to be a double structure as is
clearly shown in Figure 4 2, the two halves are
called chromatids, Second, 1 we examine numer-
ous cells from the same animal or plant, or from
other mdividuals of the same species, we find in
geveral that the sumber of chromosomes is the
same from cell to cell and that 1t s constant for
the species Third, individual chromosomes are
often distinguishably different in size or in shape
and we are able to see (with certain exceptions

Fig.42 Prophase chromosomes in 'O D€ discussed later) that the chromosomes occur

& cell of a grasshopper. Courlesy of

Dr. G. H. Mickey
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wn pairs, that is, for each chromosome we identafy
there is another which matches 1t in shape and
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size. Thus, in each body cell of 2 human being there are 48 chromo-
somes (24 pairs), in each cell of a mosquito there are 6 (3 pairs), in
each cell of a corn plant 20 (10 pairs), 1n each cell of a certain species
of crayfish zoo {100 pairs), and so on The two members of each paw
of chromosomes, which are with rare exceptions indistinguishable
from each other 1n size and shape, are referred to as homologous
chromosemes
While the chromosomes have been attaining therr final con-
densed form, a spmndle-shaped structure composed of fine, non-
stamning fibers has made 1ts appearance In the cells of anjmals and
of some lower plants, the fibers of the spindle body radiate from a pair
of granules called centrioles. Dunng interphase, the centrioles lie at
one side of the nucleus as shown m Figure 4 3, A, or there may be
only a single centricle which divides into two as mitosss begins As
the chromosomes condense, the centrioles migrate toward opposite
poles of the cell (Fig 4 3, B, C), and at the same time the nuclear
membrane begins to disappear
‘The cell changes so far desenbed oceur during what 1s called the
prophase of mitosis We conventionally regard the prophase as com-
pleted when (1) the nuclear it has
and (z) the centrioles have reached opposite poles of the cell In the
meantime the chromosomes (which durng their condensation have
been rather irregularly scattered m the nucleus) have become shifted
m position so that they lie 1n a single plane (the equatorial plate)
across the center of the spindie The stage durmy which the chromo-
somes lie 1n the equatonal plate 15 known as metaphase (Figs 4.3, D;
4.4) It can now be seen that some of the fibers of the spindle extend
from pole to pole without interruption, whereas others are attached
to the chromosomes — typically, one to each chromosome At the
point where the spindle fiber 1s attached, there is a constncted region
which is not colored by the usual chromosomal stains, although 1t may
contain one or more ble g1 les This 1s the
(Fig 4 5). We can now see that the shape of the chromosome depcnds
on the point of spindle-fiber attachment 1f the centromere 1s prac~
tically at the end of a chromosome, the chromosome tends to be
straight or rod-shaped. If the centromere is at an appreciable distance
from the end, the ct is J-shaped, ch which have
their centromeres near the muddle are V-shaped
A cell may remain in metaphase for only a fraction of a minute,
or for ten mmutes or mofe, dependmg on the nature of the cell and
on physiol istically it is the briefest phase
of mitasis
At the beginning of the next stage of mutosis, the anaphase, we
see that each centromere has divided into two, and the chromatids
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TFig 43 Diagrammatic Mustration of wiwsis Two pairs ot chromosomas are

shown A, resting phase or .nzerpbase B C pmphnse, showmng the formation of
the spinclie dtng frora the 4

of the naclezr mem-
brane, and the cond of the o, showing the

3 of the and the of spiadle fibers
1o the of the ch E, early anaphase, shawing the two
b ds of zach

and moving toward opposite poles
T-G, telophase, shoming the reor pamaation of the ancler and the splitting apart

of the tico halves of the origimal celf to form H, ta o daughtec cells, each with the
same pomber and types of <hromosomes 2610 the onpinal cell.
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Fig 4.4 Photomicro-
graphs  of  various
stages of mitosis n the
whitefish The upper
ponter designates 2
metaphase The lower
pointer indicates an
anaphase, with a telo-
phase just to the right
of it

of each chromosome begmn to move apart, apparently pulled by the
attached spindle fibers (Figs 43, B, F. 4 4) At the same time (n
animal cells) a constriction can be seen around the equatonal region
of the cell itself the cytoplasm has begun to divide

The two chromatids of each chromosome continue to move apart
untsl they reach opposite poles of the spindle This marks the end of
the anaphase It is followed by the telophase during which a nuclear
membrane forms around the chromatsds which are grouped at each
pole, the nucleoprotein material of the chromatids of “daughter
chromosomes” becomes diffuse, exposing once agam the corted chro-
monemata, the coils of the latter loosen, and there 1s a gradual returnt
to the interphase condition. Meanwhile, division of the cytoplasm is
completed, and the spindle disappears There are thus two new cells,
each contaming one of the new nuclei, and each of the cclls has the same
stmber of chromosomes as the original parent cell

At some time during the latter stages of mitosis each daughter
chromosome duplicates itself, so that there are agam two chromatids
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making up each chromosome when it appears in the next prophase.
The detauls of this duplication will be further considered in Chapter 24.

The division of the cytoplasm 1n the formation of the daughter
cells 1s not necessanily equal, although 1t is often approximately so.
But the division of the chromosomal material appears to be precisely
equal from a quantitative standpoint, and we shall sce later that it is
also qualitatively equal Thus, as the result of a mtotic cell division,
we have two cells each containing a set of chromosomes dentical with
that contained 1n the other, and both sets wdentical with that which
was present in the parent cell,

Fig. 45 Diagram of stay

ges of chi
phase, 2-3, prophase, 6, metaphase, 7,
ted by a clear circle From DeRobertss,

Jemeat
anaphase, 8, telophase. The cen

during mutosis 1, inter-

2 tromere has been indica-
, N

o W B, Smandone 5 owinsks and Saes, GENERAL CYTOLOGY, courtesy
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The Maturation of the Germ Cells

As we have just seen, before a somatic cell divides by mitosis,
each chromosome has become duplicated, so that from one cell gener-
ation to the next the chromosomes remain constant 1n number and 1n
kind. At one phase in the life history of animals and plants which
reproduce sexually, however, a modification of this process 1s found.
duplication of the chromosomes takes place only once w1 the conrse of
two stccesswve cell dimsions These are the meiotic divisions The net
result of meiosis, as the two melotic divisions together are called, 1s
that cells are produced which have just half the number of chromo-
somes present 1n somatic cells We should recall that in somatic cells
the are found in homol pawrs The cells resulting
from meiosts receive one chromosome from each of these patrs

In ammals meiosis occurs in the formation of the germ cells or
gametes The whole process of the formation of the gametes, m-
cluding the metotic divisions as well as changes in size and form, 15
known as maturation.

We know that among sexually reproducing organisms cach new
individual is started by the union of two gametes a sperm cell from
the father and an egg cell from the mother All of the samatie cells of
the new individual are produced by repeated mitotc divisions of
cells tracing back to the zygote formed by this unton Since the num-
ber of chromosomes in the somatic cells of any one species remains
constant from generation to generation, it is clear that there must be
some mechamsm that keeps the number from doubling at cach fer-
tilization. Under the microscope, we can see how the process of
melosis provides this mechanmsm. We shall now examune the meotic
process as it occurs during the maturation of the germ cells in ammatls
In a Jater chapter we shall consider the same process in plants, where
it 15 1n all essential respects the same.

Tn the testes, or sex glands of a male animal, will be found many
cells in all stages of development from potential spermatozoa to fully
formed spermatozoa. We may speak of spermatozoa as sperms for
short " they are the gametes, or sex cells, produced by a male Wemay
follow their development, which includes two cell divisions, agan by
using the microscope and techniques of stawning

The potential sex cells in the testis arc spermatogonia. They
divide frequently by mitosts, forming more spermatogoma Every so
often groups of spermatogoma undergo a senes of events leading to
the formation of mature sperms Let us follow one spermatogonium
through such a transformation (Figs 3 6 and 4 7).

‘The first visible sign of maturation is the rapid enfargement of

the spermatogonum When this is accomplished 1t 15 defimitely on the
road to becoming a sperm After it enlarges it is called a primary
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' 46 Photomuerographs of various stages in the
spermatogeneas of the grasshoppes, Romalea microp.
tera A, spermatogonia m metaphase B, prmary
spermatoryte 1 prophase C, metaphase of the first
maturation division D, anaphase of the first matura-

spermatocyte (Figs 46,3,4 7, 8).
After 2 bnel resung penod, the
chromosomes begin 10 appear as
slender cotled filaments, as in the
prophase of mutoss (Fig ¢ 7,4, B).
Naw, however, the chromonemata
which represent the homologous
chromosomes of each parr, mstead
of retamnng independent positions
m the nucleus, become closely ap-
phed to each other throughout
therr lengths (Fig 47, C, D) This
ss known as synapsis. While the
homologous f{ilaments are i syn-
apsts, condensation of the chro-
mosomal matcnal proceeds, the
chromosemes shorten and thicken,
and the two members of each parr
become coled about each other
When the homologous chromo-
somes of each pair are thus -
timately associated, it becomes
evident that each chromosome of
every pair has become duphcated
and hence 1s now composed of two
chromands, held together by a
single centromere Consequently,
{or each chromosome pair there are
now four chromatids n close as-
sociation The four-stranded struc-
ture formed 1 this way is called a
tetrad (Fig 47, E)

Wihile the changes just de-
scribed have been taking place, a
spindle has been forming, and now
the two centromeres of the tetrad,
each withts two attached chroma-
tids, begin to move toward op-
posite poles At the beginning of

tion division B, telophase of the first djvie
son T, metaphase of the second maturation dwssion
{secondary e} G, ds 11,

elongating dunng transformation inla spermatozoa,
Phatomucrographs by courtesy of Dr. G T Mrckey
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this h , the four
chromatids of each tctrad tend to
loop out in pairs n a twnsted
formation which we shall soon de-
seribe more fully (Fig. 4.5, F, G).



K
Tig 47 D of the of the germ cells {meiosis) in the male
Two pairs of chromosormes are shown A, primary spermatocyte, with chromosomes begpinning
to show orientation B, chromosomes oriented with free ends toward centrioles C, svnapsis
beginning at free ends of chromosomes D, synapsis complete E, each chromosame has spht
tengthwise, forming two The four ds thus closely d comprise
the tetrad The tno pairs of chromatids have partially separated, showmg chiasmata F, the
ehromatids have shortened and thichened The asters are migrating toward the poles of the
cell, and a spmdle 1s forming between them G, spindle complete, fibers attached to eentromeres
of chromatid pairs (dyads), which are now equatorially located H, the dyads have separated
ond tno secondary spermatocytes have been formed. I-K, division of the two secondary sper-
matocytes to form four L, the four sp ds have d nto four
spermatozos, each with the haploid number of chromosomes, 1€, one chromosome of each
parr The tetrads (E-G) would actually appear, in cross-section or end view, ke this 3
However, for clarity m fat-plane representation, to shich printing 15 restrcted, they
drawa as f they appear thus . . .. m end view,

are
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As the separatimg chromatids move toward the poles, constriction
of the cell has begun When the chromatids reach the poles, nuclear
membranes re-form, division of the cytoplasm 1s completed, and we
now have two new cells which are designated as secondary sperma-
tocytes (Fig 4 7, H)
The nucle1 of the secondary spermatocytes do not pass through
an nterphase stage, but immediately begin the second meiotic divi-
sion (Fig 4 7. 1) In this division each of the previously single cen-
tromeres divides, and the two chromatids which were previously
attached to 1t move to opposite poles (Fig 47, J) The new cells
formed by the second metotic division are called spermatids (Fig.
47, K) There will, of course, be four spermatids from each original
spermatogontum that underwent the two melotic divisions, and a
spermatid will contain only a single chromatid from each tetrad of
the primary spermatocyte — hence only a single representative of
each pair of homologous chromosomes
The spermatids transform mto sperms without any further divi-
sion, usually by condensing and forming a tail piece from the cyto-
plasm, leaving the head of the sperm composed almost entirely of
the nucleus, which contains the chromosomes Each sperm is thus
made up essentially of a compact mass of chromosomes (one member
of each somatic patr} with a tail prece of cytoplasm which enables
the sperm to move (Figs 46, H, 47, L)
While the details of the maturational process vary among daffer-
ent species, the essential features remain the same
One event which takes place during the first meiotic division,
and which must be emphasized because of tts important bearing on
heredity, ss this* while the two members of & pair of chromosomes are
closely apphed in synapsis and before any separation takes place,
each chromosome (as we have pomted out above) has already become
duplicated, although the two chromatids of which 1t 1s now composed
remain close together There are thus four chromatids closely asso-
ciated i each pair of chromosomes (the tetrad) When the two mem-
bers of a pair of chromosomes separate after synapsis, 1t 15 seen that
they separate 1 a peculiar crossed manner (Fig 4 7. G} Each cross
is called a chiasma. It is interpreted to be the result of the exchange
of segments between two of the chromatids belonging to cifferent
members of the pair. We thus see that the two chromosomes of a pair
may exchange materia]l with each other before separating, and two
of the four sperms from a primary spermatocyte may each contain a
chron-fosome which is not identical with the corresponding chromo-
some in each of the ot}ler twosperms This pomt will be enlarged upon
later in connection with genetic hinkage (Chapters 10 and 1 1)
In the formation of mature ova, or eggs, from potential egg cells
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in the ovary of an animal, 2 similar senes of events takes place. The
maturation divisions, mcluding the formation of tetrads and chias-
mata, go on as 1n the formation of sperms The only difference 1s that
mnstead of the process yielding four mature gamctes, as 1t did m the
case of males, three of the four cells resulting from the divisions are
small, and disintegrate Ve speak of them as polar bodies. The fourth
cell gets all the cytoplasm and becomes a mature ovum, larger than
most cells of the body

The terminology of the maturation process and structures in
the female 1s similar to that used 1n the male an oogonium, or poten-
tal egg cell, enlarges to become a prumary obeyte; this divades to
produce a secondary oocyte and a polar body, these by dividing form
an obtid and three polar bodies, and finally the ootid without further
division becomes a mature ovum.

As a result of maturation, then, we have 1n males the production
of sperms, each contaiming half the number of chromosomes which
the body cells possess, and in females, we have the production of egg
cells, likewise contaimng half the number of chromosemes which the
other cells possess This half numbe: of chromosomes for any species
we call the haploid, or n, number of chromosomes The number found
1n the other cells of the species we call the diploid, or 2a, number of
chromosomes

We cannot too strongly emphasize that the haploid number of
chromosomes does not consist of any half of the diplord number, but
always consists of one of each parr of chromosomes

Each chromosome of a haploid set, moreover, may be eiffer
member of the pasr that was present 1n the spermatogontum That s,
1t may be the one that the individual recewved from its mother (the
“maternal” chromosome of the pair) or 1t may be the one which was
recerved from 1ts father (the *paternal” chromosome) And whether
a sperm recerves a maternal or a patcrnal mentber of one chromosonte parr
1s enturely independent of whuch member of any other parr 1t recewves We
cannot usually prove this by direct observation, since as we have
learned, the maternal and paternal bers of a pair of | 1

T are, with rare P nd hable 1n appear-
ance But direct evidence on this pomt can be obtained 1n certam
exceptional cases (that is, cases in which more than one pair of
chromosomcs that synapse during meiosis are composed of visibly
distinguishable maternal and paternal clements) and in all of these,
independent assortment of the pairs has been shown to occur

We find, then, several facts about chromosomes that will remind
us of similar facts which we have previously observed about genes.
First, chromosomes occur 1n pairs in the zygote and the somatic cells
of the body. Se do genes. Mendel came to the same conclusion with
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respect to the determinants of alternative characteristics  deter-
munants which we now call allelic genes Second, chromosomes segre-
gate 1 the gesm cells That is, only one member of each pau of
chromosomes normally enters a gamete So do genes segregate 1 the
germ cells Agam ths latter conclusion was reached before chromo-
somes were known. .

Chromosomes retain their individuahty from generation to gen-
eration In the prophase stage, when they do not appear as visible
Sormed chromosomes, they are stiil entities Under careful observa-
tion through the mucroscope, the chramatin material of each chromo-
some 1s scen to be tntact and independent of other ch
Genes, too, retawn therr dnsduality A pawr of genes for dwarfness in
the F generation produces a plant yust as dwarf as though its effect
had not been tudden while betng carrted through the tall F genera-
tion Of course the exchange of matestal by homologous chromosomes
is an exception to the statement that chromosomes keep their
individualbity, but later we shall find 2 comparable exception for
groups of genes

Thus we already have three paraliels between the behavior of
chromosomes and the behawor of genes We have just seen that esther
chromosome of a pair may occur m a gamete with erther chromosome
of any other parr, the only requisite being that there be one of each
patr m every gamete In other words, chromosomes assor! at random
In the next chapter we shall see that genes also assort at random.

These parallels, along with many others which we shall learn
about in later chaptess, indicate that genes are actually mtegral parts
of chromosomes This hypothesis will be developed and elaborated
as we proceed with our study of genetics.

PRODBLEMS

441 In each somattc cell of a human
‘betng there are forty-eight chromosomes
How many chromnsomes wrlt be found 1 a
mature human egg® In a pular body?
In a sperm? In a spermabid® 1n a prumary
spermatocyte?

4.2 Observation and show

snhersted through the egg, never through
the sperm, what part of the gamete would
probably be responsible for the transsmussion
of the genette basis for the eharacter?
4.4 Each somatic cell of Drosophida mel-
anogaster (frust fly} contains four paiss of
1

that an indnidus) receives o5 genes
through the sperm as well as through the
egr What part of a eell would thus appear
o Le chiefly concerned 1n the transtatssing
of genes?

4.3 1f a certan character were always
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In any mdividual Drosnph
what relation do these four pasrs of chromo-
somes bear to the chromosomes of the two
pasents of the fly?

4.6 When 1 Drosophita forms gametes,
what proportion of the gametes will be ex-
pected 0 cary all the chromosomes of



maternal origin? Can you derive a simple
formula to give this proportion for any
number of pawrs of chromosomes?

4.6 Using the formula derived i the pre-
ceding problem, what proportion of human
sperms would contain twenty-four maternal
chromosomes?

4,7 How many human sperms will result
from fifty pamary spermatocytes® From
fifty spermatids?

4.8 How many human eggs will result
from two pnmary obcytes’ From two
secondary oécytes®

4.9 The dog has 39 pairs of chromo-
somes, the wolf also has 39 pairs, but the
red fox has only 17 pairs What would you
predict as to the relative probability of
finding dog-wolf hybrids as compared with
the probability of finding dog-fox hybnds®

4.10 As a matter of fact, dog-wolf hy-
brids are well hknown How many chromo-
somes would you expect the hybrid to have?
Dog-fox hybrids have occasionally been
claimed to occur, but none has ever been
confirmed If such a hybnd should ever be
found, how many chromosomes would 1t
have? Would these chromosomes be n
pairs?

4.11 Although the red fox has 17 pairs
of chromosomes, the arctic fox has 26 pairs
Occasional hybnids between these two
species are known. How many chromo-
somes would be found 1n a gamete of the

red fox? In a gamete of the arctic fox?

4.12 How many chromosomes would be
found 1n each somatsc cell of the hyhnd
fox? Wil these chromosomes all be in pairs®
Might any of them show painng?

4,13 The hybrid foxes have always
proved to be sterile, Do the facts on

chromosomal numbers give any clue to the
reason for the stenhty?

414 Suppuse you evammed the cells
of a spectes of plant and found 12 chromo-
somes a long straight pair, a short straght
pair, a medium length straight parr, a long
bent pair, a short bent pair, and a medium-
length bent par You then breed plants of
this species for several gemerations At
the end of this time would you expect to
find some plants with all the straight
chromosomes and none of the bent ones?
Would you expect any of the plants to have
all of the bent chromosemes and none of
the straight ones® Explamn

4.15 In plants bike those described i
Problem 414 what proportion of the
gametes should hay e three straight chromo-
somes and three bent ones® Four straight
chromosomes and two bent unes? Six bent
chromosomes”

4.16 Inwhat respects are the maturation
processes 1n males and females similar?

4.17 In what respects are the maturation
processes 1n males and females different?

4,18 How would the chromosome con-
tent of the cell of the eye of a man compare
with the chromoesome content of the ferti-
lized egg from which be developed?®

4.19 Would you expect the cytoplasm of
the eye cell to be as simular to the cytoplasm
of the festihized epg as the chromosomes of
the eye cell are to the chromosomes of the
fertilized egrg? Give reasons for your answer

4.20 How does the chromosome content
of a secondary spermatocyte compare with
that of a spermatogomum? Of a sperm with
that of a spermatid® Of an odtid with that
of a secondary obcyte? Of an ovum with
that of a somatic cell?
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CHIARTER FIVE

Crosses involving two
pairs of genes

We are now famuliar with the way in which
one pair of genes behaves in nberitance, and
we have scen the physical basis for such be-~
havior Let us next find out what oceurs when
we watch the behavior of two pairs of genes in
the same cross

Mendel made such crosses We recall that
in peas tallness 15 due to a2 dominant gene,
dwarfness to a recesaive, and the two genes
are allelic. Likewsse, axillary flowers (that s,
flowers appearing in the axils of the leaves)
are due to a dominant gene, while termina}
flowers (flowers appeanng at the ends of the
stems) are due to its recessive allele (Fig 5 1)

When a homozygous tall axillary-flowered
plant is crossed with a dwarf termunal-flowered
plant, the F, are all tall wmith axilary flowers
e can readily sce why this should be 50, on the
basis of our previous work

Let Daad d represent a parr of alleles such
that D- results in tall plants and dd results in
dwarf plants

And let T and ? represent another pair of
alleles, such that T-results in plants with axil-
lary flowers and # results in plants with terrm-
nal flowers

Fig 51 Contrastmg tspesof Rowering m garden peas.
Above, axillary floners, belon, termmatl flowers,
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1t is customary in genetic terminology touse a dash following one
allele to ndicate that the other allele could be either the dominant
or the recessive gene Thus D- indicates ether DD or Dd.

Then a homozygous tall axillary-flowered plant would be repre-
sented by DDTT and a dwarf terminal-flowered plant by ddit Since
all the F; plants are tall with axillary flowers, we know that they re-
catved both genes D and T from one parent To be logical we must
suppose that they also recewved the genes d and ¢ from the other
parent, smce a male and female gamete umted at fertilization. This
supposition is proved by the F;, which contams some dwarf plants
with terminal flowets

Let us write our cross thus far

PARENTS® DDTT >< ddit

GAMETES B

Eop DdTt

Since D is deminant to d and T tof, our theoretical results satisfy
the actual results of an Fy composed entirely of tall axillary-flowered
plants Now if we cross two F, plants (or, what amounts to the
same thing, self-pollinate an F) plant) to obtam an F,, what could
happen? When these F; plants produce gametes, what kinds will
they produce? We might suppose at first that they would produce
‘only two kinds, containing DT and dt respectively, since the genes
were recewved by the Fy from 1ts parents in that way. But if this
were the case our Fy should be as follows,

DT dt

DT\DDTT) D4Tt

di

DdTt } ddi

Reading off the checkerboard would give us an F. s composed of

tal} plants with axillary flowers and dwarf plas i i
¢ 3 E: nts wi v
in the ratio of three to one. plantswith torminal fowers

11, on the ather hand, the F, pk 1
. | plants could produce gametes with
cither of the genes for height contamned in the same ggamete W:th
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cither of the genes for flower-position, there would be four kinds of
male gametes and four kinds of female gametes DT, Dt, dT, dt
Our F; would then be as follows*

DT Dt daTr dt

DT |DDTT| DDTt |\ DITT| DdTe

Dt | DDTt\ DDy | DdTe | Ddu

dT § DATT | DATt | ddTT | ddTt

dt | DATe ] Ddit | ddTe | adne

Reading off the checkerboard would then give us the following
kinds of plantsin the Fy tall axillary-flowered, tall terminal-flowered,
dwarf axillary-flowered, and dwarf termuinal-flowered, in the ratio
of g13:3:1.

This 15 the ratio which is actually obtained when the cross 15
made. It indicates to us that all four types of gametes were possible in
the Fy. Esther one of the genes for height may occur in a gamete with
either one of the genes for flower-position In other words, genes assort
at random This makes another parailel between the behavior of
chromosomes and the behavior of genes, since 1t wall be recalled from
the last chapter that chromosomes also assort at random This cross
likewise offers additional proof that gametes may umte at random

Further proof of the random assortment of genes is found mn the
results of the cross involving the opposite ar of genes.
When a homozygous tall terminal-flowered plant is crossed with a
homozygous dwarf axillary-flonered plant, the F and F, results are
exactly the same as in the previous cross, although the genes entered
the cross in opposite combinations There seems to be no doubt that
genes assort at random Later we will find certain exceptions to this
principle, but for the present we may content oursclves with the
principle itself

Thus the typical F; ratio in a cross involving two pairs of genes
is 9131311 Swmlar analyses may be made of crosses involving three,
four, or more genes, and typical Fj ratios may be evolved for them
Work out for yourself a diagram of a cross snvolving three inde-
pendent pairs of genes, and prove that the results will give a satio in
the Fyof 2719101033331,
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The Interaction of Genes

The pumber and kinds of genes mvolved 1n any cross are deter-
mimed from the breeding results Oiten we arc completely unable to
predict these results for newly discovered characters before the crosses
are made Once the breeding results ase obtawned, however, definite
conclusions may be drawn as to the nature of the inheritance involved.
Remembering what we have already learned as to domnance, re-
cesstveness, blending, and sumiar phenomena, fet us take a case m
point and attempt to analyze 1t

Let us make a cross mvolving coat colors in rats In the fabora-
tory we may find two kinds which will serve our purpose- jet-black
sats and yellow rats Let us cross a black rat with a yellow one. What
might we expect in the Fi? From our previous work we will immedi-
ately be able to say that the Fy may all be yellow, in which case we
would suspect that yellow was due to a dominant gene Or we might
expect the Fy to be all black, 1 which case we would suspect that
black was due to a dominant gene Or, as another possibility, we might
expect the Fy (o be intermediate between the parents in color, duetoa
blend

When we actually make the cross, all the F, are gray. This ap-
pears to be a blend between the black and yellow, and on this basis we
would expect the F; to give the typical blending ratio one black, two
gray, otie yellow But when we cross two Fy individuals and obtain an
F, generation, it does not give the blending ratio, but produces fonr
colors of rats in the following proportions nine gray, three black,
three yellow, one cream The cream-colored rats, occurring in one
sixteenth of the F; individuals, are a new vanety, different from any-
thing previously involved 1n the cross

Obviously this1s a two-pair ratio, and the coat colors under dis-
cussion must be dependent, not upon the transmission of a single
pair of genes, but of tuo pairs

Referring back to the two-puir cross at the beginning of this
chapter, it it be recalled that the Fy individuals showed the
characters due to both dominant genes The “nine-sixtecnths” group
of the F; also showed the characters due to both domnant genes

In the rats, then, we should expect the F, to show the result pro-
duccfi b).' the prescace of a dominant gene of each pair. The F) rats
are, 1t. will be remembered, gray, Gray must thercfore represent the
combu.xcd effect of a dominant gene of each pair Likewise cream,
occurring on the average in only one out of sisteen F, » individuals,
must represent the effect of both pawes of recessive genes Black must
be produced by the dominant gene of one pair and the homozygous
reeessive fiene of the other, while the reverse candition produces yellow.
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We may therefore assume two pairs of alleles, 4 and g, Rand r,
affecting coat color and interacting as follows

A-R-results m gray
A-rr results in yellow
aaR~ results mn black
aarr  Tesults i cream

Again keep in mind that when a dash follows one allele, as mn the
above scheme, it means that the other allele of the pair could be either
the dominant or the reccssive gene

Our cross between a homozygous black rat and a homozygous
yellow rat must have been as follows

aaRR >< AArr

Since each parent brought in the dominant which the other one
lacked, the F, are gray, like the ancestral wild rats, due to the com-
bined effect of both dominants This effect 1s sometimes spoken of
as atavism, or reversion. It merely represents the formation of a
genotype similar to one which existed at some time 1n the past

The gray F rats would each produce four kinds of germ cells, as

SPERMS i @
EGGS

A checkerboard giving all possible unions of sperms and eggs may
be made:

AR Ar aR ar

AR AARR| AARr {AaRR{ AaRr
Bray. gray gTay. Rray
Ar AARr| AArr | AaRr | Aarr
gray { yellow | grav | yellow

aR | AaRK| AaRr | aaRK | aakr
gray | gray | black | black

ar | AaRr | Aarr { aaRr | aarr
gray | yellow | black
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Thus, although we could not have predicted st before the matings
were made, our cross betwneen a black rat and a yellow rat mvolves
two pars of genes The F. ratio of 9137311 which we obtain shows
us clearly that changes in coat color cannot depend in this cross on
changes 1 a single pair of alleles, as deafness did in dogs in a pre-
ceding chapter We shall find many examples of characters which
depend upon the wmteraction of more than one pair of alleles As K
matter of fact, the modern genetic belief 15 that no single gene is
solely responsible for the production of any one character, Every
character results from the interaction of all the genes A changeina
particular gene may mfluence one character more than it does another,
and conversely a change m one gene may influence & particular char-
acter more than a change 1n another gene does This viewpoint of

**geme nteraction ” will be elaborated 1 Chapter 17

Some sherteuts in solving problems

The alert student will recogmze that the
checherboard diagrams used in this and
earher chapters are essentially devices for
the combining of ratios or proportions, and
he wmil be able to take advantage of short-
cut procedures that will both save time
and reduce chances of error 1n worlang
many types of problems Thus, mn the
mating diagramed on page 33, 1 of the
sperms carry the genes AR and § of the
eggs Wkewsse carry AR Hence, 1< 1, or
T of alt specm egg combanations will be
ARsperm X AR egzor AARR zygotes, ag
wdicated by the fact that this Eenotype is
entered in one square out of 16 Sunilasty,
X4, or 1%, of the sperm-egg mmbma-‘
tons will be AR sperm X Ar epe, or AARy
2ypotes, and another % will be Ar sperm X<
AR egg combinations, which are alsodA4Ry

zygotes Zygotes of genotype AARr will
therefore constitute 25 of the total progeny
of the eross, and correspondingly we find
this genotype entered sn twa of the sicteen
squires

In this fastion we have warked aut the
tatios of vanous combinations of gametes
This was done to emphasize the fact that
the F; ratios result from the combimng of
dafferent kinds of gametes whch are pro-
duced 1 equal numbers, We caa se the
same method 1o work out the expected
proportions of various combinations of
genolypes Thus, a zygate of the constitution
AARR can be thought of as a combmatio?
of A4 and RR genotypes.

In the progeny of the cross AaRr R
AaRr, 1f we look at each pair of affeles
sepasately, we note that with respect to15¢

4,2 Genotypes
3y x;i;{m 2?0 =
g -m- 2AARr 4/:11;172 =
8 2R 2aaRr
‘;._i_ 1AArr | 2 Aarr 1 aorr
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A,a pair, the genotypes should occur in the
ratio 1 Ad 2 Ae - 1 aa, and similarly for
the R,y pair We may use a checherboard
P 56 to combine these ratios.

‘The number in each square of the above
checkerboard 13 obtamned by multiplying
the mumber at the head of the column in
which the square 15 found by the number
at theleft of the row, The results, of course,
are dentscal with those n the diagram on
page 55, but we have reduced the number
of squares from sixteen to nine, and there
are no dupheations of genotypes

Even further economy can be achieved
1n a problem 1 which we are requited to
obtain only the phenotype ratios In this
example, our checkerboard would become

A e Phenotypes

»
& 34-| laa
g 9A-R.|3aak-
£ BRIty | black
P 8 A ) Yaarr
& yellow | cream

If we recogmze that in all our checker-
board dragrams the checkerboard itself has
been used only as a framework for perform.
1ng multiplications, we can dispense with
1t aitogether and simply write 1 place of
the diagram ahove

A,a phenotypes (3 A~ + 1 aa)

Ryr phenotypes XK (3 R~ 4+ 191)

Combimations-

9 A-R-+ 3 6aR~+ 3 A-rr + 1 aarr

gray black yellow  cream

Alternafively, we may express our pro-

portions i Tractional torm.

A,g phenolypes (3 A=+ } aq)

Ryr phenotypes X (3 R~+3 rr)

Combanatwons®

Ye A-R- + 7 aeR- + F5 A-rr + 15 aarr
gray black  yellow  cream
The student should try to deselop faalty

in the combining of proportions when they

are expressed as fractions as well as when
they are given m whole-number ratios,
because the combination of proportions i
fractional form wall be smportant in connec-
tion with later topcs

Tao obtain genotype or phenotype ratios
An crosses Whnch involve three pairs of alleles
(as 15 vequired 1n problems 5 23, 5 24, and
525 below) we merely perform an addi-
tional multiphication Thus, mstead of the
ongimal ¥Wo-par cross i the example we
have just wothed out, suppose we had
started with athree-pair cross, A4 RRCCX
aarrce, where the gene interactions are such
that

A~R-C- results 1n gray
A-rrC- results in yellow
aaR~C~ results in black
aarrC~  results in cream
A~R-cc

Asrrec 4ot i albino
aaR-cc

aarrec

1f we are ashed the phenotype propor-
tions 1n the Fi we note that with respect
tothe 4,0 pair weshould get theratio 3. 4~
1 gz for the Ry par the ratio would
similarly be 3 R~ 1 rr, and for the C.c pair,
3 C- 1 ¢cc Multplying the first ratio by
the second, just as was done above we get
9 A~R~ + 3 aaR- + 3 A-rr 4 1 asrr
We now perform a second multplcation
(9 A-R- 4 3 aaR~+ 3 A-rr + 1 aarr)
X (3 Cr+100)
274~R-C—+0aaR-C-+9.1-reC- 4 308rrC-
gray black  yellow cream
49 A-R~b3 ouR-et 3 A-mie ket tane
albino albino  albino  altwno
Would the Fi results be any different 1f
the parents of the F, bad been 4ArrCC X
aaRRec or gaRRCCX Adrrec? I you
should attempt the three-pair problem we
hase just completed by the usual checker-
board method, how many squares would
you have to Al 1n?
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PROBLEMS

8.1 In turkeys a domunant gene, R,
produces the famuhiar bronze colory 1ts
recessive allele, r, results in red Another
domnant gene, 1, results in normal feath-
erg, s recessive allele, k produces feathers
without webbing, so that they rewmbte
tufts of hars Two bronze turkeys with
normal feathers were mated, and thur
offspring cansisted of eight bronze with
normal feathers, three bronze with hairy
feathers, two red with normal feathers, and
one red with hairy feathers What were the
genotypes of the parents?

6.2 Assuming that the red twd with
hairy feathers 1s a female, what kunds of
offspring would you expect, and 1n what
proportiens, if 1t were mated to 1ts male
parent?

5.3 In horses black 35 dependent upon a
dominant, gene, 8, and chestnut, upon 1ts
recessive allele, & The trotung gan 1, dye
to a dorunant gene, T, the pacing gait to
its recessive allele, £, 1f a homoazygous black
pacer 1s tnated to a fiomozygous chestnut
trotter, what wiil be the appearance of the
F, generatinn?

B4 I two £ sndividuals from the pre-
ceding problem were mated, what kunds of
offspring could they have and m what
Pproportions®

6.5 1fan £ male from Problem 5 3 were
mated toa homozygous female black pacer,
what Kinds of offspring could be produced
and in what Froportions?

6.6 In rabbyts black 55 due to a dommant
gene, B, brown to s recesaive allele, b,
Short hair is due to 2 dominant gene, L,
Iong hair to 1ts recessit eallele, . In a cross
between a homozygous black short-haired
male and a homozygous brown tong-haired
female, what would be the £enetie constity-
tien and the appearance of the Iy genera-
ton? Of the Fy generation?

5.7 Haw would the £} and £,of Probler
56 compare with the Fiand the P, from 5
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cross between a homozygous black long-
hatred male and a2 homozygous brown
short-hawed female?

6.8 In the F: generation of Prob!cm' 56
what proportion of the black short-haired
rabints would be homozygous for both
parrs of genes?

59 Suppose you had a black short-
hawred male rabbit and a brown long-
haired female rabint and wished to de\'e;lcp
a homozygous strain of black long-haired
rablats from them Outline the breedug
procedure mecessary to establish such 2
strain

6.10 In tomatoes red fruit color is de-
pendent upon a dominant gene, R, yello®
1s dependent upon its recessive allele, 17
tallness 15 due to 2 dominant gene, D
dwarfness to 1ts recesswve allele, d. The
Golden Beauty variety has yellow frit
and 1s tall The Dwarf Giant is dwart with
red fruit Using these two varieties to start
with, could you eventually obtain a homo
zygous vanety which was tall with red
frat? Could you obtamn a humozy';““?
variety which was dwarf with yellow Sruﬂ’
Which would be more readily obtained
Outline the procedure m each case. .

5.11 In summer squashes white fruit
duc to 2 dominant gene, W and colored
fruit to its recessive allele, w Disk-sha
frut 1s due to a dominant gene, S, sphere
shaped frmit to 1ts recessive allele, * H"‘;
many different genntypes may Squﬂs(
plants havein regard to color and shape d
frut® How many phenotypes mm!n from
these genotypes? How many different
homozygous genotypes are p’)ssibk‘:’

542 Using data contained in this chap-
ter, what would be the result of a &%
between two cream rats? Could a bl
race be develaped, stacting with two erea™
ats ag parents®

813 1f 2 homozygous gray rat W“':
erossed with a homozygous cream rat, %53



would be the genotype and phenotype of
the Fy? If one of the F, amimals were erossed
with a cream rat, what hinds of offspring
could they produce?

6.14 1f an F; arumal from Problem 513
were crossed with a homozygous gray rat,
what kinds of offspring could they produce?
What proporuon of these offspring would
be expected to be homozygous?

6.16 In poultry black color 1s due to a
dominant gene, £, red toits recessive allele,
e Crested head is due to a dommant gene,
C, plan head to its recessive allele, c. A
red, crested male bird 1s mated to a black,
plan female They produce many off-
spring, half of which are black, crested
and half red, crested What were the
genotypes of the parents?

5.16 Two black, crested birds nre mated.
‘They produce thirteen offspring, as follows:
7 black, crested, 3 red, crested, 2 black,
plamn; and 1 red, plun What were the
genotypes of the parents®

6.17 In the garden phiox white flower
color 1s due to a dominant gene, IV, cream
to 1ts recessive allele, w Salver-shaped
flowers are due to a dominant gene, S,
funnel-shaped flowers to 1ts recessi e allcle,

six offspring are produced, all having white
salver-shaped flowers What are the geno-
types of the parents? What would result
n the F, generation of this cross?

5.20 Ingwinea pigs rough (rosetted) coat
18 due to a domunant gene, R, smooth to 1ts
recessive allele, r Short hair 15 dependent
upon a dormnant gene, L, long hair upon
its recessive allele, . Black s due to a dom-
nant gene, B, white to 1ts recessive allele, &
A homozygous rough short-hared blach
guimea pig 15 crossed to a smooth long-
hatred white one What would be the ap-
peararnce of the Fi2 Of the Fy?

5.21 What kinds of offspnng would be
expected and 1n what proportions, if the £\
ammals from Problem 5 20 were mated to
smooth long-hatred white guinea pigs®

5.22 A rough long-haired blach male
guinea pig 1s mated to a rough short-hared
white female, After they have produced
several htters, their offspring are found to
be as follows 15 rough short-haired black,
13 rough long-hawed black, 4 smooth short-
hatred black, and 5 smooth long-hared
black What were the genotypes of the
parents?

523 In addition to the three purs of

d white f ped
flowers 1s crossed to one producing cream
salver-shaped flowers Of the offspring, one
quarter produced white > satver'shaped
flowers, one quarter produced white fun-
nel-shaped flowers, one quarter procduced
cream salver-shaped flowers, and one
quarter produced cream funnel-shaped
flowers, What were the genotypes of the
parents? )

B4 A panh pdiedig Wme sdiver.
shaped flowers 1% crossed with one produe-
ng cream funnel-shaped flowers Of the 76
offspring 37 produce white salser-shaped
flowers, and 39 produce cream salver-
shaped flowers WWhat were the genntypes
of the parents?®

6.13 A plant producing white funnel-
shaped flowers is crossed with one produc-
ing cream salver-shaped flowers Ninety-

s. A plant p 1-gh:

srenes p d 1n gunea pigs,
there is another patr in which S1s a gene for
solid color, ¢ for spotting How many dif-
ferent kuinds of gametes will a guinea pig of
the formula BBLI7rSs produce?®

5.24 How many different lunds of gam-
etes could be produced by a guinea pig of
the formula bbLIRrSs?

5.25 If a male guinea pig of the formula
BbLIRrSs were mated to a female of the
Tortmudi Wiy, T meary dfarens, ads
of sperms would be produced by the male®
How many different hinds of egigs would be
produced by the female?

626 In man amndia (a type of blind-
ness) 15 due to a dominant gene Migrame
{a type of sick headache) 1s the result of &
different domnant gene A man with anin-
ia whose mother was not blind marries a
woman who suffers from migraine but
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whose father did not In what proportion
of their children would both amiridia and
mugrame be expected to occur?

6.27 Suppose a woman who was not
blind but both of whose parents have
amridia, comes to you for advice She
suffers from mugrame, which her father
also had She wants to know what the
chances are of her children having amnda
or migrane What would you tefl her?

5.28 In watermelons the skin color may
be green or strped, the frnt shape may be
long or short A plant of a homozy gous
long green variety was crossed to one of
a homozygous short stnped vanety The #,
plants all bore short green melons The £,
plants from this cross were of four types in
regard to the melons they produced, oe-
curnng 1n the ratio ¢ short green 3 short
striped 3 long green 1 long stnped How
many pairs of genes are concerned 1 the
cross® Which genes are allehc? Which are
dominant?

0 CHAPTER FIVE

5.29 What results would be expected 1f
the £, plants of Problem 5.28 were crossed
to plants of a long striped variety?

5.30 What results would be expected in
the F, and F, from a cross between water-
melon plants of 2 homozygous short green
variety and of a homozygous long green
variety?

5.31 In cocker spantels black 1s due to a
dommnant gene, B, red to its recessive allele,
& Sobd color 1s dependent upon a dominant
gene, 9, white spotting upon 1ts recessive
allele, + A red male was mated to a black-
and-white female They had five puppies,
as fallows one black, one red, one black-

d-white, and two red.and-white. What
were the genotypes of the parents?

5.32 A black male was mated to g black
female They bad six puppues, all black,
What were the probable genotypes of the
parents’ Why can the genotypes in this
case not be given with the same accuracy
as those in the Problem 5 31?2




CEIPTER SR

Modified two-pair ratios

Although the classtcal Fy ratio for a cross involving two pairs of
genes is 923131, ths ratio may be modified 1n varous ways Smce
the student of heredity frequently meets with such modified ratios
n practical genetic work, it is important that they be thoroughly
understood and readily recognized

Inthe g:3:3.1 ratio there are, of course, four phenotypes Modi-
fications of this ratio are of two general sorts those in which there
are more than four phenotypes, and those in which certain of the
classes cannot be told apart by the senses, so that there are fewer
than four phenotypes Let us take up first the modificatsons in which
there are more than four phenatypes

In shorthorn cattle the polled, or hornless, condition 1s found to
be due to a dominant gene, P, while the horned condition 1s brought
about by the homozygous state of its allele, p Another pair of alleles,
R and v, affect the color of the coat, but R 1s not dominant to 7, so
that the genes act as follows. RR produces red coat, Rr produces rean
cont, and rr produces white coat If now we undertake a two-pair
cross in which a homozygous polled red male is mated to a horned
white female, we shall obtan an F, consisting of polled roan animals
(Fig 61) Since calves are normally born one at a time, we must
make the mating several times 1n order to produce several F; individ-
uals, or else make several similar matings at the same time

Producing an F; will give us a modification of the 9:3:311 ratio
As seen from the checkerboard (p. 62), the ratio wall be 3:6:311:271.
Here due to the lack of dommance there will be more than four
phenatypes

In a similar manner we shall obtain an F ratio wath even more
phenotypes if we make a two-parr cross in which dommnance is
facking in both pairs of genes For example, i snapdragons there
is a pair of alleles, R and r, acting on flower color 1n such a way that
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NT: PPRR »< pprr
PARENTS B polledred  horned white

GAMETES 3

i PpRr »<¢ PpRr
polled roan  polled roun

GAMETES I

F, b

PR Pr
TRl PPRR | PPRr | PpRE | Prkr
polied red | polled roan | pofled red | polled roan
I PPRr PPrr PpRr Pprr
polled roan | polted white | polled roan | potled white
PpRR PpRr RR Rr
PR ifarea | poictomen | ndfmica | ot nan

PpRr Pprr ppRr pprr
polled roap | polled white | horned roan Jhorned whatel

pr

RR produces red, Rr produces pink, and rr produces white. Sinularly
another pair of alleles, B and b, affect leaf shape tn such a manner
that BB produces broad leaves, Bb intermediate leaves, and bb narrow
leaves like those of grass

A red-flowered, broad-leaved plant when crossed with a white-
flowered, narrow-leaved one will produce an F; consisting of all
pink-flowered, mtermediate-leaved plants Work out a diagram of
the F; from such a cross and see for yourself that the ratio will be
riziziqinizizizir This is agam a modification of the gi3i3ir
ratio, as may readily be seen from the diagram at the end of this
chapter In this case each genotype produces a different phenotype

It sometimes happens that two or more pairs of alleles, in which
there are no dominant genes, act on the same charaeter, Under such
conditions we get cumulative effects of the genes, giving various grades
of the character ranging from one extreme to the other. Such groups
of genes are known as “multiple genes ** Since they are of especial
importance in genetics their discussion will be reserved for a Jater
chapter (Chapter 14)

Turning now to cases in which the 9331311 ratio is modified so
as to produce fener than four phenotypes, we find that this frequently
occurs where two pairs of genes with dominance affect the game
character. Of course £0 pairs of genes acting on the same character
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may give the characteristic 9:3:3°1
ratio, as we saw 1n the previous
chapter, where two pairs of genes
affecting coat colors 1 rats produced
in the F; a ratio of ¢ gray 3
black:3 yellow:1 cream Sometimes,
however, an allele of one pair shows
the same charactenstic effect 1 the
presence of euther aflele of the other
pair,

Thus we find in rats (and many
other animals) a pair of alleles, C and
¢, acting on color 1n such 2 way that
the genotypes CC and Ce allow the
production of pigment, while the
genotype ¢¢ prevents any pigment
at all from being produced Thus
c¢ ndividuals are albinos, pure white
with pink eyes The gene C 15 thought
to determine the production of an
enzyme which, by oxidizing chromo-
gen, produces color The particular
color produced will depend upon
other genes for specific colors The
gene ¢ when in the homozygous
state determines the absence of the
enzyme, so that no color at all is
produced, although the genes for
specific colors may be present

It will be remembered from the
last chapter that black rats are of
the formula aaR-, while cream ones
are aarr, Since both these types of
rats are colored, they must also con-
tain the gene C. All colored rats,
whatever the color, must contain at
least one C, while all albinos contam
¢c, whatever other genes they may
carry.

At this point let us get one idea
clearly in mind With certain ex-

.i =
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Pipat-Ne

o
x,..‘m\ 2
N e

LI, ?*"uz.":ff,» R

*,‘—T‘"’., "23:
Iig 61 A cross 1o shorthom cattle mvolving two
pairs of genes, one showing domsnance and the other
not. Top, & polled red male and, center, a homed
white female Bottom, their polled roan offspring

L Lt

ceptions to be discussed later, erery animal or plant carries two genes
of each set which #s found wn the species This means that 1f we wrote
out the entire genetic formula of an individual 1t would contain
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hundreds, perhaps thousands, of pairs of genes When we make a
cross, we consider only the gene pars 1n which the ndividuals in the
cross differ, and we leave out all other pairs i order to save space

Again, each gamete carnies one of each set of gentes which is found
in the species But agam we only wnite down those genes in which
the individuals differ, leaving out all others, although we know them
to be there

Continwng this point, the only way we have of knowing that a
certain pair of genes exists 1s to find an allele of a normzl gene. For
example, as long as all the rats we see are colored, we could know
nothung of the genes praducing prigment  But whert we see an athino
rat (without any mgment) and find by breeding tests that albinism
is due to a simple recessive gene, we immediately discover the exist-
ence of a pair of alleles, C and ¢, affecting the production of pigment.

Returning now to modified two-pair rattos, let us cross 4 homo~
zygous black rat with an albino which carmes the recessives qarr.
Our black rat wmill be of the formula @aRRCC, and the albino will
be of the formula aarrce Since the genes aa are 1dentical in the two
mdrviduals, we may omit them from the diagram and show it as we
would show 2 two-pair cross, as below

Reading the F, ratio from the checkerboard, and remembering
that all the rats in this particular cross contarm aa, we find that there
will beblack, eream, and albino rats 1n the ratio of9:3:4. Thegizi3:

RRCC > tres ratio has been modi-

fied because 1wo

black

= aibuo classes  which are

@ @ normally phenotypi-
cally distinct cannot

RiCc >< RiCe in this case be told

apart That is, any

black ik
k rat which contains

GAMETES @@@ @ @ the genes ¢c is albino,
@ whether it contains
RC Re

R-orrr. Whena gene
C re of one pair masks the
RCCY RRC expression of the genes
rel® | ReCC ene
black | ‘black | brack ﬁ;f,f of another pair, it is
RCci R said to be epistatic to

R Ree | ReCe P
black | atbuno | black nﬁfffo the other pair, Thus
RICC | ReC in this case ¢ is epi-

c c | rnCC

binck | black | cream | erct, static to Rand r The
se | RrCe | Rree | rrce rree foun f_omlcd from th'e
Ylack ] altano | eream | albymo adjective epistatic is

epistasis. Epistasis is
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thus the same effcct between genes of two different pars that domi-
nance is between two alleles of the same pair Since the epistatic gene,
¢, m the case just described 15 recessive to 1ts own allele, C, we may
speak of this two-pair cross as mvolving recessive epistass.

Another type of modified two-pair rato may be illustrated by an
example in dogs In these ammals we know a pair of genes, B and b,
acting on coat color m such a way that [ results i black, bb i brown
‘We also know a pair of genes, I and 2, which contro! the production
of pigment 1 such a way that animals contaimng I are prevented
from developing pigment 1n the tur, even though specific genes for
color be present. The result of 2 dormnant white gene can be told
from the albino white produced by the recessive albino gene because
ammals which are white due to a dominant color-inhibiting gene al-
ways have pigmented eyes, while those which are white due to the
albino gene always have unpigmented eyes which look pink because
of the blood showing through There are, as 1t happens, some recessive
white genes other than albinism, which result in white with pigmented
eyes Such genes occur, for example, 1 certamn white breeds of poultry
to be described later 1n this chapter

In regard to the genes I and : an imndividual must be of the geno-
type 22 to have any pigment developed Amimals of the genotype I-
are white Let us, then, cross a homozygous brown dog with a homo-
zygous white one which has black but no brown among its ancestors
‘The cross would be diagramed as follows

PARENTS op thu < BBII
brown white
GAMETES i
F Bole >< BbI
»
- TG00
F20p Br | B | o1 b

BBII'| BBI: | Bbil | Bblt
white | white | whte J white

BBIi | BBu | Bbly | Bbu

B Ghite | ttack | white | black
BbIl | Dole | bbIl | bbl:
2 white white winte white

Boly | Bbu | tblr | bbu
white | blwk | whie | brown
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The resulting ratio is 121311,
another modification of the 9233331
ratio Smce the epistatic gene, [,
15 domsnant to its allele, 3, this case
i 15 one of dominant epistasis.

Sometsmes dominant epistasis
and recessive epistass oceur in the
. same cross The White Leghomrn
breed 1s white because of the domi-
nant gene I, although this breed
carnes color genes which cannot be
expressed 1n the presence of I On
the other hand the White Silkie 1s
white because of the presence of a
recessive gene, ¢, which conditions
the absence of a chromogen neces-
sary for color Birds of the formula
¢c are white even though they carry
color genes, for the color genes
cannot be expressed in the absence
of the chromogen (Fig. 6.2).

1f we should cross White Leg-
horns with White Silkles, the Fi
would all be white because they
would inherit the dominant gene {
from the White Leghorn parent.
In the F, however, colored indi-
viduals would appear in a peculiar
ratio See the diagram on page 67

In the Fy 1t may be seen that.
out of every sixteen birds, twelve
will inhenit the dominant epistatic
gene, I, and will thus be white
The other four will fack this gene,

Ig 62 White Leghorn rooster (tap), white be.
cavse of a dommant color-mhibitng gene, White

) but i i
Silkie hen (bottom), white because of a recessive beca:r;e o(f L&;]csc will nlso be wh:;e
gene preventing color The T, from these parents e of the homozygous condi-
is wbite; the F contams white and colored m the ROl therecessive epistaticgene, ¢
ratio 13.3.

gnly three out of every sixteen

R ave the requisite genotype (#C-)

z;or' the pmdugmn of colur.. The resulting ratio of white to colored is

: g 2 3 a'pecuhard modification of the two-pair ratio, due in this case
an B . < M

bieds wlt ot Cou:sc ‘ The actual color of the colored

depend on whatever H ig-
ments they may have inherited. genes for particular pig:
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PARENTS B IICC >¢ e

white white
GAMETES @ @
3% ICe > IiCc

white white
sy OO OOOE
2B Ic Ic ic ©

1ICC § 1ICe | BCC | IiCe

IC| Shte | wte | wmute | whte
o) HCe | 1l | LiCe | Ince

white | white | white | wihite
ic| 1CC | ICe | wCC | uCe

white | white | colored | colored

ICe | Twee | uCe | e
white | white | colored | white

Another modification of the g:3:3:1 ratio occurs when eack of
the two pairs of alleles contains a recessive epistatic gene For ex-
ample, 1n the common yellow daisy the flowers typically have purple
centers A yellow-centered variety was discovered, however, which
when crossed with the purple-centered type gave all purplecentered
1n the Fy and three purple to cne yellow in the F» The yellows bred
true. Later more yellow-centered flowers were discovered 1n another
locality, and these behaved 1n the same way when crossed with purple
The yellow-centered flowers from the two localities were thought, of
course, to be the same vanety, but when they were crossed with each
other they surpnisingly produced all purple-centered offspring The
Fy gave a ratio of nine purples to seven yellows Obviously the two
yellow-centered vaneties were genetically different, the yellow 1 each
case bemng due to a different recesstve gene Apparently two pairs of
genes are concerned in the cross, the domnant gene of each pair bemng
necessary for the production of purple

Let P and p, R and r represent two pairs of alleles, acting on
flower color 1 such a way that when both P and R are present the
flowers have purple centers, all other combinations of these genes
producing yellow centers A cross between two yellow-centered
varieties differing in two pairs of genes would be written as diagramed
on the next page.

Here the 9:3:3:1 ratio is modified because the recessive g is
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PARENTSB PPrr > ppRR

yellow yellow
GAMETES )
e o TS
GAMETES B @
£5 PRy pr ] pR ) pr

PPRRY PPRr { PpRR | PpRr

PR purple }opurple § purple § purple
PPRr § PPrr } PpRr | Pprr
purple § yellow | purple | yellow
R PpRRY PpRr { ppRR § ppRr
PR A burpte § parle | yettow | yellow
Ppie } Pprr | ppRr | pprr

purple } veltow § yellow | yellow

Pr

pr

epistatic to R and 7, and n addition the recessive r is similarly epi-
staticto P and p Consequently the 3, the 3. and the 1 cannot be told
apart phenotyprcally, resulting in a ratio of 92 7, a familiar modifica-
tion This case is therefore one of duplicate recessive epistasis. A
simifar situation occurs 1n stocks, where single flowers depend upon
the smultancous presence of two different dominant genes, the
absence of either or both resulting 1n double flowers (Fig. 6.3).

Another example of this type of gene mteraction occurs in human
beings, where deaf-mutism appears 1o be inherited in the same
manner We find that 1n man two paits of genes, D and d, E and ¢,
interactin such o way that D-E- produces normal hearing, while any
ather cambination of these genes produces children who are deaf at
birth They are not truly “mute,” but they do not speak without
special training simply because they have never heard words Fig-
ure 6 4 illustrates a typical family history of deaf-mutism

Ol course the knowledge that a human character depends on this
Lype or any other type of hereditary behavior 3 niot, obtained from
the study of F, generations, as 1s the case 1 animals or plants 1t will
he paced, however, that a character dependent on this type of in-
h.cntance behaves in 2 manner that precludes the assumption of @
single pair of genes, even in human beings, If deaf-mutism were de-
?enden't upon the recessive of o single pair of genes, it would be
impossible for two deaf parents to produce anything but deaf children.
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Fig 63 Single- and double flonered stocks The center

plant 1s single-flonered, the others are double-flowered

However, not only do two normal parents sometimes produce deaf
children, but two deaf parents sometimes produce normal children,
as scen 1 Figure 6 4 This 1s explamable on the basis of tho pars of
genes acting as outlned above In the case of deaf-mutism in man,
the two recessives are relatively rare, so that most people carry at
least one dominant of each pair and so have normal hearing  Those
individuals heterozygous for one or the other recessive or for both

cannot be told from homozygous
individuals except when they hap-
pen to produce a deaf child Deaf-
mutism should not be confused
with otosclerosts, which 1s a type
of deafness occurning later 1n life,
and 1s mherited i quite another
manner

In addition to duplicate re-
cessive epistasis, we may have
duplicate dominant epistasis, when
each of the two paus of alleles con-
tains a dominant epistatic gene.

Pig 64 Pedigree of a family in which many of the
mermbers were born deaf Note the two cases where
both parents were deaf, and the difference between
the offspring n the tno cases Black squares and
circles indicate deaf mutes
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Fig 65 Black Langshan male (to h
shanks, and Buff Rock fe ey
featheied shanks

athered
emale (bottom) with yn.

loealities were crossed, and the F,
were all red Obviously the two :
genotype Such an occurrence wi
more than one par of genes to

70 CHAPTER six

We may illustrate such a case by
another example from poultry.
Certatn breeds have feathers on
the shanks, while others have none.
The Black Langshans have feath-
ered shanks, while the shanks of
the Buff Rocks are unfeathered
(Fig 635) A cross between these
breeds results in an Fy with feath-
ered shanks and an Fj with a ratio
of fifteen feathered-shanked birds
to one with no feathers on the
shanks The crossmay bediagramed
as on page 71, assuming two pais
of genes, F and f, Sand s.

Considering merely the pres-
ence or absence of feathening we
find that only the double recessive
Jfss, that 1s, one out of every sixteen
of the F; generation, has unfeath-
ered shanks These genes have in
addstion a partial cumulative effect,
which we need not consider here
Duplicate  dommant epistasis is
more common in plants than in
ammals

One tast modification of the
973-3'1 Tatio may be discussed,
choosing an example from pigs.
Duroc Jersey pigs are usually red
mcolor A mutation to sandy color
was discovered, and it proved to be
due to a recessive gene, so that the
cross between red and sandy pro-
duced all red 1n the F, and three
red to one sandy in the F» Sandy
Pigs, of course, bred true and pro-
duced only sandy offspring,

On one occasion, however,
two sandy ammals from different
to the surprise of the investigators,
sandy parents were not of the same
ould immediately cause us to suspect
be involved, This case looks similar



PARENTS Bp FFSS  »<  ffss
feathered unfeathered

GAMETESBp @ @

Ep FfSs >< FSs
feathered feathered

vy OOEE ©EE®

2% 3 FS Fs 75 fs

FS FFSS FFSs Ffss FfSs
feathered | feathered | feathered | feathered

F FFSs FFss FfSs Ffss
S | feathered | feathered | feathered | feathered
s | Fss FfSs 7iss Tss
S5 | teathered | seathered | teathered | teathered

FfSs Ffss fiSs ffss
J5 | teathered | feathered | feathered |untcatnered

to the one in which two yellow varieties of daisies produced a purple
Fy, and we might predict that the F» would give the g.7 ratto, thats,
9 red:y sandy However, when the F» were raised, they were found to
be 1n the proportion of ¢ red 6 sandy:: white Obwiously thisis a
modified two-pair ratio, and the white ammals apparently represent
the double recessive (Fig 6 6) The genes must mteract as follows,
allowing R and r, S and s to represent the two pairs of alleles

R-5- produces red

R-ss produces sandy
rrS- produces sandy
trss produces white

No one could have predicted before the cross was made that the
genotype rrss would produce a white ammal The logical prediction
would have been sandy It 1s never possible to predict with certamty
what the phenotypic expression of an unknown genotype will be
The cross in pigs just discussed may be diagramed as on page 73

The 91621 ratio is therefore another modsfication of the gi323%t
Again we are dealing with duplicate genes Here the 7 and s genes
interact (in this instance cumulatively) so that the rrss phenotype
is different from that produced by either RRss or rrSS Hence, we may
designate this as a case of i genes with i i This
modsfication is not common, but is known mn some organisms other
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than pigs It may be considered
exther as a special case of the duph-
cate epistatic ratio 917 with the 7
broken mto 6 and 1 orasa special
case of the duplicate dominant epi~
static ratio 1511 with the 15 broken
mto ¢ and 6

There are still other modifica~
t10ns which because of their compli-
cations wilt not be considered here.

Thus the presence of lethal genes
may modify the two-pair rato by
elminating certain classes Linkage,
another speaial case, may also re-
sult 1n pecubar modifications This
phenomenon will also be treated in
detait later on (Chapter 10).

We see, then, that the classical
two-parr ratio may be variously

modified Suchmodified ratios whes
first seen by ivestigators were
puzzling, but are now well under-
stood The student of genetics
showld famibiarize himself with
them and be able to recogmze
them when met with Three-pait
ratios and others involvmg still
mare pairs of genes may also be

vanously modified For instance
F;gt 66 Durcc Jemey pigs Top, the nosmal three-pair ratio of
fed; center, sandy, bottom, white  27.09:9.3:13:3:1 fnay appear as
27.37, 4831531, etc
Table 6 1 summanizes thy i '
B e various two- i
with in this chapter pair modified ratios dealt
whic‘}f :s are f‘;‘;w ready to make our acquantance with a principle
15 that rapidly coming to pervade all genctic theory, The principle
! él. ;zene apparently functions by producing a specific substance
it ctermines the effect of the gene on the orgamsm. In many, if
Dot (:nost tnstances, this substance 1 an enzyme. An enzyme i an
d‘imlca‘cam]ytxc agent whmfl functions by bringing about a bio-
ey Srer::;tmn \Z;lh;)ut being itself used up in the process Each
onsible i .
lism i or the catalysis of a specific step 1n metabo-
Th i
nmnm,m'f,‘fhsﬂ;,ffi"‘)“ of an enzyme one compound is converted t0
’ ymbolizing such changes, we commonly mdicate the
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PARENTS ) 7SS »<  RRss

sandy sandy
GAMETES®) @ @
F.’ RrSs »<  RrSs
Ted red
s OOOE OO
£ RS Rs 75 s
RS RRSS| RRSs | RrSS | ReSs
red red red red
Rs RRSs§ RRss| RrSs | Rrss
red | sandy | rea | sandy
5 RrSS ) RrSs } 1SS | rds
red | red | sandy | sandy
vs | BrSs | Ress | #Ss | ross
red sandy ]| sandy | white

Table 61. Stnary oF THE Mobiricarions oF THE Two.Isir Ritio

o
EEEE] Exuine
< &8¢ Trre of Rario o Pacr
Number of
phenotypes 1| dominance laching 1n both pars 61
increased
because of
tack of 3 6 |1|2] 3 |1] dominance lacking 1n one parr 61
dommance | !
Classical 9 s | g |1 dommance in both pases s
ratio no epistasts
1| recessive epistasis [
¢ ] 3 1| eaepistaticto B, b
Numl t . daminant epistans 63
phenotypes 12 3 11| Aepstatic to B, b 1
ﬂ:m"‘lr | |"dormant and recessive epistasis 68
otamane 13-7]73 >} .1 epistatic to B,
e ib eputatic to 1,0
various, duplicate recesave epistasis 71
types of 9 aa epistatic to B,
epitasis 3 Bbepistatic to A, a
H duplicate dormnant epivtasis o1
1 1} A epistatic to B,
B epistatic to A, @
duplicate genes with mteraction HO
9 i1 1" 2aB- wentical as to
phenotype. A- aa
Fudepengently ditmgsliable
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enzyme by an arrow Thus, 1f compound 1 is converted to compound 2

by enzyme A, we would write C; — C, .
1f a second enzyme (B) then acts on compound 2, converting it

to compound 3, the sequence would read Cy L» C, —L C; Enzymes
frequently carry out very simple steps in conversion, such as hy-
droxylation (adding an OH group) or methoxylation (adding an
OCH; group) The reverse conversions, removing groups, also may
oceur

The genetics of flower color 1s an example of this principle The
chemical composttian of many flower pigments 1s known. The differ-
ences between diverse fower colors are ordinanly determined by
gene differences When the presence of one pigment rather than an-
other depends on a single gene difference, the two pigments are
usually found to be chemcally very sumlar, often differing i only
one small part of the molecule

Thus, red flowers may depend upon the presence of the pigment
eyamidin, which 1s chemically hike this

OH
Ho, OH
OH

OH

For those not acquainted with chemustry we should point out
that a basic part of many biock 1 com ds is the b

ring, a hexagon of six carbon atoms with six attached hydrogen atoms,
as follows

h
b %\F/“
|
% Q<I:j;\1{

b3

This basic structure occurs so frequently that it is commonly
symbolized by a sumple hexagon, thus

O

ammlsna:his styml')c:lﬁthle1 carbon atoms and their attached hydrogen
e not specifically indicated, but wher,
of atoms are substituted, these o e suoms or ErOuBE

fetters ate indicated by the appropriate
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A single pair of genes, P and p, is responsible in many plants for
the difference between purple flowers and red flowers, P- resulting 1n
purple, and ppinred The chencal difference between the pigments
is also very simple, cyanidin (red) being merely hydroxylated, form-
ing a purple pigment, delphinidin The gene for purple apparently
produces an enzyme which will hydroxylate cyanidin, as follons

on o1
HO H op HO O
low — ow, o1t
ou On

eyanudin (red) delphunidin {purple)

Note that delphinidin differs from idin only 1n having one
more OH group substituted in the nght-hand nng

Many other pigments differ one from the other in correspondingly
simple chemical variations. Each biochemncal change appears to be
controlled by an enzyme, and each enzyme appears to be produced as
a result of the activity of a gene Note how the following prgments,
each a different color, differ one from the other and from those
already discussed 1n simple biochemical ways.

HQ, OH  HO, oH
on
o118 OH
pelargomdin thght red) apgenn Givory)
OCHs i
Ho 0K HO, OH
ox
it on
peonidin (magenta) Tuteoln tpale yellow)
OCH, CH
10 o Ho ot
on ocH, o
ol oH
malvidin {blue) Quercetin (1ntense yelkwr)

These are but a few of the many plant pigments known, but they
will serve the purpose of indicating how an enzyme may convert one
of them to another in a simple biochemical step They are presented
here as a brief introduction to the problem of how genes act, a prob-
fem which will be considered in further detail in chapters 24 and 26
Many gquestions concerning dominance and epistasis may be clanfied
by thinking in biochemical terms, Remember that an enzyme may
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accomplish a conversion all out of proportion to the amoun(t1 of
enzyme present, since 1t 15 not used up 1 the process. Thfxs one (;)sle
of gene P may pronde enough enzyme to convert cyamdm to del-
phimdin, and therefore a plant of the genotype Pp will have flowers
just as purple as will one of PP N

When two pigments are present, the darker one may obscure the
hghter, thus resulting m epistasis For example, cotton may have
brown, green, or white 1int Brown and green arc both dominant to
whate, but brown s epstatic to green, resulting in the dommant
epistatic ratio of 12 brown 3 green 1 white Of the browns, some
also have green, and some do not These cannot be differentiated on
simple mspection, but the hidden green n the former can easily be
demonstrated by fluorescence 1n ultraviolet hght

We see, therefore, that and biochemists are more and
more often finding themselves working together on common prob-
jems, and that the ultimate solution of many genetical phenomena

depends on the cooperation of these two groups of workers

PROBLEMS

6.1~A varety of pepper having brown
fruits was crossed with a varety having
yellow frusts The Fy plants all had red
fruts With only this information, devise
two possible explanations for the mhent-
ance of frut colors :n peppers What
further information would you need to
decide between these’

6.2 When the red-fnuted F; plants of
Problem 6 1 were crosscd, the F; consisted
of 182 plants with red frnts, 59 with brown
fruits, 61 with yellow fruits, and 20 with
green fruats What now appears to be the
genetic basis of these fruit colors in peppers?

6.3 In munk, two different recessive
genes, p and 1, arc known, erther or both
of which in homozygous form results in
platinum coat color The presente of both
of the dominant alleles results in"the’ wild-
type brown color Wil platinum munk
necessanly breed true® Set up a cross be-
twween tno platinum munks which will result
in all brown offspring What would be ex-
pected an the Fy from this cross®
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6.4 Tn omions, & recessive gene ¢ resulls
in the lack of an enzyme necessary fof
color production, in the presence of C, the
enzyme 15 produced Another gene, I, re
sults i the mhibition of the enzyme s0 that
1t does not function in color productioni
the allele ¢ does mot inhibit the enzym€
Both C and s are therefore necessary fof
the production of color A true-breeding
colored variety was crossed with a white
variety having the genotype ecI7 Wha:
would be the expectation in the Fi? The F¥

6.5 It has been discovered that th°
scales of a white onson will react diferent’y
to ammonta fumes, depending on the g7
type If the genes cc are present. arnmontd
fumes will not color the scales, but if the
gene I is present i the absence of ¢
ammonia fumes will tuen the scales yelo¥
in a matter of seconds Applyng this “"ti
what change in the observable Fz 10 ol
Problem 6 4 would occur? Jt

6.6 In poultry white may be the Tes!
of the homozygous state of the recessIve



gene o or it may be the result of the
homozygous state of the recessne gene ¢
The presence of both dominants, € and 0,
is necessary for color, The Silkie breed 15
white, of the formula c00. The White
Wyandotte breed has the formufa CCoo
‘What would be the appearance of the F\
and Fyin a cross hetween these two breeds?

6.7 In the F, generation from Problem
66, what proportion of the birds would be
of the genotype of the Silkie breed” What
proportion would be of the genotyps of the
White Wyandotte breed?

8.8 Incultivated stocks (a flower) a cross
was made between a red-flowered plant and
a white-flowered plant The F plants were
all red-flowered In the Fs the flower colors
were as follows ninety-two red, thirty
creant, forty-one white, Explan these re-
sults

6.9 In crossing the white-flowered plants
of the F; generation of Problem 6 8 among
themselves, what proportion of the off-
spring would be red-flowered? Cream-
flowered”  White-flowered?

6.10 In wheat red Lernel color ss depend-
ent upon the presence of two dommant
genes, R and B, white Lernel color upon the
presence of both recessives in the homozy-
gous state, Other combmations result 1n
brown. Two brown vameties, r7BB and
RRbb, are crossed What 15 the appearance
of the Fi? Of the Fy?

611 If you had a large number of F:
kernels from the cross of Problem 6.10
available, how would you go about develop-
1ng a homozygous red vanety? Remember
that wheat js normally self-fertihzed.

612 In summer squashes white frust
<olor is dependent upon a dominant gene,
W, colored frust upon its recessive allele, 2
In the presence of uw, the color may be
yellow, due to o dommant gene, G, or
green, due to its recessive allele, g, How
many different genotypes may be mnvolved
1 the production of white frts?

613 I{ a white-fruted squash plant of
the formula 11"11°GG 15 crossed with a green-

fruited plant, what will be the appearance
of the F¢* Of the )% (Sce Problem 612 )

614 In the shepherd's purse {a plant)
the form of the seed capsule may be uther
tnangular- or top shaped A cross between
a tnangulir-capsuled plant and one with
top-shaped capsules gave an Fy all of wluch
had tnangular-shaped capsules In the Fy
only one out of every sixteen plants had
top-shaped capsules How many paurs of
genes are concernéd 1 the cross and how
do they mteract?

616 In the F: generation of Problem
614, what preportion of the trangular-
capsuled plants ts homozygous’

6.16 In human beings two nght-handed
parents sometimes produce a left-handed
child Also two left-handed parents snme-
‘imes produce a night-handed chuld If feft-
handedness 15 hereditary, could the above
facts be explamed on the basis of a single
par of genes? Discuss reasons for your
answer

6.17 In radishes the shape may be long
or round ar oval The color may be red or
white or purple A long red variety was
crossed with a round white vanety The Fy
were all oval purple In the Fithe following
results were obtamned: 8 long red. 15 long
purple, 17 oval red, 31 oval purple, 7 long
white, 15 oval white, & round red, 16 round
purple, 9 round white What 1s the genetic
basis for these characters’

6.18 How many true-breeding varieties
of radishes 1n regard to shape and cofor
could be established?

6.19 If you wanted to develop for com-
mercial purposes seed that would all result
in long purple radishes, how could you 6b-
tarn such sced?

6.20 How could you obtain seed which
would all develop mto oval red radishes?

6.21 In summer squash disk fruit shape
has been shown ta be dominant to sphencal
fruit shape On one oceasion, however, two
sphericat races from different Incalities were
crossed and the K frusts were all disk-
shaped. The Fy from this eross resulted as
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follons 35 with disk fruats, 25 with sphen-
cal frurts, and 4 wth <longate frpts Ex-
plan these resuits

6.22 What offspning would be expected
1f the elongated-frmt plants of Problem
€21 were crossed among themselves?

€.23 What knds of offspnng would be
produced, and m what proportions, of
elongated-frart plants were crossed 1o the
F, plasts from Problem 620>

8§24 In poultry a gene, C, produces
Creeper 1 the heterozygous state but 18
tethal 1n the bomozygous state A gene for
frizcted feathess, F, 1s domnant 20 1ts allele,
£, for plawn feathers What kunds of offspring
antd m what proportions would Tesult from
the followng matings®  Crif X CeFf,
Cetf X aff, Coff X oFf. Cuff X o FF,
kX cckf

6.25 A frizzled-feathesed Creeper male s
<rossed to a plam-feathered Creeper femate
They produce eleven frizaled Creeper off-
spriag and five fnzzled normal offspring
What are the probable genotypes of the
Pareats>

6.26 In cattle the patted condstion {5
dependent upon a dormnant gene, P, the
homed condation upon its recessive allele, p
In Devter-Kerry cattle 4 BeT€, D, results

Its allele, d, m homozygous stage results
m the longJegged Kerry ammals, Suppose
a Dexcter bull homazygous for polled
were mated to o horped Kerry cow, What
fonds of calves coutd they produce, and
0 what propartions?

6.27 Suppase teio polled Dextey ammals
{see Problem 6 26) were mated and pro.
duced a horned Kerty calf What would be
the pettotypes of the pasents?

628 A yellow short-hatred guinea pig
was crossed with o white long-hareq guinea
g The £ were ayf €ream short-hayed,
The £ ammals were repeated);
The totat Fy from many
htters was zg fallows 13 yellow short.
barred, 29 cream short-haired, I3 white

7 CHAPTER gry

short-hatred, 5 yeRow Jong-haired, g cream
long-hawed, 5 white long-haired. Explan
these results,

6.29 Considering the data of Problem
6 28 what knds of offspring would be ex.
pected and in what proportions from a
cross of Lo cream long-haired guinea pigs?

8.30 Considensng the data of Problem
6 28 what king of mating should be made
1 arder to obtain al} cream long-hared
offspring> All eream short-haired offspring?

8.31 In the peach family there are vare-
tes with downy sfans {peaches) and other
vanettes with smooth skins {nectarines}
The difference between them is due to s
sigle patr of alleles, D and 4, the gene for
Peach hemng domsnant to that for nectanne
Some varteties of peaches and nectarines
have ovat glands at the leaf bases, others
have round glands, and still others hane
70 glands This difference 15 also due 1o 2
smgle pair of atleles, G being a gene for
oval glands and g st allele for no glands
Neither 15 dominant, however, the hetero-
Zygote resulting in round glands A homozy-
gous peach with oval glands was crossed
with a rectanne having no glonds What
would be expected in the Fy of this cross®
The Fy?

632 Congemtal deafness in man is due
to the homozygous condition of either or
bath of the recessive genes d and ¢, Dath
dominant genes D and £ are necessary for
normal hearing, A deaf man marries a deaf
Woman and all the seven chitdren have
normal heanng What are the genotypes
of the parents and children?

6:33 A deat man marnes & deaf woman
and their four children are deaf Contrast
the genotypes of this family with those of

blem 6 32,

6:34 Would 1t be of any advantage to the
human race 1f we had some way of knowing
which of the twg genes for dealness 2
Particutar deaf person had? Can you sug-
St any way for finding this aut?

©:35 In foxes nine coat colors ase knowm
83 follows; Red, Standard Seiver, Alaskan



Silver, Double-black, Smoky Red, Cross-
red, Blended-cross, Substandard Siver, and
Sub-Alaskan Sitver A Red fox was crossed
10 a Double-black fox. The F were all
Blended-cross 1n color (reddish above,
black below). The F: showed a ratio as
follows- 1 Red * 2 Smoky Red 2 Cross-red
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CEIAPTER SEVIEN

Probability

The results which follow the Mendehan laws of segregation,
random assortment, and random umon of gametes are illustrations of
the laws of probability. A brief introduction to probability will be of
considerable aid in the interpretation of breeding results, particularly
of farmly histories 1n man

Consider the human family history shown 1n Figure 7 1. In this
famuly the character under discussion 1s represented by the usuat solid
squares and circles The parents do not show the character; three out
of four offspring do Let us ask ourselves some questions about this
character Could 1t be due to a domimant gene? Obwviously not, since
it appeared 1n the children when neither parent had it. Could 1t be
due to a recessive gene? A character due to a recessive gene can, as
we have seen, show up in the offspring without showing in either
parent, provided the parents carry the gene, that is, are heterozygous
for 1t But should not the ratio of the dominant character to the
recessive be 3:17 Yet in the family under discussion there are not
three individuals showing the dominant to one showing the recesstve,
but quite the other way around, three recessives to one dominant.
Could the character then be due to a recessive gene? Does the 311
ratio have to show up in each individual family?

The answer to all this is, of course, that the character represented
by the solid square and aircles n Pigure 7 1 could certainly be due
to a recessive gene In the l‘ong run, taking a large number of such
families, there would be three times as many individuals showing
the dominant as those showing the recessive But in any particular

family the laws of probability make it possible for any combina-
tion of dominants and Tecessives to occur It could happen, then,

Tog 7.1 Ahuman family history in which a certain character 1s represented
by solid symbols Questions al

d bout the genetic nature of the character are dis-
cussed in this chapter,

80 CHAPTER SEVEN



that a recessive would show up 1 three out of four children in a
particular family, as 1t did 1n this one Not only could 1t happen, but
the laws of probability show that 1t w:il happen in a certain number
of cases Let us ask a more specific question When both parents
are heterozygous for a pair of alleles, how many times in fammlies
of four will three of the children show the recessive character and
one the dommant? To answer this, let us take up probabality tself

Let us toss a penny It has an equal chance of falhng heads or
tails We should expect heads mn half the tosses, tails in half the
tosses Now let us toss two penmes together Each penny has an equal
chance of failing heads or tasls What will huppen 1n a series of tosses
of two pennies? We find that about one fourth of the results are two
heads, one fourth are two tails, and one half consist of a head and a
tail This 15 because the chance of two independent things happenmg
together 1s the product of the chances of each of them happening
separately, The chance of each peany faling heads 1s one half The
chance of both of them falling heads together 15 thercefore one out of
four (3 X3 =1) Sumilarly, the chance of both falling tails 1s one
fourth The chance of one falling heads and the other tails i1s one
fourth, but the chance of one falling tails and the other heads 1s also
one fourth, the total probabiity for one head and one tail thus being

+i=

¥ 4If \}e toss four pennies together, we shall find that ail four fall
heads in about one toss out of sixteen, three heads and one tail appear
in about four out of sixteen, two heads and two tmls 1n about sic out
of sixteen, one head and three tails in about four out of sixteen, and
finally four tals i about one out of sixteen tosses These chances
are again the products of the separate probabilities for each penny
falling 4 head or a tail

There is a convement mathematical method for rapdly com-
puting such chances It consists of expanding the binomial (s +b) 1o
the nth power, where o and b are the chances for the possible results
(in this case heads and tatls) and » is the number of individuals con-
cerned 1 the event (in these cases two penmies, or four pennues, as
the case may be) )

Suppose we let a stand for the chances of a penny falling heads
and b stand for the chances of its faling tarls We know that the
chance of each penny falling heads is one half, of falling tails 15 also
one half Then we may compute how often in tossing four penntes we
should expect four heads or three heads and a tail or any other com-

bination, as folfows:

Let a = chances for heads = }
and & = chances for tails = {
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In tossing four pennies we should use the expression {(a + b)*.
(a -+ b)t = at + 4a% + 6a'b* + 4ab? 4 bt

From the above expansion we may pick out the appropriate term
for any combination of heads and tails and substitute the values of
aand b Suppose we ask how many times in tosses of four pennies we
should expect four heads Smce ¢ stands for heads, we must choose
the term a*, which 15 four a’s, or four heads (at=a-a-a-g) Sub-
stituting % for a, we find that

@ = )=
Therefore, we should expect four heads in one toss out of sixteen.

Agam, suppose we ask how many times 1 tosses of four pennies

we should expect two heads and two tails The term containing two

a’s and two b’s (standing for two heads and two tails) is 6a%?®. Sub-
stituting the values of a and b, we find that

60 = 61" =

Therefore we should expect two heads and two tails in six tosses out
of every sixteen Sumilarly we can find the probality for any other
combination of four pennies

1f we were tossing five pennies at 2 time we should use the expan-
sion (a + b5, and so on

Let us now transfer this mathematical application to a case
human bemgs How many times in famibes of three would you

expect two hoys and a girl?> We may answer this Just as we did the
question about the pennies

Let @ = chances for boys =1}

and b = chances for girls = §

(@ +8)* = a¥ 4 3a% + 3ab?+ b3
The term 3a% contains two o's a

e nd one b, that is, two boysand a
girl Substituting, we find that

3a% = 3(3)*(3) = 3

“Therefore, in three out of every eight families of three children we
s?muld expect two boys and a girl This, of course, 15 on the assump-
tion tha.t thf: chances of boys and girls being born are equal This
nssumpmzn 1s accurate enough for ordinary determinations To be
errly s{l;qﬂc{, however, there are about 105 boys born to every 100
girls erefore we might be extremel i -
tions as follows,  accurate by using propor

Let a = chances for boys = 138

and b = chances for girls = £33
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3,307,500

8,615,125 which ge-

In this case the term 36% would be equal to

duces to approximately §

In ity wards at hospitals it imes happens that out of,
let us say, eight newly bom babies seven are girls, or perhaps all
eight are girls. This is cause for newspaper comment, but the laws
of probability tell us that not only can this happen, but that every
so often it will happen Compute how often i a group of eight newly
born infants seven should be girls and how often all esght should be
girls. Use probabilities of ane half and one half

Let us apply these methods to the first question raised in this
chapter Could the character represented m Figure 7 1 be due to a
recessive gene? The figure represents a famly of human beings, and
the solid squares and circles represent aldinos Qbvtously if the parents
were heterozygous for albimsm they could produce some albino chil-
dren. But 1n fammbes of four where both parents are heterozygous,
how many times will there be one normal child and three albines?

We can let a represent the
chances for normal pigment and b PARENTS » ce > e
the chances for albimsm. What are normal porma
the chances of any one child betng GAME‘[ES» @ @ @ @
normal? Gbviously three out of four
Likewise the chances of its being an

albino are pne out of four That OFFSPRING 3 C 2
is because where the parents are c o Ce
heterozygous the genetic cross would normal § normal

be as shown in the diagram on this Ce o«
page letting C represent the gene for normal ] albino
pigment and ¢ the gene for albmism

It is seen that there are three normal children produced to every
albino, in the long run However, the 31 ratio would not have to
hold in each famuly To go back to our question, how many times in
families of four, whete both parents are heterozygous, would you
expeet one normal child and three atbino children?

Let a = chances for normal individual = £
“~ , and b = chances for albno individual = 4
(a4 b)"= gt + 4atb + 6atht + 4abd -+ bt
The term representing one normal child and three albino chil-
dren is 4ab? Substituting, 4ab* = 3(1(§)* = 7% Therefore n twelve
out of every 256 families of four, where the parents are heterozygous,
we should expect to find one child showing the dominant character
{in this case normal pigment) and three children showing the reces-
sive character (in this case albinism)
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The general formula for chi-square is
[CR
=BT
where o stands for any observed frequency, ¢ for the corrcspondi_ng
caleulated value, and Z mstructs us to sum the bracketed quantity

for all classes The procedure 1s very simply accomplished as is shown
in the last column of Table 7 1, and we arrive at a vatue of 0,712 for %

Table 7.2. Covrvrariax or x* tor 4 2 3 3;1 Exrecration

OnaEs\ Ly EXPECTED
Cuass Fapauency  Frequescy  DEVIATION o oy
T
° . o—¢ <

U Brght tendnl 847 830975 +8 625 0052
Bright, acacia 298 980125 +17,875 14
Dl tendnt 300 280125 +1D875 1,410
Dul, acacis 40 93375 —33375 21.089
Totals | ;s 1494 000 o X!~ 26N

We see from the way in which x*1s computed that the larger the
deviations relative to the expected values the larger will be the value
of x* It therefore constitutes a logical measure of deviation between
observation and hypothesss, so that our onmnal question will be an-
swered if we can obtasn an answer to the question: how often by
chance alone should one obtam x* values as large as or larger than
0 712” This s determuned by reference to the Table of Chi-Square
{Table 7 3), which gives the values of Xx* which are exceeded by

Table 7.3. Tame or Cu-Squane ¢

In the body of the table are piven, for various numbers of d t which
erw escecded by chance i vanoos peiceniages of sls g e st okt oy 108 Vhies of x* i

Decrees
oF 9 LH E

PR o ™ S0 E 05 01
1 oI 00393 138 :
: st P nen sen e

* Thus table 1s Liken by rnacnt from Statwtucat 41
gubliahed by Oliver.and Bad L4, Famsrsly sad st o 7 Rescarch W orkers by Prof, 0, 4 Fisher
R S e SR

chance in vanons indicated percentages of trials. Glancing across the
first row of the table we see that our value of x* (0.712) falls between
the tabulated vatues for the probabilities , soand 3o, This means that
a deviation from the epected ratio of 1025 or more plants will occur
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in somewhat over 305 of trials by chance alone when the true ratio
is actually 3:1! Certainly, then, there 1s no reason for supposing that
anything other than chance was responsible for our discrepancy, and
we may therefore say that the data are m accordance with the pro-
posed theory of recessive inheritance of the pattern leaf, in other
words, there is no significant evidence against the hypothesis

One of the many advantages of the chi-square method 1s the fact
that it may be applied to cases where there are more than two classes
To illustrate the method once more, we now apply 1t to a dihybnd
cross 1n sweet peas, reported by Punnett (r923) Crosses between
true-breeding, bright-flowered, acacia-leaved (tendnlless) plants and
true-breeding, dull-flowered, tendril plants produced an F, all of which
had bnght flowers and tendnls From this one might suspect that
acacia leaves and dull flowers are each dependent upon single recessive
factors; in which case, if the F; plants are selfed, we should expect a
ratio of ¢ bright, tendnl 3 bnght, acacia . 3 dull, tendnl 1 dull,
acacta ameng the F» plants. The actual frequencies observed by
Punnett among 1494 F offspring are shown in the second column of
Table 7.2 As mught be anticipated, they do not agree precisely with
the expected frequencies, ¢, which are, respectively, ¥%, 7% 1%, and
5 of the total, 1494 Could the deviations be attnibuted to chance?
‘To decide thss, we square the deviations, divide each by the expected
value, ¢, and sum, obtaining a value of 23 692 for x2

In determinming the probability of chance occurrence of such a
x? value we now enter the chi-square table in the row for 3 “degrees
of freedom ” In general, for stmple Mendelian problems of the sort
described here, 1t may be taken as a rule that the number of degrees
of freedom assoctated with any chi-square value 1s always one fess
than the number of classes Thus, m the first example there were
2z classes and 1 degree of freedom , here there are 4 classes and 3 degrees
of freedom We see from the table that our value for x2 (23 692) is
considerably larger than the value tabulated for the o1 probability
(11.341). The observed chi-square value should, therefore, be exceeded
inmuch fewer than one trial in 2 hundred by chance alone, so that we
are willing to assume that chance was, 1n fact, not solely responsible
for the discrepancies between the observed and expected numbers
Our hypothesis as to the mode of inhentance is, therefore, incon-
sistent with the data. Those who are interested in a posstble reason
for the discrepancy will find the appropriate explanation in the
phenomenon of genetic lmkagc to be described 1 Chapter 10

As amatterof logists and stati: refer toany
statistical constant such as x*as a “*significant ™’ value when it exceeds
the value corresponding to a probability of .05. A value exceeding
the o1 value 1s labeled “‘highty significant ”* This means that there
1s or highly si id agasnst the hypothesis
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under test Thus we tmght say, concerming the first example, that the
¥t value of o 712 1s nonsigmificant, that the hypothesss of recessive
inhentance 1s therefore not disproved by the data. In the second
example. we say that there 1s ghly sigmficant evidence against the
hypothesns of independent two-pair inhentance In Table 7.3 the last
two colummns thus have special importance, sinee they define the levels
at which setentific hypotheses are accepted or rejected

For those who may wish to employ the chi-square test of “'good-
ness of it” to sumple genetic problems, we may now add the following
precaution The chi-square method s only approxmmate but furnishes
a very good approxamation so Yong as the expected frequency in any
class 15 not less than 5 Where such small numbers are involved the
‘binonual theorem should be used as a mathematieally exact pro-
cedure Other usefu) properttes and extensions of the method to
genetic problems may be found m the statistical manuals mcluded

among the references at the end of this chapter.

PROBLEMS

T.1 How many times in famihes of five
would you expect four boys and a girl?
Four grls and 2 hoy? Fre grls?

T2 In man polydactyly (an extra finger
on each hand) is due to a domnant gene
YWhen one parent is polydactylaus, but
heterozygous, and the other parent {s nor-
mal, haw many times in famulies of three
would you expect all normal children? One
polydactylous and two normal?

7.3 Tn man albimsm is due to a recessive
gene Two normal parents produce an al-
bino child If they produce anather chid
what are the chances of its beng atbino?

T4 Where parents are genetically stular
to those in Problem 7.3, how many times

n famubies of three wou' ¢ §~ct three
atbino children® Three "'’ “dren®

7.8 In famulies hke the o T4,
how many times in fami{; would
you expect one atbing be sal
gins?

7.6 In acertain family rls.
What are the chances o "1

a2 boy?
™n human beings ¢

SEVEX

be the result of the homozygous state of
etther or both of two recessive genes dand e
Normal hearing results only when both
domnants D and E are present Where
both parents are DdEe, how many times
1 famidies of two would you expect two
deaf children?

7.8 Where both parents are DJEr (see
Problem 7 7), how many times i famshes
of four would you expect three normal
children and one deaf chid?

7.9 Where one parent 13 DdEe and the
other parent 15 ddEE (see Problem 7 7).
how many times 1 famulies of three would
FOU eXpect one normal ¢hild and two deat
Children® .

7.0 Two nom’d»f{::m(s produce an

albino son What are rf‘“" «es that their
next chuld will bean P

711 In shorthor he genes for
red and for white ut neither is
dominant, the hc ~endition re-
sulting in soan. T5 raes befin
incattle. If trving - nesbetg?
red bulls and o, often =f
both twins be :



7.12 In crosses such as described in
Problem 7.11, how often should one twin
be roan and one red?

7.13 In a man keratosis (a skan ab-
normality) 15 due to a dommnant gene A
man with keratosts whose father did not
show the abnormality marries a woman
with keratosis whose mother was free from
1t If they have three children what are
the chances that all three children will show
the condition?

7.14 1f the parents in Problem 7 13 have
another chuld, what are the chances of its
being a girl who will not have keratosts?

7.16 In corn dwarfism s due to a reces-
sive gene A farmer has seed corn which
happened to come from normal plants
which were heterozygous for dwarfism He
plants these seeds four to a il How often
would you expect four normal plants in 2
hill? Two normal and two dwaif plants®

7.16 If the corn from Problem 7 15 were
planted three seeds to the hill, how often
would you expect three dwarf plants to a
hill?> How often would you epect two
dwarf plants and one normal plant?

7.17 In poultry feathered shanks are the
result of erther or both of the dommant
genes Fand § Unfeathered shanks are the
result of the double recessive condition In
crosses where both parents are /S, how
many times i famhes of three offspring
would all be espected to have feathered
shanks? All three unfeathered shanks?
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7.18 If one parent were FfSs and the
other ffss (see Problem 7 17), how many
times 1n fanuhes of four offspring would
you expect one feathered-shanked bird and
three unfeathered-shanked birds?

7.19 In poultry the genes for black and
for splashed-white are alleles but nether 1s
dominant, the heterozygous condition re-
sulting 1n blue (the Blue Andalusian) A
parr of Blue Andalusians are mated, and
the female lays two eggs What are the
chances that both eggs will hatch out Blue
Andalusians?

7.20 If three eggs are laid by the bird
mentioned 1n Problem 7 19 what are the
chances that all three eggs will hatch out
Blue Andalusians?

7.21 A certain plant when self-pollinated
produced 4oo offspnng, 317 of which had
white flowers and 83 of which had colored
flowers  Usmng  chisquare determine
whether this segregation fits better a ratio
of 3 roroneof13 3

7 22 When a black ronster was mated to
asplashed white hen, the resulting offspring
were blue From many crosses among these
#( indiiduals, the results in the F; were
93 black, 219 blue, 88 splashed-white
Using chi square and remembermg that
n this case there are two degrees of free-
dom, determne whether there 1s sigmificant
evidence against the hypothes:s of one par
of genes with blending as an explanation of
these results.

SnepECOR, G W, Statistical Methods Ap-
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Biology, sth Ed Ames, Ia, Collegiate
Press, Inc (1946)

‘Tieertr, L H C, The Methods of Statis-
fics, th Ed New York, John Wiley and
Sons (1952).
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under test. Thys we right say, concerning the first example, that L'he
x? value of o yrz 1s nonsigmficant, that the hypothesis of recessive
mhentance 1s therefore not disproved by the data. In the’ second
e<ample, we say that there 1s highly significant evidence against the
hypothests of independent two-pair inherttance In Table 7 3 the last
two columns thus hat e special importance, since they define the levels
at which scientific hypotheses are accepted or rejected.

For those who may wish to employ the ¢hi-square test of *'good+
ness of fit” to simple genetie problems, we may now add the following
precautton. The chi-square method 1s only approximate but fur'mshes
a very good approximation so long as the expected frequency in any
class 15 not less than 5 Where such small numbers are involved the
binomial theorem should be used as a mathematically exact pro-
cedure Other useful properties and extensions of the method to
genetic problems may be found m the statistical manuals included

among the references at the end of this chapter

PROBLEMS

7.1 How many times 1n famlies of five
would you expect four boys and a gul?
Four girls and a boy? Fne girls?

7.2 In man polydactyly (an extra finger
on each hand) 1s due to a dommnant gene
When one parent 1s polydactylous, but
heterozy gous, and the other parent 15 nor-
mal, how many fimes in farmles of three
would you expect all normal children? One
polydactylous and two normal?

7.3 Inman plbimsm is due to a recessive
geve Two normal parents produce an al-
bmo chld If they produce another child
what are the chances of its being albimo?

7.4 Where parentsare genetically similar
to thase in Problem 7 3. how many times
an families of three would you expect three
albina children® Three normal children®

7.5 In families Iike those 1 Psoblem 7.4
how many times 1n familes of three would
you expect ene albino boy and two normal
girls>

7.6 Inacertain family there are six girls,
What are the chances of the next child
being a boy?

1.7 In human bengs deaf-mutism may

88 CHAPTER SEVEN

be the result of the homozygous state of
either or both of two recessive genes dande
Normal hearing results only when both
dominants D and E are present. \\“here
bath parents are DdFe, how many times
m families of two would you espect two
deaf chiliren?

7.8 Where both parents are DdEe (se
Problem 7 7}, how many times in famthes
of four would you expect three normal
children and ong deaf child?

79 Where one parent 1s DdEe and the
other parent is ddEE (see Problem 77)
how many times in families of three would
you expect one normal child and two deat
children?

7.10 Two normal parents produce ab
albino son What are the chances that their
nest child will be a normal grl?

71 In shorthom cattle the genes fof
red and for white are alleles but neither '8
dormnant, the heterozygous condition 1€
sulttng in roan Twins are sometimes borm
incattle If twins are bornin crosses bezwﬂ:
red bulls and roan cas, how often shovk
both twins be roan?



7.12 In crosses such as desenbed in
Problem 7 11, how often should one twn
be roan and one red”

7.13 In » man keratosis (a skin ab-
normahty) 1s due to 2 dormnant gene A
man with Ykeratosis whose father did not
show the abnormality marnes & woman
with kexatoss whose mother was free from
1t If they have three cluldren what are
the chances that alt thsee chaldsen will shaw
the condition?

7.14 If the parents i Problemt 7 13 have
another child, what are the chances of its
beg a gird who mall not have keratosis?

7.5 ¥n corn dwasfism 15 due to a reces-
swve gene A farmer has seed corn which
happened to come from normal plants
which were heterozygous for dwarfism He
plants these seeds four to a hilt How often
would you expect four sopmal plants 1 a
il Twe normat and tevo dwarf plants?

7.18 If the corn from Problem 7 15 were
planted theee seeds ta the hdl, how often
would you expect three dwarf plants to 2
hli*> How often would you evpeet two
dwarf plants and ane normal plam?®

7.17 In poultsy feathered shanks are the
result of ewher or both of the domsnant
genes Fand 5 Unfeathered shanks ace the
esult of the double recessiie contdition In
crosses where bnth parents are [f31, how
many tgnes o famubes of three offspnng
would af be expected to have feathered
shanks? AY theee unfeatiered shanhs?
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718 If one parent wese FfSs and the
other ffis (see Problem 7 17}, how many
times m famabies of four offspring would
yau expect one feathered-shanked bird and
three unfeathered-shanked hirds?

7.9 1n ponltry the genes for black and
for splashed-white are alleles but naither 15
) | the dven re-
sulting i blue (the Hlue Andslusian) A
pare of Blue Andatusions ase mated, and
the female Liys two eggs What are the
chances that both eggs will hateh out Blue
Andalusiaps®

7.20 If three eggs ate lad by the bard
mentioned n Problem 7 19 what are the
chances that, all three eggs will hatch out
Bine Andalusians?®

721 A certain plant when self-polhinated.
produced 400 ofispriag, 317 of which had
white flowees and 83 of which had colored
owers  Usmg  chn-square  determave
whether this segregation fits better a ratso
of 4 teroneafy 3

7.22 When 2 black roostes was mated to
asplashed.wite nen, the resalting offspring
were blue From many crosses among these
£y mdraduals, the results i the £y nere
93 black, 219 Dlue, 88 splashed-white
Using chyvquare and remembening that
w this case there are 190 degrees of free-
dom, deteronme whether there 1s signsficant
evrdence agoinst the hypothests of nae parr
of genes with blending as an esplanation of
these sesults.
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Tippetr, L ¥ © The Mehads of States-
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CHIAPTER BIGET

Sex-linked genes

In earhier chapters, we have scen that certain parallelisms be-
tween the behavior of allelic genes and of homologous chromosemes
led early to the theory that the genes are parts of chromosomes or,
as sometimes stated, that the genes are carnied on the chromosomes
The observations that have been deseribed up to this point could
hardly be regarded as sufficient to prove the theory convineingly. But
the hustory of genetics duning the first fifteen or twenty years of this
century 1s to a very great extent a lustory of accumulating fact upon
fact an confirmation of the chromosome theory of heredity.

A disproportionately large share of the facts which proved be-
yond any shadow of a ioubt the correctness of the chromosome theory
was discovered through the study of a rather unmmpresstve hittle msect
that we have all frequently encountered This 1s the tiny midgelike
Jrit fly, so-calied because 1t 1s so commonty found hovering about
wherever there 1s fruit, more particularly, wherever frust 18 beginning
to show the shghtest signs of fermentation The scientsfic same of the
species that has been most widely studied is Droseplula mclanogasier.

About 1910, T H Morgan and a brsthant group of younger men
(then barely m their twentses) who were associated with him ot
Columtna Unisersity began to use Drosoptula in genctic experiments
Morgan in 1933 was awarded the Nobel Prize in Medicine and
Physiology for his work with ths anmal, and we shall frequently
have occasion te mentzon the contributions of his younger colleagues,
areong whom were H J Muller, also recipient of a Nobel Prize
{1046), A H Sturtevant, and Calvin Bndges Drosophila was shown
by these men to be such a valuable genetic toot that laboratories in
all parts of the world soon began to experiment with it, and to-day
more 1s known about the geneties of this httle insect than is known
about that of any other organism Drosophila is easily raised, it repro-
duces rapudly, and it exhibits many hundreds of heritable variations.
In addstion, it is favorable material for eytological study; its chromo-

9¢ CHAPTER EIGHT



somes are few in number (four pairs) and the homologous pairs are
readhly distinguished from enc another It1s thus easter in this amimal
than in many others to study the parallel behavsor of chromosomes
and genes The discovery some twenty years ago of the relatsvely
grgantic salivary-gland chromosumes of Drosophala, 1n which a great
deal of munute structural detail can be seen (see Chapter 21), has
greatly facilitated tiis study,

Among the many millions ~ fiterally — of Drosophxla that have
been examuned 1 genetics faborat mdwnd have
been found to differ m certain respects frem the mid type Many
differences 1n the color of the eyes, which m the normal Drosophita
are dull red, have been observed; vanations m wing length and wing
form, m body cofor and body shape, in bristies and 1n other structures
have beens found and tested gemetically Not all of these vanations
have proved to be heritable, but a genetic basts has been demonstrated
{or many of them

Each heritable variation is now known to bre due to a new gene
or & new arrangement of genes A “new” gene s not new w the sease
of somettnung that has been added to the genes nommally present, but
15 rather a change 1n a gene already there Changes of this land are
called mutations, and ther mature will be diseussed sn some detail m
Chapter 24

The changes in the genes that we call mutations are expressed
phenotypically as varations i structure or function Most of the
heritable vanations found n the early studies on Drosophila, when
tested genetically, conformed to the laws of Mendef in the manner
with which we are already familiar That 1s, breeding tests of hybnds
between the mutant form and the wild type showed that each gamete
of the heterozygotes carned either the mutated gene or tts wild type
allele, but never both {law of segregation), that the two types of
gametes were produced i approximately equal numbers, and that
whet an smdsvidual was heterozygous for each of two different mu-
tated genes, each mutant gene and its normal allele segregated
independently of the other mutant-and-normal gene pair {faw of 1~
dependent assortment) Insofar as observations on the genetie be-
favior of the Drosophila mutations revealed conformity with the
Mendelan laws, they of course added to the evidence, already ob-~
tawved from peas and other orgam‘ms, that the d:smbmxon of pmrs

of alleles, 1 the f ion of the gametes, carresp p ly m
the way 1 which pars of homok ase d
That is to say, they p ded fresh ion of the

theory of heredity A crucial test of a seientific theory, however, is
the extent to which it can actount for excephions 1o the Jaws it was
origmnatly designed to explain,
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CHAPRPTER BIGET

Sex-linked genes

In easher chapters, we have seen that certain parallelisms be~
tween the hehavior of allelic genes and of homologous chromosomes
led early to the theory that the genes are parts of chromosomes or,
as sometimes stated, that the gencs are catried on the chromosotes
The observations that have been desertbed up to this point could
bardly be regarded as sufficient to prove the theory convincingly. But
the history of gencties duning the first fiftecn or twenty years of this
century is to a very great extent a history of accumulating fact ugen
fact in confirmation of the chromosome theory of heredity.

A disproportionately large share of the facts which proved be-
yond any shadow of 2 daubt the correctness of the chromosome theory
was discovered through the study of 2 rather unimpressive hittle insect
that we have all frequently encountered This is the tiny midgehke
Jruat fly, so-called because 1t is so commonty found hovering about
wherever there s fruit, more particularly, wherever fruit is beginning
to shy\v the shghtest signs of fermentation The scientific name of the
specics that has been most widely studsed 15 Drosoplula sclanogaster.

About 1910, T H Morgan and a britliant group of younger men
(then barely m thew twentics) who were associated with him at
Columbia University began to use Drosophila in genetic experiments.
Morgan 10 1933 was awarded the Nobel Prize sn Medicine and
Physiology for hus work with thus animal, and we shall frequently
‘have occasion to mention the contributions of s younger colleagues,
among whom were H. J. Muller, also recipient of a Nobel Prize
(1936), A H Sturtevant, and Calvig Bridges. Drosopinta was shown
by these men to be such a valuable genetic tool that laboratories in
alt pafts of the world soon began to expeniment with it, and to-day
more is known ahout the genetics of this little insect than is known
about that of any other organism Drosophla is easily raised, it repro-
duces r.apidly", and it exhiluts many hundreds of heritable variations.
In addition, it is {; ble material for cytological study; its chromo-
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fently symbolized as XO) becomes a male You will readily see that
we have in fact been describing @ chromosomal basis of scx detormuna-
hion

The type of sex determination just deseribed may be referred
to as the XX-X0 or, sunply, as the XO type. This is not, however, the
only mechamsm of sex determination In many ammals, meludmg
man, the chromosomes m the somatic cells of both males and females
oecur an paits, but in the males the chromosomes of one pair are not
matched, that s, they are distinguishably different from each other
This 55 the case m Drosophula, as you wall see i Frgure 8 2 Here there
are three pairs of autosomes in both the
female and the male, but the remaming
parr of ch . the sex coh:
somes, is composed of two identical.
Jooking members m the female only. In
the male, one member of the odd par

looks like the matched members of the
eorresponding par an the female, but
the other 15 clearly dissimular, having a

4

Fig. 8z The chromosomes of Drosophila
melanogasier, Female on the left, male on the

peculiar hook on one end The odd-shaped  WEBt From Bridges wn Genetics

sex chromosome found in the male s
known as the Y-chromosome, the other one 15 the X-chromosome.
Thus, m this type of sex determination, known as the XX-XY or,
sunply, the XY type, the female has two X-chromosomes, the male
one X-and a Y-chromosome,

In the XY type of sex deterrmnation, We ean readaly see that the
sperms should be of two kinds with respect to the sex chromosomes
they carry Half the sperms will contain an X-chromosome, and half
3 Y, since at the first meiotie hvinon of each pnmary spermatocyte
the X will go mto one sccondary spermatocyte and the Y into the
other Each sperm will, of course, contain a hapload set of antosomes
1n addstion to sts X~ or Y-chromosome The eggs, obviously, will each
contan an Nechromosome  Fertlization of an ege by an Xecarrying
sperm produces a female, fertilization by a Y-sperm gives o male,

At the tume Morgan made his first observations on the pectsliar
genetie behavior of the white-eye ch in D bz, the cy.
tology of that nsect had not been adequately stadwd, and it was
beheved to have the XO type of sex determination As we have sen
sbove, we now know that it has the XY type Nevertheless, thy
knowledge that there was an X:chmrr}osome associated with sex,
being paired 1 the female and single in the male, was cnough s
suggest to Morgan and Ius collaboratars a possible explanatiog frr
the genetic peculiantics 9{ the white-eyed trait, since iy aln wyy
plainly m some way associated with sex. They sav, in fact, that the

SEX-LINERD qporps €



0dd behavior of white eye would be accounted for if the atteles for
white and red eyes, respectively, are located on the X-chromosome.

1f we let 11" represent a gene for red eyes, dominant to w, the
gene for white eyes, the white-cyed mutant male 1 the cross described
on page 92 would necessanily catry a w gene on hus single X-chromo-
some On the basis of Morgan’s belief that Drosophila males wete
XO, the white-eyed male would, of course, have ondy the w allele of
this pair All of hus daughters would receive this gene, together with
. W gene from their mother, and hence would be 11w and pheno-
typically red-cyed But the male offspring of the cross would get
their X-chromosomes from the mother and would therefore be -,
producing sperm of which half (female determming) would carry an
X-chromosome with the 11 gene, and half (male determinmng) would
have no X-chromosome and therefore no 11" gene The subsequent
discovery that Drosophila males are XY docs not affect this inter-
pretation, because 1t has turned out that most of the Y-chromosome
1s genetically ““blanh,” that 15, for the most part, it does not carry an
allele of any genc found mn the X.chromosome With this fact in

mind, we may diagram the cross between 2 white-eyed male and a
red-eyed female as follows

PARENTS Iy wY > WW
white-eyed male  red-eyed female

GAMETES @ @ @

L 2 WY =< Uw

redeyed male  red-eyed female

GAMETES Bp @ @ @ @

F w Y
A wow Wy
W | redeyed | redeyed
female male
Ww wY
@ | redeyed | white-eyed
female male

As you can sce from the abov i
t *¢, the hypothesis that the W,
alleles are carried on the X-chromosome, and on the X-chromosome

:23‘:};2‘0‘:\:}8 l!ead us i)l]).lcxpec;m the Fy a theoretical ratio of threc
'S 1o one white-eyed, and that t ito-ev
allbe males s, of conrse, be white-eyed flies shoutd

i just what was found sn the actual cross.
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Furthenmore, the hypothesis also explains the results of other crosses
nvelwng the white-eyed character Let us ask, for example, whether
it would ever be possible, on the hypothests we have been using, to
obtasn white-eyed females and, if so, how we could do it Obvicusly,
2 white-eyed female would have the genetie constitution ww This
means that one w must come from the father, one from the mother,
It should be possible, then, to produce white-eye@ females by mating
a white-eyed male (wY).to a red-eyed female which carmes the gene
for white eyes {(#), Where can we obtam such a female? We see
that the Fyfemales from the cross diagramed above have this formula
Crossing one of these females with a white-eyed male should there-
fore produce some white-eyed females, as shown below

PARENTS wY  ox Wu
white-eyed heterazygous
male red-eyed female
GAMETES B @ @ @ @
OQFFSPRING 1 w v
T Y
Wi redeyed | redecyed
female Teale
ww wY
w | whiteweyed | winte-eyed
female male

Half of the females from ths cross should be white-eyed «f our
hypothesss 1s correet Morgan made this eross also, and these were
fact the results he observed The same cross has since been made by
many mvestigators, and the same results have rezularly been ob~
tmned Thus the hypothesis that the pecubar pattemn of genetic
behavior shown by the white-eye character mndicates that its gene s
carnied on the Nechromosome 15 a. very satisfactory one You ean use
this hypothesis also to predict the Fy and F: ratios {rom a eross be-
tween i redeyed male (1Y) and a white-eyed female {wwj Work
out for yoursclf a diagram showing the results to be expected from
this matng Genes which are carried on the X-chromosome and are
transmutted therefore ke the W, alleles in Drosophila are ealled
sex-hinked genes.

“The worlang out of sex-linked inh an D hila imme-~
duately clanfied some puzzlmg pecubantics that had Xong been ob-
served in the transmission of certain human traits A century before
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this work was done, medical men had noticed that at least two ab-
normalities in man, red-green color bhindness and hemophiha, are
wnhertted according to what became known as Nasse's lawy that s,
affected males transmut these conditsons through normal daughters
to about half of their grandsons You should see at once that this is
what we would expect if these are sex-nked recessive traits; it is now
known with certamnty that they are, and many other sex-linked ab-
normalitics 1 man have been discovered These include one form of
nystagmus (an mvoluntary escillation of the eyeballs), anhidrotic
ectodermal dysplasia (a condition characterized by marked deficiency
or total absence of hair, natls, teeth, and skin glands), progressive
mascular dystrophy, and retimtis pigmentosa (a type of progressive
retinal degencration leadsng to complete blindness). It is important
to recogmze that nystagmus may also oceur as a symplom of several
conditions which need not he of genetic origin, and that the three
other abnormalities mentioned, or varwant types of them, are not sex-
Iinked m all tamihtes, that 15, there are autosomal dominant and
autosomal recessive genes also that produce the same or similar
offeets The number of additiona) disorders 1n man that exhibit a sex-
lmked pattern of distribution in at least an occasional pedigree is
quite large, Falls lists nineteen abnormalities of the eye atone (mostly
very rare) which fall into this category. We shall briefly discuss here
only the two hest known sex-linked traits of man, color blindness and
hemophiha .,

‘There are several types and varying degrees of color blindness.
The most familiar forms are those 1 which various shades of red and
green are confused, and which collectively are often called “red-
green” color blindness (Frg 8.3) This would include protanopia or
“red bl " and deuteranopia or “green blind * (partial
degrees of these are catled protanomaly and deuteranomaly, respec-
tvely) The two types may be identified by means of any of several
tests, such as the cq]or-visxon test charts designed by Ishihara,

Both protanopia and deuteranopia are hereditary and the genes
rcs;?onsxble for them are, in each case, sex-linked and recessive to
their normal alfeles To prove this it has, of course, not been possible
:;cm‘i}li;eb;ee‘i“;)&’ tests comparable to those we have described for

oae-eye chameter in Drosophila, but the evidence for their
This EVl(\i‘ence A on 1s nevertheless wholly convineing
3Py equally o protanopts s st (50 the facts listed
the terms "color-lxx’linc{ ” DT; ‘Emdl deut'eranop,g. we Shnl.l simply ase

. When ey wm:: n color hlm(?n_ess as applying to both):

ormal calor visjon whose fathers are colos-

L ve chi 5 N .
}:n‘";dnz';:; f}"]‘l’e". approximately half of their sans are color-blind,
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this work was done, medical men had noticed that at least two ab-
normalitics 1 man, red-green color blindness and hemophilia, are
wmherited according to what became known as Nasse's Jate; that is,
affected males transmut these conditions through normal daughters
to about half of therr grandsons You should see at once that this is
what we would expect if these are sex-linked recessive traits; it 1s now
known with certainty that they are, and many other sex-inked ab-
normalities 1 man have been discovered These melude one form of
nystagmus {an involuntary oscillation of the eycballs), anhidrotic
cctodermat dysplasia {a condition characterized by marked deficiency
or total absence of hair, nails, teeth, and skin glands), progressive
muscular dystrophy, and retmtis pigmentosa (a type of progressive
retinal degeneration leading to complete blindness) It is important
to recugmze that nystagmus may also occur as a spnptom of several
conditions which need not be of genetic orngin, and that the three
other abnormalitics mentioned, or variant types of them, are not sex-
linked m all famulies, that 1s, there are autosomal dommant and
autosomal recessive genes also that produce the same or similar
cfects The number of additional disorders 1n man that exhibit a sex-
linked pattern of distnbution 1 at least an occasional pedigree is
quite large, Falls lists nineteen abnommalities of the eye alone (mostly
very rare) which fall mto this category We shall briefly discuss here
only the two best known sex-linked trarts of man, color blindness and
‘hemophiha

There are several types and varying degrees of calor blindness.
The most familiar forms are those 1 which various shades of red and
green are confused, and which collectively are often called *‘red-
green” color blindness (Fig 8 3) This would include protanapia or
“'red bhindness” and deuteranopia or “green blindness” {partial
degrees of these are called protanomaly and deuteranomaly, respee-
tvely). The two types may be identified by means of any of several
tests, such as the c:?lor-vision test charts designed by Ishihara.

Both pry pia and deut pia are hereditary and the genes
fesponsible for them are, in cach case, sex-linked and recessive to
their normal aflefes To prove this it has, of course, not been possible
‘; make breedung tests comparable to those we have described for
:;_g:;;;’ii:c::;:;a:‘c’ m.D.WSD.PhHa, but the evidence for their
This evidene e ber:nsmism?n is neverthelcssA wholly convincing.
aprly cqually to oo :m{nanzgd as follows. (since the f;{cts Jisted
the terms "color-blmd"om(;lz ‘i.ih deutemmpl?’ we shal.l simply use'

. When women m't;n Wllor bhndrfess‘ as applying to both):
blind have children, g m::’r:nln 100101' {ot ‘Yhose fathersare 00}01"
hatf normal, » approximately half of their sons are color-blind,
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2. The sons of color-blind women are all color-blind, but unless
the husbands of the color-blind women are also color-blind, thesr
daughters have normal color vision

3 With rare excepttons, color-blind women always have color-
blind fathers

4 Color blindness is much more frequent among men than
among women; in the Umted States, between six and eight per cent
of the men are color-blind and less than one per cent of the women

It 1s not cufficult to see why a sex-linked recessive trait must be
commoner among men than among women About half of the sons
of women who are heterozygous for a color-blmdness gene are color
blind, but only those heterozygous women who marry color-blind
men (about one 1n twelve or fourteen) can have any color-blind
daughters Likewise, while all of the sons of homozygous color-
blind women are color blind, only the homozygous women who have
color-blind husbands wilt produce color-blind daughters

Figure 8 4 shows a typical family history of color blindness Fall
in the genotypes of the individuals in this pedigree as far as you can

It will be noted that all the color-biind mdividuals 1n this
pedigree are males Under what conditions would a color-blind girl be
expected to occur? If we let C represent the gene for normal wision
and ¢ the gene for coler blindness,
then a color-blind man would be
of the formula ¢Y and a color-
blhind woman of the formula cc.
Obviously a color-blind woman
must have recetved one ¢ from
her father, one from her mother
Since a man cannot have the gene
¢ without showing color blind-
ness, the father of a color-blind Fig 84 A typieal famdy history of red-
girl must be color-blind Likewise
her mother must carry at least
one ¢, that 1s, must be either a
“*carrier”" (Cc) or color-blind her-

green color blindoess.
self (cc) Figure 85 shows a
family history involving a color-
blind girl. As would be expected, C) O i ?f i i t] b

her father is color-blind Her

mother has several color-blind

brothers, which is to be expected

if she is a carmer Fill in the po g¢ A famly history showing color
genotypes of the vamous mem-  bhindness in a woman Note the conditions
bers of this family. under which this can occur.
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in Russia is said to have derived from hus alleged hypnotic control of
this disease in the little Czateviteh A pedigree illustrating the course
of hemophiha in thc royal {zumhes 15 shown in Figure 8 6

Asin color blind philia would be expected to occurina
woman only 1f her father was a hemophiliac and her mother carried
the gene Hemophilia occurs in 2bout one male out of 25,000 Inas-
much as many boys with hemophila die before reaching puberty,
and only one woman 1n about 12,500 15 heterozygous for the gene, the
conditions required to produce a2 hemophilic female are very infre-
quent Under a system of random mating, only one woman 1n about
62§ million would be expected to receive two genes for hemophilta

Nevertheless careful search for women hemophiliacs has resulted
in the recent discovery of several famlies i which they occur
Figure 8 7 is a pedigree in which the discase developed 1n five sisters,
the daughters of 2 hemophilic man whe married a heterozygous first
cousin,

070
L TT o) E’J—l:lb

E] gé i;lg;‘f ECZO

4 Inf.

Fiz 87 A pedigree showing the occurrence of hemophilia 1n women. Adapred
and re-drowen from Merskey 1 the Quarlerly Journal of Medicsne

Answer for yourself the following fons about }
Could 1t ever appear in both 2 father and a son? Under what condi-
tions? Could the son in this case be said to inhent the condition from
his father? What would you expect the sons of a hemophilic woman to
be like? What sould the children be hke if both parents had hemo-
philia?

The presence of several clotting factors in the blood other than
the h hilic globulin 1s necessary for normal coagulation.
Recently several diseases have been described which are character-
ized by prolonged clotting time in spite of the fact that the blood
contains antihemophulic globulin. In these discases (e g, **Christmas
disease " and parahemophilia) a deficiency of one of the other clotting
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When we find a character in human beings which is more common
in men than in women, which rarely shows 1n both father and son,
and which does not occur 1n a woman unless her father showed 1t, we
are justified m inferning that it is due to a sex-linked recessive gene.
“Red blindness” and “ green blindness” are clearly traits which meet
these requirements. Al forms of color blindness are not inherited in
the same way, however. Congestal total color blindness (monochro-
matism) depends on an autosomal recessive gene, The genetic basis
of the very rare “blue-yellow” blindness 1s not known.

Sex-lmked domtinants are also known 1n a number of organisms
If a character in man 15 due to a sex-linked dominant gene, would
there be more men or more women showing the character? Why?

The evidence that | hilia in man is depend on a sex-
linked recessive gene 1s simlar to that cited above for red-green color
bhindness Hemophulia is charactenized by excessive and prolonged
bleeding which may occur spontaneously in various tissues, or may
follow an njury or an operation Exammation of the blood of a
hemophibiac usually reveals that the clotting time is greatly pro-
longed A speatfic substance (antihemophilic globulin), which is pres-
ent 1n the plasma of normal individuals, is absent from the plasma of
hemophikacs As a result the blood contimues to flow even from a
trvial injury, and the affected individual may bleed to death unless
prompt palhative measures such as transfusion are provided.

Hemopl.ﬁlia is recognized in many populations, but is perhaps
best known in European royalty. The power which Rasputin wielded

Queen
Victorla
Victoria Edward Alice| rD m b m
o Leopold Beatrice
Hy
-on'vy Irens Fredesick Alexandral Richotay Alice
[ William n

Alphonso | Victoria Leopotd Mauich
Xi Eugenia

Waldemar - Henry
01;;3::" Rupert All;':so Gonzsla

Fig 86 ;i N

of the geny friCf the pedigre of the royal families of Europe, showing the transmissios
e hthe: (or hemup&dla The mutation is thought to have
from the g e Victona. The present foyal family of England is completely {re%
one of Quien Prepanenr e Queen Ehzabeth traces her descent, through Edward VIl
of ol g o738 50ms Who did not himself have hemophyia. Based on he esearchs

occurred in a germ cell ©
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in Russia is said to have derived from his alleged hypnotic control of
this discase in the hitle Czarevitch A pedigree illustrating the course
of hemophilia 1n the royal families 1s shown in Figure 8.6.

As in color blindness, hemophilia would be expected to occurina
woman only if her father was a hemophiliac and her mother carried
the gene Hemophilia occurs in about one male out of 25,000 Inas-
much as many boys with hemophilia die before reaching puberty,
and only one woman in about 12,500 15 heterozygous for the gene, the
conditions required to produce a hemophilic female are very infre-
quent Under a system of random mating, only one woman in about
625 mflson would be expected to recetve two genes for hemophilia.

Nevertheless careful search for women hemophiliacs has resulted
in the recent discovery of several families in which they occur
Figure 8 7 is a pedigree in which the discase developed 1 five sisters,
the daughters of a hemophilic man who marned a heterozygous first
cousin

bTo
T 5 600

e

Fig. 87 A pedigree showing the oceurrence of hemophilia 1 women, Adapted
and re-drawn from Merskey s the Quarterly Journal of Medscine

Answer for yourself the following ions about hemophilia,
Could 1t ever appear in both a father and a son? Under what condj.
tions? Could the son in this case be said to inhent the condition from
s father? What would you expect the sons of a hemophilic woman to
be like? What would the children be like if both parents had hemo-
philia?

The presence of several clotting factors i the blood other than
the antihernophilic globulin 1s necessary for normal coagulation.
Recently several diseases have been described which are character-
1zed by prolonged clotting time in spite of the fact that the blood
contams antshemophilic globulin. In these discases (¢ g, “Christmas
disease " and parahemophiliz) a deficiency of one of the ather clotting
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When we find a character in human beings which is more common
in men than in women, which rarely shows in both father and son,
and which does not occur in a woman unless her father showed it, ne
are justified in inferring that it is due to a sex-linked recessive gene
*“Red blindness” and * green blindness™ are clearly traits which meet
these requirements Al forms of color blindness are not inherited in
the same way, however C 1 total color blind) { hro-
matism) depends on an autosomal recessive gene. The genetic basis
of the very rare *“blue-yellow”’ blindness 1s not known

Sex-linked donminants are also known 1n a number of organisms.
It a character in man 1s due to a sex-linked dominant gene, would
there be more men or more women showing the character? Why?

The evidence that hemophiliz in man is dependent on a sex-
linked recessive gene 1s similar to that cited above for red-green color
blindness Hemophilia is charactenzed by excessive and prolonged
bleeding which may occur spontaneously in vanous tissues, or may
fotlow an wnyury or an operation Examunation of the blood of a
hemophihac usually reveals that the clottng time is greatly pro-
fonged A spectfic substance (antthemophilic globulin), which is pres-
ent 1n the plasma of normal ndividuals, 1s absent from the plasma of
hemophiliaes As a result the blood continues to flow even from a
tnvial injury, and the affected individual may bleed to death unless
prompt palliative measures such as transfusion are provided.

Hemophilia 1s recogmzed 1n many populations, but is perhaps
best known in European royalty The power which Rasputin wielded

e
Victotia
cnomn OO
oria £ :‘llld Allce] Leopold
Henry |1
o Jirene fisdercs Mexendra Metcias Rice Alohonso| Victoria Leopold Mauries
o Xt} Evgenla
Waldemar  Henry
Caarentch  Rupert Alenso Gonzalo

F
of’ilmiﬁ Pa[n of the pedigree of the royal familres of Europe, showing the transmisson
bed g]!;edar Hemophilia The mutation 15 thought 1o haye occurred in a germ cell of
from the gone. e Vietoria. The present 10yal family of England is completely fre
o of Quten proever, ince Quecn Elizabeth traces hs descent fhrough Ddnard VIl
of Haldane gny mu“ s sons who did not humself haye hemophitia, Based on the researehé!
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mutation might oceur to you {as it did to Bridges) But this would not
explam why the red-eyed sons are sterile, nor would 1t explamn why
the white-eyed daughters should give results in breeding tests any
different from those given by ordinary ww females If we rule out
mutation as a satisfactory explanation, and still retain confidence mn
the chromosome theory, we must conclude that in some way the
exceptional red-eyed sons each recewved 1ts father's X-chromosome
(with the W gene), and failed to receive an X-chromosome from 1ts
mother, If it had gotten an X-chromosome from each parent, it would
of course be a female Thus, the exceptional red-eyed males would be
X0 in sex-chromosome composition

Stmularly, we would have to lude that a whit: d daugt
must have received both of her X-chromosomes from her mother

These were Bridges’ conclusions, and he pointed out that both of
these occurrences could be accounted for if, on rare occasions, the
two X-chromosomes of the white-eyed mother should fail to segregate
dunng meiosis This would result in an egg with both of the mother’s
X-chromosomes or, with equal frequency, an egg with neither of her
X-chromosomes Mothers of the genotype ww, then, m addition to
producing the usual  eggs, could produce some eggs which contained
the genes ww and some which contained no w gene The egg with no
wgene 1s indicated by a dash (-) in the diagram on page 102, where
we have shown how both the usual and the exceptional types of
progeny would be produced

If a ww egg 15 fertilized by a Y sperm, we would get an individual
of the formula wwY which, having only w genes, should be white-
eyed Bndges thought that a fly of this constitution would also be a

female, because of its p of two X-chr and he pre-
dicted that cytol 1 of the excep 1 white-eyed females
would show that they possess two X-ch and @ Y~ch

w addition A ww egg fertilized by a TV sperm should produce an
indrvidual of the formula Wunw. We could hardly predict what sex
and eye color this would have. But Bridges found no flies which, when
tested by breeding, gave any evidence of bemg 1'ww, so he inferred
that zygotes of this kind are nonviable (It was found subsequently
that they do sometimes survive, we shall have occasion to refer to
them 1n a later chapter.)

An egg without an X-chromosome, fertilized by a Y sperm,
would give a zygote of the formula ~Y, that is, one with no X-chromo-
some at all, and with neither a IV nor a w gene. It would be tmpossible
to predict what this would look like, but there are good reasons to
doubt that it could survave at all Fertilization of a no-w egg by a
11" sperm, on the other hand, should produce a fly of the formula 1§"-.
We would expeet this to be red-eyed and, since 1its sex-chromosome
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factors has been demonstrated Finally, there are still other bleeding
diseases or hemorrhagic diatheses which are sometimes confused with
fiemophihia, but in which the coagulation time is normal These in-
clude hemorrhagic telangiectasia and the vanous purpuras. Labora-
tory exammation of the blood 15 necessary to differentiate many of
these conditions Mfost of them have a hereditary basis, some of them
heing sex-ltnked whereas others are dependent on autosomal genes
We have seen that the X-chromosome of a male, in organisms
with XO or XY sex determination, 1s normally transmitted only to
his daughters, and that they in turn transmit it to half of their off~
spring of both sexes We have also seen that the genes for certain
hereditary traits, apparent exceptions to the laws of Mendel, follow
precisely the same pattern of transmission, Morgan’s discovery of
this new nstance of parallelism between gene behavior and chromo-
some behavior was, of course, a substantial step toward proving the
theory that the genes are carried 1 the chromosomes But even more
spectacular evidence for the chromosome theory of heredity was pro-
vided a few years later by the work of Bridges on nondisjunction. By
this tite many thousands of flies from Drosophila crosses involving
linked characters had been examined, and ionally an excep-
tion to the usual rules of sex-lmked transmission had been found. In
accordance with the principles of sex-hnkage worked out earlier in
thus chapter, when a white-eyed female is mated to a red-eyed male,

we should expect the offspring to consist of red-eyed daughters and
white-eyed sons exclusively:

PARENTS % WY > ww
red-eyed male  wlite-eyed female

GAMETES I @ @ @

OFFSPRING B 1I'w wY
red-eyed female  white-eyed male
The results indicated in the aba

ones. But, as Bridges noticed, i
But, + Crosses of this type also produce on
occasion {once amon; 4 g

g about two thousand offspring) a wite-eyed
a'gqm‘{th or a red-eyed son. The red-eyed sons from these crosses are
f’ :;: ;;ﬁi. as we shall see shortly, breeding tests of the white-eyed
da !mm,:ne results that would not be expected from ordinary

. At this point, you should be in
Bridges must have asked himself If t]
on the X-chromosome, how
sen appear from the cros:

ve diagram are indeed the usual

clined to ask the question that
ke 10w alleles are 1n fact carried
could 3 white-eyed daughter or a red-eyed
s diagramed above? The possibihty of
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PARENTS b WY >< wwY
redeyedmale  exceptional
whneeyed female

s DO OO O
only about 8%  about 92%

OFFSPRING B W Y
Wuw wwY
ww dies white-eyed
female

wy YY

Y| redeyed dies

male

Ww wY
w | yedeyed {whte-eyed
female male
WwY wYY
wY | redeyed | white-eyed
fernale male

Each of the cytologrcal predichions ttalicized wn the preceding dis-
cussion, made by Bridges on the basss of genetic observations alone, was
subsequently verified by direct cytological examination Figure 8 8 shows
the first verification, the chromosomes found 1n the exceptional white-
eyed females, the two X-chromosomes and the additional Y are
clearly distingwishable These studies gave almost conclusive proof
that sex-linked genes are actually located on the sex chromosomes
They also provided the most convinaing evidence that had yet been
obtained for the validity of the chromosome theory of heredity.

The failure of the two members of a chromo-
some pait to separate at the first meotic division,
resulting 1n the formation of gametes which con-
tam both chromosomes of the pair and of other
gametes which contain neither member of the pair
is called nondisjunction. We have been concerned
in this chapter with nondisjunction of the sex
chromosomes  You might guess that nondisjunction
of autosomes might also occur at times [t does
occur, both in amimals and in plants (more fre~
quently in the latter) and we shall consider some
of its consequences in Chapter 20,

The early work on sex-linked inheritance m
D: hila, besides bhst the

2\&
7

4 X

Y -X
Fig 88 The chromosomes of one
of the exceptional white-eyed fe-
males produced by nondisyunction
After Bridges sn Genetscs
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Fig 8.9 DBarred male (above) and nonbarred female
{below) The barring 15 dependent upon a daminant
sex-ltnhed gene.

basis of sex linkage in that animal,
made it possible to understand cer-
tain oddities n human heredity, as
we have already seen. It also led to
the recognition of types of chromo-
sornal sex determination other than
the X0 and XY types. Even before
the Drosophila work, sex-linked in-
heritance had been observed in a
moth (Abraxas) and in poultry.
But the pattern of transmission of
sex-hnked traits in these animals
was the converse of that later found
1 Drosophila

You will recall that a mating
between a white-eyed male Dro-
saphila and a homozygous red-eyed
fernale gives all red-eyed flies in the
Fy, and an F, with a ratio of three
red-eyed to one white-eyed in which
all the white-eyed flies are male In
poultry the Fy from a cross between
4 male with “barred™ plumage
{F1g 8 9) and a nonbarred female
gives Fy offspnng which are all
barred, and in the F; three barred
to one nonbarred; but all the non-
barred birds are females From mat-
ings of nonbarred males by barsed
females, the male progeny are all
barred, the females nonbarred.

After Morgan showed that
the distribution of sex-linked traits
in Drosophila followed the distribu-
tlor{) of the X-chromosome, it was
fowl an str ution of sex-finked traits in the
nmmgy“;:]‘;“’[? ;Z:Jifct explained in a very similar way It was

y hat the sex chromosome which casries
the sex-linked genes is faired i1 the males of these animals, single in

:he!nnafcs Thus, using 2 to designate the chromosome that is present
wice m the male and once in the female, males would have the sex-

immediately apparent, that the di;
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chromosome formula ZZ; females would be ZO or, if they are of a
species 1n which the female has an unmatched pair of sex chromo-
somes, ZW. Here the W-ck ke the Y in D hila, 15 2
sex chromosome that does not carry sex-linked genes The sex-
determining mechanisms just described may be called the ZO-ZZ
and ZW-2Z types, respectively Onc or the other of these types is
found 1n birds, in moths and butterflies, and 1n some fishes

The following diagram shows how the cross of barred male with
nonbarred female would give the resnlts we have desernibed You
should work out a similar diagram showing the results of mating a
nonbatred male with 2 barred female.

PARENTS Q = W
d mnle nonbarred female

GAMETES By @ @

Fs’

Bb > BO
barred male basred fernale

GAMETES B @ .@

F2p
BB Bb
B barred barred
male male
BO 0
o barred | noaburred
female fernale

‘The barred pattern in poultry occurs in several breeds, including
Plymouth Rocks, Domuniques, Scotch Grays, and Cuckoo Leghomns
Knowledge of its sex-linked inheritance has found practical apphea~
tion1n p ding a method for d ish the sex of newly-hatched
chicks at a glance without recourse to ** vent sexing,” which requires
skalled traimng and 1s therefore expensive The identification of the
sex of chicks 18 important to poultrymen, espemally to those pri-
marily interested in the sale of eggs, since 1t permits the early culling
of unneeded males

Barred femuales are mated to nanbarred males of any desired breed
except White Leghorns (where the white is dormnant) or White Rocks
(which carry barring). The male chicks will Iater develop barred
lumage but may be disti d at hatching by the fact that they

D
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fhave a light patch on the head, The female chicks, which will develop
nonbarred plumage, do not have this hight spot on theA head. The
spectal matng must of course be made anew each generation. 1y may
be diagramed as follows

PARENTS 23

>
nonbarred male  barred female

GAMETES @ @
b

OFFSPRING B

2lim barred males having dark down with
tight spot on bead at harching

o two aonbarred ferales having dark down
waith no spot on head at hatching

In any of the types of sex hnkage we have discussed, genes car-
nied on the sex chromosome are no different from autosomal genes
as far as thewr modes of action i the developmentt of the orgomsm are
concerned Thus, many sex-hnked genes appear to be completely
recessive 1o their alleles, as in the case of the white-eye gene in Dro-
sophtia In other instances domunance 15 lacksng, although this is
appatent of course only in the sex which has the matched parr of sex

h In cats, for fe, a gene B for yellow, carned on
the X-chromosome, 18 allehic to &, black Homozygous BE females are
yellow, and b fesnales are black, but the heterozygotes show a
splotchy munture of yellow and black, gving the so-called “ tortoise-
shell* pattern Swce a male cannot be heterozygous for a sex-linked

pair of alleles, whenever you see » tortoise-shell eat you may be sure
it 15 a fomale

Sex-tnked genes, hike autosomal gencs, may also have lethal
effects In anmmals which produce numerous progeny, a sex-linked
Jethal may readily be recogmzed even though 1t atls carly and has
na visible effect i the heterozygous state, beoause its presence in
parent markedly affeets the sex ratio among the offspong

Sex-lnked lethal gones affect the sex ratio because a male (in the
ease of XO or XY sex determunation) can never be heterozygous for
a sex-Yinked gene Hence, of the gene 13 tethat, no male zygote which
seceives it will survive to reproduce and the gene can therefore be
teanssmitted only by heterozygous females The heterozygous females,
although they show 1o vishle effect of the gene if 1t is completely
recessive, may be identafied by the fact that they produce only about
half as many male offspring as female offspring. Females are not
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kitled by a sex-lmked lethal gene since, m order to have it m the
homozygous state, they would have to receve it from both parents,
and males carrying the gene do not survive to transmut it to them

“The way i which a sex-hinked recessive gene on the X-chromo-
some affects the sex ratio 1s shown n the following diagram, where
1 represents the sex-hinked lethal and  its normal allele

PARENTS I} LY > L
normal male  “carner” femle

GAMETES @ @ @@

OFFSPRING W b's
LL LY
L normal norrnal
female mate
: L I5'4
normal
fomate | O

In birds and other orgamsms having the ZW or ZO type of sex
deternunation, the situation would of course be the reverse of that
ust presented In carmer pigeons, for example, the Rosy Gier vanety
has creamy plumage with a gray bead A creamy head would be
desirable from the fancier’s standpoint  TWhen a male with a creamy
head was found, it seemed pessible that this character could be in-
corporated into the breed The cross of a creamy-headed male with
a gray-headed female, however, resulted n a ratio of 1 gray-headed
male 1 creamy-headed male 1 gray-headed female The missing
females die 1n the shell just before hatchmg time Here we may
assume a par of sex-linked genes, G and g, such that 617 results m a
gray-headed male, GO in a gray-headed female, Gg in a creamy-
headed male, and g0 in the death of the female before hatching
Conscquently we do not know what adult plumage color might be
assoctated with the gO genotype, nor do we know what a homozygous
gg male would be ke, although we may suspect that this genoty pe,
if 1t could be produced, would also be lethat

In this chapter, we have shown some of the ways i wiich the

are involved in the deter of sex But we have
told only a small part of the story, more of st must be reserved for
Iater consideration (Chapter 23) The analysss of sex Jikage has pro-
vided us with a serics of striking parafiels between the behavior of
genes and the behavior of chromoesomes to add to those cited in
Chapter 4.
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In many amtmals, a particular chromasome is pasred in one sex,
and 15 either smgle or “msmatched” m the other sex Similarly,
certamn atleles bebave as of fwo of them are present e one sex, but only
one v he other In species m whach the male has the unpaired or is-
matched chromosome, tf s the male whose genctic behavor indicates
that 1t carres @ swigle member of a “sex-dinked” pasr of alleles; in
species n which the female has the unpatred or mismatehed chromo-
some, the converse genetic belavor 1s Jound

Cenetic data sometimes indicate, s 2 rare exception to the rule,
that a female has inhented two genes of a sex-hnked allehe parr from
her mother and none from her father, or that 2 male has received a
sex-hinked altele from his father In both wstances, eytologic exanina~
tion of the exceptioral andrnduals and (m the case of the females) of
thew progeny reveals the precise abuermalifies of £ coym-
posstion that have been predicted an the basis of the chramosowe theory
of herednty, from the genctic data olone

PROBLEMS

8.1 An albimo, nophemophidic man mar-
nes a normalty-pgmented. noshemophilie
waman whose father was hemopiulic and
whose mother was an albine What lunds
of children can they bave and tm what
proportsons?
¢ 82 Tno nomalvisioned parents pro-
duce a color-blind son What are the geno-
types of the parents® What are the chances
of thesr mext chdd bemg a color-bhind
daughter®
~83 In human bemgs hemolyte wterus
a type of anemua charactenzed by severe
Jaundice and other symptoms) s due to a
dozumant gese A normat-visoned woman
who does pot kave hemolytic icterus tahes ™
her daughter to a doctor for exammation
In the course of the examination the doctor
disoor ers that the girlss folor-Blind and has
hematytic icterus Whik dnes the doctor
antomatseally know about the father?

, B4 In cats yeliow ss due to a gene, B,
and black to sts allele & The heterorypous
condtion B results w tortomse-shell The
genes B and b are sevlinhed, What hunds
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of offspring would be expected to result
Erom the cross of a black male with a yellow
female?

B.5 What tands of offspring would be
‘expected to result from the cross of a black
male with a tortotse-sheli femate?

86 A yellow male 15 mated with a tor-
towse-shell female 1 the female has a fitter
consisting of four male kettens, what colors
would they most probably be?

» 8.7 In pouliry barnng 1s the resuit of 2
dammant, sex-lnhed gene, B nonbarrng
1S the sesult of #s recessive allele, b Black
shin eolor 18 dee to a domunant gene, S
»lute o145 Tecessive allele, s. Rose comb is
dependzat upon a domnant gene, &, smgie
comb upon its recessne allele, . A nom
barced, white-shinned, single-combed male
15 crovsed with & barred, winte-shinned,
smgle-combed female What hinds of off-
spring will they be expected to produce®
88 A nonbarred, black skenmed, se-
combed male 15 mated to a barred, blacks
shanned, single-cnmibed femnate, The follow-
sng offspring are produced:



6 barred, black-skinned, rose combed males

2 barred, white-shinned, rose-combed males

5 nonbarred, black-skinned, rose-combed
females

2 nonbarred, white shinned, rose-combed
females

What are the probable genotypes of the
parents®

8.9 A barred, white skinned, single-
combed male 1s mated to a nonbarred,
black skinned, rose-combed female Eight-
een offspnng are produced, all barred,
black-skinned, rose-combed birds What
are the probable genotypes of the parents®

8.10 In Drosophila long wings are due
to a dominant gene, V, vestyzial wings to
its recessive allele, r A white-eyed, vesti-
gal-minged male is mated to a homo-
zygous red-eyed, long-winged female. One
of the Fy females 1s crossed with the white-
eyed, vestipnal-winged porent. [Vhat kinds
of offspring will they be expected to produce
and 1 what proportions®

8.11 What lunds of offspring would be
produced by the following matmgs wY T'n
X Wwlr, w¥rw X Wurr, WHe X
WV Y X Hwll, w¥aX ewlt?

812 A red-eyed, long-w1inged male Dro-
sophila is mated to a red-eyed, vestigial-
winged female They produce the following
offspring-

104 red-eyed, long-winged females

99 red-eyed, vestipal-winged females
101 red-eyed, long-winged males

102 red-eyed, vestigial-winged males

TWhat are the genotypes of the parents?®

8.13 In man pseudohypertrophic muscu-
lar dystrophy 15 a condition 1n which the
muscles gradually waste away, ending in
death in the early teens Insome famulies it
1s dependent upon a setv-linked recessive
gene This type occurs only in boys and has
never been recorded in girfls Why is 1t not
to be expected 1n gurls”

8.14 Why does the sex-linked gene for
pseudohypertrophic muscular  dystrophy

not become eliminated from the human
race, since all boys showing the trait die
before reachmg matunty?

815 In 2 certam family there are two
boys and two gurls One of the bays de-
velops pseudohypertropme muscular dys-
trophy, and dies at 13 years of age The
other boy and the t~o girls grow up and
marry What are the chances of therr off-
spring showing this condition?®

8.16 What proportion of human off-
spring recetves an X-chromosarne from the
mother®> An X chromosome from the fa-
ther? An X-chromosome from the mother
and a Y-chromosome from the father>

8.17 Ichthyostshystrix grasior (a greatly

thickened horny condition of the skin) s a
rare human abnormality, but m the single
extensne pedigree which has been studied
1t occurs only 1n males All the sons of each
affected father have the condition Females
are not only unaffected, but never transmut
the gene for this defect Can you suggest a
possible explanation for this cunous and
unusual type of inhentance?
« 8.18 Inman amrdia (atypeof blindness)
15 due to a domnant gene Optre atrophy
(another type of blindness) 1s due to a re-
cesstve sex-linked gene A man bhnd from
optic atrophy matries a woman blid from
amrdia Would any of their children be
expected to be blind? Which type of blind”
ness would they have®

8.19 A nonhemophihic man who 1s blund
from amndia but whose mother was not
blind marmes a nonhemophilic woman who
1s not blind, but whose father was hemo-
philie If they have four sons, what combt-
nations of these traits would they most
probably show?

8.20 If the offspring n Problem 8 19
consisted of four daughters instead of four
sons, what would these daughters most
probably be like”

8.21 A normal-visioned man marries a
normal-visioned woman whose father was
color-blind. They hase two daughters who
grow up and marry. The first daughter has
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five sons, all normat-visioned  The second
daughter has two normal-visioned daugh-
ters and a color-blind son Diagram the
famuly hustory, tncluding the genotypes of
alt the sndividuals meationed

B.22 In canasies the green vamety with
Black eyes ss dependent upon a donunant
sex-hnked gene, B, the annamon vanety
with red eyes s due toats recessive allele, b
A annamon male 18 mated to a green fe-
mate What woutd be the of

known in pouliey which produces no
wisthle effect n the heterozygous state,
What would be the sex ratio among the
offsprng of a male heterozygous for the
fethal, crossed with normat females?

8.28 In pouitry, a gene ¢ produces
Creeper 1m the heterozygous state but 55
fethad 1 the homozygous state. Barmng is
due to a domunant sex-hinked gene B, non-
parred to 1ts recessive allele b A Creeper
male h gous for barring is mated with

the F? The &7

8.23 Another pair of genes mm cananes
consists of a domnant autosomal gene, O,
resulting tn a crest on the bead, and us
recessive allele, ¢, resuiting 1 plamn head
A homozygous green, crested mate 1 mated
1o 2 emnamon, plasn female What would be
the appearance of the F\¥ The 7y?

8.24 Two green, crested birds are mated
and produce two offspring 2 green, crested
male and a onnamon. plan fermale What
were the genotypes of the parents?

826 A green, plun male § mated to 2
cimnamen, crested fernale and they produce
the following offspring & npamen, crested
male, a annamon, plan male; and two
green, crested females What were the geno-
sypes of the parents®

8.26 Two Drosoplila wheu crassed pro-
duce 420 offspring. of which only 141 are
males Suggest @ possible genstze explanas
tion for this sesult

827 A sex-hinhed recessive lethal gene s
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CEAPRTER NINE

Sex-influenced and sex-limited
characters

Sex-tnflueiced characters

In the genes we have discussed up to this pomnt, we have found
two possible relationships between alleles. Either there was dom-
nance, so that one allele produced 1ts characteristic effect even in
the presence of the other, or else dominance was lacking, so that the
heterozygote showed a ““blending” effect. When domnance occurred,
however, it was the same 1n one sex as in the other, that is, a single
dose of the dommant allele produced the effect 1n males and females
altke In this section we shall discuss genes in which the domnance
depends on the sex of the mdividual

In Ayrshire cattle the animals ate spotted, either red-and-white
or mahogany-and-white (Fig ¢ 1) Crosses between homozygous red-
and-white and homozygous mahogany-and-white ammals result in
pecuhar and interesting rattos What happens is this.

Parents hy y-and-white male >< red-and-white female
Fy males — mahogany-and-white
females — red-and-white
Fa males — 3 mah y-and-white 1 red-and-white
females — 3 re d-and-whit 1 mahy y-and-whit:

The recxprocal cross between a red-and-white male and a ma-
h y hite female gives idi ! results It may be seen
Lhat the character is in some way associated with sex yet it is not
sex-hinked, as 1t does not conform to set-hnked inhentance which
we studied in Chapter 8 Let us further analyze this cross

If we consider only the males we see that mahogany-and-white
acts as a domunant, since the F; males are mahogany-and-white,
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and the F, males show a ratio of three mahogany-and-white to one
red-and-white But when we consider only the females, red-and-
white appears to be dommant, as the F; females are all red-and-white,
while the F, females give a ratio of three red-and-white to one ma-
hogany-and-white In this pair of alleles one seems to be dominant
m males and the other m females

Other such genes are known 1n vanous animals In diagraming
crosses mvolving such genes, we commonly let the capital letter
represent the gene which 1s dominant in males Letting Al represent
the gene for mahogany-and-white, and m the gene for red-and-whte,
and remembering that they are sex-mfluenced, we expect the geno-
types to exhibit traits as follows

GenotyrE Maves FeMALES
MM mahogany-and-white mahogany-and-white
Al mahogany-and-white red-and-white
nn red-and-white red-and-white

On this basis both males and
females of the genotype MAf would
be mahogany-and-white, since the
gene M can produce only this color
Likewise males and females of the
constitution »un would be red-and-
white, since the gene m produces
this color In the heterozygote
Alm, however, the color will depend
on which one 15 dommant Here

T

é 7

.

Fiz 91 Color in Myrshire cattle, the result of s

v influence on gene action  Top, a mahogany-
and-whute con. Bottom, left, her mahogany-and-white son  Bottom, right, her. ted and o hiie

daughter Red-and-white offspring of -
: % of mahogany-and-white cows are alwa
mahogan -and-white may orcur in both male and female offspring. v3 females, whereas
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the sexes differ, M being dommant in males and producing the
mahogany-and-white condition, while m 1s domunant mn females,
making them red-and-white In reading a ratio in which sex-nfluenced
alleles are concerned it 1s necessary to read 1 hece, once for males
and onee for fomales Let us diagram a cross betwean a mahogany-
and-white male and a red-and-wlute female

PARENTS By MM < mm
d.wh red-and.wm
male fermale
GAMETES M @ @
Fip Mm > Mm
dewh L-andowhit
male female
wey @O @O
F2 MALES B M n
MM M
M | mahogany- | mahogany-
and-white { and-white
M .
1 ) mahogaay- | red-and-
and-white white
F2 FEMALES i M "
MM Mm
AS | mahogany-] red-ang-
and-white white
A i
| red-and- red-and-
white white

The theoretical results on this basis agree with the results
actually obtamed, and leave no doubt that the genes bc’h:fve n such
a way that one of them is dominant in males, the other in females.
TWork out for yourself a diagram of the reeiprocal eross.

An i d ding this fl d

identally 1f ing the g ! importance of a knowledge of
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and the F» males show a ratio of three mahogany-and-white to one
red-and-white But when we consider only the females, red-and-
white appears to be dominant, as the F; females are all red-and-whate,
while the F, females give a ratio of three red-and-white to one ma-
hogany-and-white In this pair of alleles one seems to be dominant
1n males and the other i females

Other such genes are known mn various animals In diagraming
crosses volving such genes, we commonly let the capital letter
represent the gene which 15 dommant 1n males Letting M represent
the genc for mahogany-and-white, and #: the gene for red-and-white,
and remembering that they are sex-nfluenced, we expect the geno-
types to exhibit traits as follows

GENOTYPE Maves FeMaLes
MM mahogany-and-white mahogany-and-white
M mahogany-and-white red-and-white
EE) red-and-white red-and-white

On this basis both males and
females of the genotype MM would
be mahogany-and-white, since the
gene M can produce only this color.
Likewise males and females of the
constitution s would be red-and-
white, since the gene m produces
this color In the heterozygote
M, however, the color will depend
on which one 1s dominant Here

iy

Tiz 91 Color in Ayrshure catile, the resul
and-white cow. Bottom, left,

davghter. Red-and-whute offey
mahogany-and-white may occur §

t of sex influence on gene action
her mahogany-and-shite son Bottom, right,
rin,

Top, a mahogany-
] her red-and-white
% of mahogany-and-white cons are always females, whereas
n both male and female offspring.
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the sexes differ, M being dommant in males and producing the
mahogany-and-white condition, while n 15 dominant mn females,
making them red-and-white In reading a ratio in which sex-nfluenced
alleles are concerned 1t 1s necessary to read 4t ficrce, once for males
and once for females Let us diagram a cross between g mahogany-
and-white male and 2 red-and-wlite female

PARENTS» M > non
Lot damdeat
male female
GAMETES ) @ @
Fy » Atm b Mm
ok dand-whits
male female
GAMETES I @ @ @ @
F: MALES B A m
MM Am

Af { mahogany- [ mahogany-
and-white | and-shite

Mm .
nr { mabogany- | red-and-
and-white white

F3 FEMALES B M "

MM M
Al } mahogany-} redand-
aad-white white

Mm mm
»2 ) red-and- red-onds
white white

The theoretical results on this basis agree with the results
actyally obtained, and leave ne doubt that the genes bch:'u'e 1n such
2 way that one of them is dominant in m:{lr:s, the other in females
Work out for yourself a diagram of the rcf:xproc:ﬂ “cross o

An interesting aneedote ding this y
ncidentally ittustrating the practical importance of 2 knowledge of
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genetics, Is told by an mvestigator of the inhentancc.of n.lilk produe-
tion* In the study of the genetics of milk production it would be
extremely valuable to have access to the records of large commercial
herds where a system of breeding has been followed for a long tin:xe
with 2 large number of animals The owners of such herds are in
general quite jealous of their records and they are not a\wn:,'s avail-
able to the investigator In one case this particular geneticist was
visiting a large commercial daiy and was sitting in the office talking
to the manager. As they talked, they could see in a field in the dis-
tance the world’s tecord Ayrstire cow, 2 mahogany-and-white
animal A new-born calf was awkwardly jumping about, The manager,
interested in the new-born offspring of the champion cow, suggested
that they go out and determmne 1ts sex

The geneticist rephed that 1t was not necessary to go out to see;
the calf was a female, a heifer calf The manager asked how the
investigator knew, whereupon the investigator replied that the ealf
was clearly red-and-white, even from that distance, and that a red-
and-white offspring of a mahogany-and-white cow must be a female
This was new to the ger, but upon 1on it proved to be
so The manager was so impressed with this that he placed the rec-
ords of the herd, dating back some twenty-five years, at the disposal
of the genetiaist, and from the investigation has come one of the
finest studies on the mheritance of milk production yet made.

It will be seen that a mahogany-and-white cow must be of the
formula MM, so that all her calves must receve from her the gene
A In the male offspring this would have to produce mahogany-and-
white, no matter what gene was recerved from the sire A red-and-
white calf therefore would have to be a female, and must in this case
have reccived the gene m from the sire.

In sheep the inhentance of horns is of the same nature. In the
Dorset breed both sexes are horned, whereas in the Suffolk breed
neither sex is horned. A cross between these breeds gives horned
males and hornless females in the Fy and a ratio of 3 horned : 1 horn-
fess among the F; males, while the F; females show 3 hornless * 1
homed Clearly the gene for horns is dorminant in males and recessive

in females, while its allele for hornless is dominant in females and
recessive in males.
Sex-inl 1 ch

are not in animals, and none

is known in plants, Several such characters have been deseribed 1t

man, however, They arc baldness, one form of white forelock, onc

type of wchthyosis (a skin abnormality), absence of upper lateral

incisor teeth, and Heberden's nodes (enlargement of the terminal

jounts of the fingers). Let us consider in detail the gene for baldness.
*Dr. E, E. Hezer.
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While baldness may in some cases be due to disease such as
seborrhea, syphihs, or thyroid disease, the usual types of *pattern
baldness” (Fig ¢ 2) seem without doubt to depend on heredity. In
man, of course, we cannot make test matings, and we cannot pro-
duce Fy and Fy ions from known h ygous parents mn order
to study the type of inherstance One of the greatest difficulties 1n
studying human heredity 15 our inability to be certamn 1 all cases
whether a parent is homozygous or heterozygous for a given pair of
genes We can, however, collect famly historses in man as we find
them, and by a process of ¢limination arrive at the type of inheritance
which appears to fit the facts.

Fig gz Pattern baldness in a father and one but not the other of his two sons.
The father 15 in the center, with one son on each side

1n the case of baldness we immediately notice several facts 'Fust,
the character 1s more common 1 men than in women This mdicates
an association with sex, and we might suspect it to be due to a sex-
Tinked recessive, like colos blindness, were 1t not for another fact which
eliminates this possibility That fact 1s that whcq a father 1s(bald he
regularly transmits the baldness to about half of his sans .h will be re-
membered that 1 the casc of a sex-inked recessive st is rarcly the
case that both father and son show the character Baldness coutd
not be due to a sex-inked dominant since no more Women than me,

show the character.
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Tig 93 A famiy history of baldness, ustrating the
inherttance of a sex-mfluenced character

When we apply the hy-
pothesis of sex-influenced char-
acters to baldness, however, we
find that 1t fits the facts admi-
rably Figure o 3 shows a typi-
cal pedigree of baldness. If we
iet B represent a gene for bald~
ness, and b for nonbaldness
and assume that the sex in-
fluence 15 such that B is domi-
nant 1n men and recessive in
women, the genotypes appear

as follows
GLNOTYPE Mex WoueN
BB bald bald
Bb bald nonbald
bb nonbald nonbald

Fig 94 Pedigree of baldness
Mestroting the  sexanfluenced
type of inheritance, and showing
that the gene for baldness could
not Le a sevdmbed recessne 1§
1t were, all the children would be
bald The children in this case
are all over the age of forty

Fillin the genotypes in the farmly 1n Figure 9 3 as
far as possible

Another pedigree itlustrating the fact that bald-
ness could not be sex-linked but could be sex-influenced
is given in Figure 9 4 Here the parents are both bald,
yet some of the daughters are not bald, although they
are over forty years of age Fill in the genotypes of
this farly.

When we find in human beings a character which
18 more common in men than in women, which can
show up 1n men when neither parent shows it, which
shows up in all the sons of a woman who has it, and

which ss transputted dircctly jrom a father to a[:promnat:ly lxalj of

Ius sons, we are ustified 1n
on gences of which the expression is sex-influenced,

that thech

Sex-linited characters

We have seen that some characters are the result of sex-hnked

genes and some characters are sex-influenced In this section we shall
discuss still another group of traits associated with sex These traits
are due to genes which are capable of expression in one sex but not
11 the other, and they are known as sex-limited characters In mam-
mals and bards, at least, the cxpression of the genes involved scems to
depend oun the presence or absence of one of the sex hormones The
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hormones, or internal secretious, ate the products of endocrine glands,
among which are the testis and ovary These organs, in addition to
producing sperms and eggs, produce secretions which get nto the
blood and have marked effects on vanous parts of the body

‘There ate vatious sex-imited characters In the clover butterfly
Gerould has shown that the males arc yellow, but the females are of
two sorts, yellow and white White is dominant but can show up only
i females Letting 11" represent a gene for white, expressed only
females, and letting w represent its recessive allele tor yellow, we find
the genes acting as follows

Genoryre Martes Fryaces
wi yellow white
W yellow white
ww yellow yellow

The male and female types of plumage 1n birds present another

interesting but stall more pl 4 ple of sex-lumted char-
acters In most breeds of poultry, for instance, the plumage of the two
sexes is stnkingly different, the males having a showy plumage with
larger comb and wattles and longer neck feathers, tail, and sickle
feathers (Fig 9 5) Insome breeds, however, as the Sebnght bantams,

I'g, 0§ Brown Leghom mate (icft) and female {right), showmg charactenshie
sex differences in plumage.
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both sexes are “hen-feathered™ (Fig. ¢ 6). In still other breeds, such
as the Campines and Hamburghs, both hen-feathered males and
cock-feathered males occur,

Studies of this condition indicate that hen-feathenng is due toa
dominant gene H, and cock-feathenng to its recessive allele &, which
15 expressed only in males The genotypes with theww corresponding
phenotypes would then be as follows:

GrNOTYPE Maves FemaLcs
HH hen-feathered hen-feathered
Hh hen-feathered hen-feathered
kh cock-feathered hen-feathered

Ordmary breeds of poultry in which males are cock-feathered and
females are hen-feathered would all be of the formula it Breeds
1 which both sexes are hen-feathered would all be of the formula
HH Breeds having both kinds of males would contam both allelcs,
so that some of the mdividuals would be HH, some Hh, and some
It Here all the females would be hen-feathered, but only the HH
and Hk males would show hen-feathenng, the ik males being cock-
feathered

It 1s found by experimentation, however, that the above system
depends upon the secretions of the sex glands Thus removal of the
testes m hen-feathered males or of the ovary (there being only one
1n birds) 1n females results in the production of cock-feathering The
gene H appears to mhibit cock-feathenng in the presence of either
sex hormone, that 1s, n normal males and females In the absence of

et i e Sy

k]

i
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the sex hormone (that is,
1n birds whose sex glands
have been removed by
operation or destroyed hy
disease),  cock-feathering
can occur even though the
gene H is present.

The allele h does not
ivhibit  cock-feathering,
yet cock-featherning cannot
oceur in the presence of
the fermale sex hormone
Of the individuals of the
formula hh, oniy males or
ovanectornized  females
will  be cock-feathered

(Fig 07 Fig. 97 An gvariectomzed fomale fowl, showing the develop-
. . ment of cock-feathering The ovary was removed when the bird
An interesting §0X- o thirteen days old, The photograph was taken two yeats later
limited character has been  Photograph courfesy of Ur L V. Domm
desenibed m the red jungle~
fowl, the ancestor of domestic chickens The normal down of
baby junglefowl chicks is striped. A recessive mutation s results
1n yellowish white down (Fig ¢ 8) The mutation expresses itself
in both sexes in the down color, but as the adult plumage ap-
pears, the character behaves as sexJfimited Females of the
genotype ss develop a creamy buff plumage, but males of this
genotype develop the normal plumage, indistmguishable from that
of mcﬂes which are SS or Ss (Figs. ¢ g and 9 ro}
dary sex in generat, including not only physicat
traits but dxfferentlal response of the nervous system, ray very welt
depend upon genes of which the expression 15 sex-himited  Any gene
for which both sexes are ahke in
constitution, but which can only
express itself in one sex, would give
nse to a sexust dimorphism, that
is, 2 relatively constant difference
between the sexes Thus, in human

Fig 98 Clucks of the red junglefon]
Left, sild-type down color (S5} Right, a
chick of the genatype s, shoning yetion-
ish white down, Chicks of both sexes show
this down color when of the genotype ss
Compare with Figures 99 and 5,10 From
Roresobn en the Jowtnal of Heredty
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Tig 79 Adult red junglefonl of the genotype SS, showing wild-type adult
plumage, Left, {ervale, nght, male, Courtesy Dr. Victor Moreyohn

beings, men have beards but women normally do not Yet Trotter,
who made a study of the occurrence of hairs in the two sexes, found
no sigmficant difference in the actual number of hairs per unit area
n men and wornen, but only a difference in the development of the
hurs Undoubtedly genes, the expression of which ss controlled by the
secretions of the endocrine glands, account for this character Abnor-
malties i the development of the endocrine glands or m the segrega-
tion of the chromosomes might cause vanations in characters such as

these,
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Fig 910 Adult red yunglefowl of the genotvpe ss Left, female. showing the
sev-timited mutant character, right, male, showing % :ld-type plumage in spite
of the mutant genotype Courtesy Dr Victor Moreyohn

Studies on the diffcrential effects of the various hormones, the
differential responses of somatic tissue, including nervous tissue, to
varying thresholds of the hormones, and the differential development
of sex-hmuted characters are among the most actively investigated
problems in brology at the present time A further discussion of some
of these problems will be found in the chapter on sex determsnation
(Chapter 23)

In this chapter we have established the fact that certain geno-
types, even homozygous genotypes, may reach expression in one
sex, but may normally fail to reach expression 1n the other sex.
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PROBLEMS

9.1 A bald man whose father was not
bald marnes a nonbald woman whose
mother was bald What are the genotypes
of these two people m regard to the genes
for baldness and nonbaldness? What kinds
of children can they have in regard to these
characters?

9.2 A nonbald, normal-visioned man
marnes a  nonbald, normal-visioned
woman whose father was color-blind and
whose mother was bald What kinds of
offspring may they have, and in what
proportions?

9.3 A nonbald man marries a nonbald
woman They have a son and a daughter
At the age of thirty-five the son becomes
bald What are the chances that the
daughter will also become bald because
of her genetic constitution?

9.4 A red-and-white Ayrshire cow whose
mother was mahogany-and-white ts bred
to a red-and-white Ayrshire bull If she
produces a male calf, what are the
chances that it will be mahogany-and-
white? If the calf 1s a female, what
are the chances that 1t will be mahogany-
and-white?

9.6 Outhine the breeding procedure nec-
essary to establish a homozygous mahog-
any-and-white Ayrshire herd

9.6 Outline the breeding procedure nec-
essary to establish 2 homozygous red-and-
white Ayrshire herd

9.7 In sheep the sex-nfluenced charac-
ter “horns™ 15 the result of a gene I, and
*“hornlessness” of a gene & Whte 15 due
to a dommant gene W, and black to its
recesstve allele w A homozygous horned
white ram 15 crossed with a homozygous
homless black ewe What would be the
phenotypes of the F; and the F; from this
crins?

9.8 A hornless nhite ram is bred to a
homless white ewe There offspring 15 a
horned black male If they produce further
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offspring, what characters would these off-
spring be expected to exhibit and n what
proportions?

9,9 What hinds of offspring m what pro-
portions would be expected to result from
the followming matings in sheep? IIhWw
male D hhuw female, Auwmale X ZTAT w
female, Ihuw male > hhuw female;
HHWW male X HHWW female; hhuw
male > HEWW female

9.10 A farmer obtains a hornless white
ram and several horned white ewes Both
black and white lambs are bom m his
flock the first year From this beginning
hew could he establish 2 homozygous horn-
less whte flock?

In the accompanying human pedigree
a certain character 1s represented by the
solid squares and circles Answer the follow-
ing questions about this character:

911 Could this be a sex-mfluenced
character due to a gene dommant n males
and recessive in females®

9.12 Could the character 1n the fore-
going pedigree be due to a simple dominant
gene?

9.13 Could 1t be due to a simple recessive
gene?

9.14 Could 1t be due to a recessive sex-
hinked gene?

9.16 Could 1t be due to a domnant sex-
linked gene?

A sccond human pedigree 1s illustrated
in the accompanying dizgram Answer the
following questions about the character
shown by solid symbols:



9.16 Could this be a sex-influenced
character due to a gene dominant in males
and recessive in females?

8.17 Could it be due to a sex-lnked
Tecessive gene?

918 Could it be due to a sex-linked
dominant gene?

9.19 Could it be due to a si

What are the expected ratios in the F and
F; of this cross?

9,28 What results would be expected 1f
the Fy females from the above cross were
mated to nonbearded long-eared males?

9.29 A nonbearded intermediate-eared
male 15 mated each year for four years to a

bearded 1 d female, the mother

gene?

9.20 Could 1t be due to a ssmple dom-
1nant gene?

The accompanying diagram {llustrates
a third human pedigree Again answer the
following questions about the character
shown:

9.21 Could this be a sexdinfluenced
character due to a gene dominant 1n males
and recessive 1 females?

9.22 Could st be due to a sex hnked re-
cessive gene?

9.23 Could 1t be due to a sex-linked
dominant gene?

9.24 Could it be due to 2 simple dom-
wnant gene®

9.26 Could 1t be due to a simple recessive
gene?

926 Asdell and Smuth have concluded
that in goats beardedness 1sasex-influenced
character, the gene bemng dominant n
males and recessive 1n females. Likewise in
goats Wassin has suggested that short ears
and long ears depend upon a single pair of
genes, netther being domnant, so that the
heterozygote is ntermediate-eared Using
the symbols B and b for bearded and non-
bearded and L and ! for short and long ears,
respectively, answer tias and the following
four questions about goats What are the
possible genotypes of bearded long-eared
males? Of nonbearded short-eared females®

9.27 A rnonbearded long-eared male 1
mated to a bearded short-eared female

of which was bearded If they have four
female offspring, these offspring would most
probably have what characters?

9.30 If the above series of matings had
resulted 1n four male offspring, what would
be the most probable distribution of charac-
ters among these offspring?

9.31 Why could the results of Gerould
on clover butterflies, mentioned 1 this
chapter, not be explained on the basis of a
sex-inked pair of genes?

9.32 Using data contamed 1n this chap-
ter, what would be the phenntypes of the
yparents and what kinds of offspring would
they produce, m the following crosses tn
clover butterflies? "IV male X w2 female,
TV male X< Ww female, ¥ w male X< 113
female, TWwmale X uw female, wwmale XX
Wi ferale

9.33 A hen-feathered male bird crossed
with a hen-feathered female produces sever:
hen-feathered males, two cock-feathered
males, and eight hen-feathered females
What are the probable genotypes of the
parents?

9.34 In the Hamburgh brecd of poultry
hoth cock-feathered and hen-feathered
males occur. The females all show hen-
feathering Starting with a muxed flack of
Hamburghs, how would you go about
establishing a stran i which the males
were always cock-feathered?

9.35 In the Scbright Bantams both
males and females are hen-feathered In
the Rose-comb Rantams the males are
cock-feathered and the females hen-feath-
ered. If a Scbright Bantam male were
crossed with a Rose-comb Bantam female,
what would be the appearance of the Fi?
Of the Fy?

SEX-INFLUENCED AND SEX-LIMITED CHARACTERS 1



9.36 If the sex hormones are shown to be
cuncerned m the appearance of a character
which exhibits sexual dimorphism, would
this invalidate the hypothess of a genetic
basts for the character? Explain

9 37 The male hon has a well-developed
mane which the female does not have How
could you account for this fact on a genetic
basis>

9.38 How does the mhentance of such a
character as the mane of the male lion
iffer from the of 2 sex-linked

the males are cock-feathered. If a Sebright
Bantam male were crossed with a Cochin
Bantam fernale, what would be the appear-
ance of the F; and the F; in regard to
feathering and combs?

9.40 A cock-feathered Rose-comb male
Bantam 1s mated to a hen-feathered rose-
comb female Their offspring are as follows:
2 hen-feathered rose-comb males, 5 hen-
feathered rose-comb females, 1 hen-feath-

ered smgle comb male, 2 hen-feathered
1

character? Of a 1l d ch: ?

9.39 Sebright Bantams have rose combs
as well as hen-feathenng m both sexes
Coclun Bantams have single combs, and

REFERENCES

Auien, E., Sex and Internal Secretions.
Baltimore, The Williams and Wilkins Co.
(1939)

Dowy, L. V, Proc. Soc Exper Buol and
Med. 2228 (1923), Jour Exper Zool
48 31 (1927); Anat Rec 4127, 43 (1928);
Proc Soc Exper. Biol and Med 26338
(1929).

GrrouLp, J. H., Amer Nat 46 257 (1911),
Genelics 8.495 (1923)

124 CHAPTER NINE

g! b females, 4 cock-feathered rose-
comb males, and 1 cock-feathered single-
comb male What were the genotypes of the
parents?

JuiL, M A, and QuinN, J P., Jour Hered
21176 (1930)

Morejoun, G. V., Jour. Hered. 4447
(1953).

Morgan, T. H, Buol Bull. 33 257 (1920)

Stecmer, R M, and Hersy, H H , Jour.
Clinical Investigution 23 699 (1944)

StCRN, C, Biol Zentralbl 46 344 (1926).



CEIAPTER TEN

Linkage

One of the first principles of heredity that we learned — a prin-
ciple discovered by Mendel himself — was that of random assort-
ment We have found that m an individual heterozygous for two pairs
of genes, of the formula AaBb, the two paws of genes assort at ran-
dom; that is A may go into a germ cell with B or with b, with equal
likelihood, even though the individual in question may have inherited
A and B (for example) together from the same parent The four
kinds of gametes produced, AB, Ab, aB, ab are thus formed 1 equal
numbers

We have also learned (Chapter 4) the reason for random assort-
ment During melosts, the by Js patrs
are segregated into the gametes mdependently of one another; differ-
ent pairs of allelic genes, such as A,a and B,b, carried on different
paurs of chromosomes, therefore likewise show mdependent segrega-
tion

But, as the student has perhaps already asked himself, what if
two different pairs of alleles are carned on the same chromosome pair?
In that case, conceivably you mught expect that the law of inde-
pendent assortment would not hold In fact, exceptions to this rule
were encountered quite early in the history of genetics (about 1906)
although 1t was not until several years later that ther sigmficance in
terms of the chromosome theory was understood. Let us consider
what might happen when two pairs of alleles are located on the same
pair of chromosomes

You wil ber that the ** dard"" F, ratio, ing from
mating together the Fy progeny of a cross such as AABB X aabbd
(or AAbb XX aaBB)isg A~B-: 3 A-bb . 3 aaB~ . 1 aabb. You should
remember also that this F; ratio results from the fact that the A,a
alleles assort independently of the B,b alleles, and that independent
assortment means that the AaBb individuals of the F; generation
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produce gametes 10 the ratio 1 A8 1 Ab .1 aB ;1 b Obviously,
then, 1if two pairs of alleles do net assort at random, we should expeet
to find a disturhance of the 1 s°1:1 ratio among the gametes of
wndrviduals heterozygous for both of them, and a econsequent dis-
turbance in the F; ratio

We shall Iater be able to see just how the Fy ratio would be
affected by a faiture of random assortment Generally, however, it is
much caster to sce how the two pars of alleles are distributed among
the gametes by making use of a test eross. Since the test eross is a
very usclul tool mn genetics, let us flustrate 1t with a concrete ex-
ample To start with, let us consider a case involving two pairs of
genes which, like those we have dealt sath earher (Chapters g and 6),
are m different chromosome pasrs

In Drosophula numerous genes affect the color of the body. Wild
type flies have gray bodies, but there 1s a mutant form in which the
body 1s black Crosses between gray and black gne all gray in the
Fyand a mtio of three gray to one black i the #; We know, there-
fore, that the genes for gray and for black are allelic, with the genc
for gray dominant

Another mutation in Drosophila changes the red eyes to scpia.
Again crosses between red and sepia give all red 1n the F, and a ratio
of three red to one septa in the ¥y These genes are also allefic, red
bemng dominant A cross involving both black and sepia would thus
be a two-parr cross Let us cross a fly which is normal except for
having a biack body with one which is normad except for having sepia
eyes Letting B represent a gene for gray body, and & its allele for
black, and letting 5 represent a gene for red eyes, and s its allele for
sepia, our cross would be as lustrated in the diagram below.

PARENTS iy 5SS ><  BBss
black body  gray body

red cyes sepa eyes
GAMETES @
£ BbSs
gray body
Ted eyes

If we were to mate two F individuals we would, of course, obtain
the familiar g=3:3:1 ratio Instead, however, we shall make a test
cross Thisis a cross s which an wndwidual heterozygous for any number
of genes (here two pairs) ts mated to one which 15 homozygons for each
recessize allele In this case, we shall mate an F\ male, BbSs, to a
female double recessive, bbss.
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‘The progeny of our test cross, a5 seen from the nest diagram,
are of four types which oceur 1n equal numbers That 55, the phenotype
ratio resnlting from a test cross i which there 15 random assortment
of two pairs of alleles is 1.£:5. 1, whick ts exactly the same as the ratio
amaong the different kands of gamectes produced by the BbSs porent
Aforeaver, we can tell by durect examunation what type of sperm pre-
duced each kimnd of offspring Thus, BS sperms umting with bs eggs
were respongsble for the gray-bodsed, red-eyed fues, Bs sperms pro-
duced the gray-bodied sepra-eyed offspring, &5 sperms produced those
that are black-bedied red-eyed, and bs sperms these with black body,
sepia eyes Sumidarly, we can tell directly what kind of egg from a
BbSs female has produced each type of offspring from a test cross 1n
which we have mated 2 BbSs female 10 a bbss male The test eross 15
umgque 1 this respect

TEST-CROSS PARENTSIH BiSs < bss
gray bady black body
red eyes septa eyes
e 99 ®
OEFSPRING W

BS ] BbSs  gray body, red eyex
Bs | Bbss  gvay body, sepa eyes
5% § 5bSs  black body, red eyes.

bs § bbss  black body. sepia eyes

Now let ys reflect a moment 1 genes are carried on chromo-
somes, how can random assortment occur? Obviously it can happen
if the dufferent pairs of genes are carned on different pairs of chromo-
somes But if two pairs of genes are an the same patr of chromosomes.
it would seem that they should stick together, that s, wherever each
chromosome of the pair went both geaes m it would have to go To
show random assertment, then, the tno pairs of genes would hne to
he on differant pairs of chromosomes

But we know more than five hundred panrs of genes 1z Dro~
sophuia, and there are only four pars of chromosomes There must
therefore be many pairs of genes on each chromosome parr If this
be so, random assortment cannot always oceur, we should fnd some
exceptions to it In fact, as we have already noted, we do find excep-
tions And m these cases, the breeding results mdicate that certamn
genes of different allelic paws tend 10 stick together sn the way s ulneh
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they entered the cross We call such genes linked genes, and we shall
provide abundant evidence that when linkage 1s observed, the pairs
of genes mvolved are in fact loeated on the same pair of chiromosomes
Let us now exanune a cross in which the effvets of Iinkage can be seen

1n Drosoptula there ss, as we have seen, a patr of alleles, Hand b,
for gray and for black body, respectively There 1salso a pair of alleles,
1 and z, affecting the length of the wings The gene 1 ts necessary for
normal wing length while v produces short stumpy wings known as
vestigral Thus 11" and 1 ¢ flics are normal-winged, and = fhes are
vestipral-winged (Fig 8 1)

If now we make a two-pair cross involving body color and wing
length, we may cross a black-bodied fly with a vesugal-swanged fly
The cross would be as follows

Now ey us cross one PAREN’!S» W'Y e BRw
of the heterozygous gray- black body gy body
bodied long-wmnged F; long wings  vestynal wings
males to a black-bodied
vestiglal-winged  female GAMHES’
in other words let us make
a test cross Such a cross

would be dagramed as Fl’ Bbly
follows gray body
long wings
TEST-CROSS PARENTS By BV < bro
gray body bhich body
tong wings vestigial wangs
GAMETES B @ @ @

EXPECTED OFFSPRING 1 ¥
ON THE BASIS OF
RANDOM ASSORTMENT BV [Bbl'v  gray body, long wings

By | Binw  gray body, vestial wings

bV b1y black body, long wangs

bo | bbiw  black body, vestigial wangs

From the above diagram we can sce that, if the two pairs of
genes assorted at random, we should expect the test-cross ratio of
1-1.1:1, that is, equal numbers of the four kinds of offspring. When
we make the test cross in this case, however, we do not obtain the
expected ratio at all We find that no gray-bodied long-winged flies
appear, nor do we obtain any black-bodied vestigial-winged flies.
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Half of the offspring are black-bedied long-winged and half are gray-
bodied vestigial-winged We note that these are just Iike the onginal
parents with swhich we started the cross in the begianng

What does this result mean? Losking at the diagram we readsly
see that no gametes of the BV or by sorts could have been produced
by the Fj male Only gametes of the types &1’ and B were produced
These gometes are exactly Like the gamctes that united and produced the
Fymale Inother words the genesband 1 camemto the cross togethes
and stayed together in forming gametes, so also did Band » Randow
assoriment did nof ocour What might cause this¢ Obviously the possi-
fislsty that the genes are on the same chromosome If band ¥ wereon
the same chromosome weé should expect that wherever gene b went,
gene V would go also Let us re~examune our cross on ths basts

Assunning that the two pairs of genes are on the same chromo-
some pair, let us write the genotype formula in a way which 1 wWicates
this, so that wh we see the g pe we will ber that
these genes are inked Instead of writsng the formula for the black-
bodied long-winged fly as bb¥ 1", let us put the nked genes m paren-
theses thus (b1} (b¥) The same genes are present as before, but
now they are written m such a way that we can easy remember
which two are on the same chromosome The relationships of the
genes of a Drosophila heterozygous for red and sepua eyes, gray and
black body, and fong and vestigial wings are shown in Figure xo s

Now let us rediagram our cross between a black-bodied long-~
winged fly and a gray-bodied vestymal-winged iy, writing the symbols
on the assumption that the gencs are hinked

PARENTS B G EY) < (By) (B9)
black body Eray body
long wings vestial wags

GAMETES b

TEST CROSS 9 BV (B > () )
gray body black hody
long wings vestigial wings

GAMETES @

OFFSPRING i @)

@G} (B (br)  Black body. Tong s
(B} | (Br) (br) gray body, vesugpal wungs
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Tig 103 Diagram of the chro-
mosomes of Drosophila, showing
the relationships of the genes for
red and sepia eyes, gray and
black body, and long and vestig-
jal wings,

From this it is casy to see why we get only black-
bodied long-winged flics and gray-bodied vestigial-
winged flies from the test cross, Only twe kinds of
sperms arc formed because the two genes on cach
chromosome always go together.

M linhage were alnays as simple as this we should
have no trouble understanding it and working with it.
Linkage 1s not always complete, honever, asit is in this
case. As a matter of fact, it 1s very rarely thus. Only
1n the male of Drosophila and 1n a few other cases do
genes on the same stick pletely
together In other cases they fend to stay together, but
are able to scparate under certan conditions

Let us make the reciprocal test cross involving
the same genes as the ctoss we have just discussed.

That is, instcad of mating an F; male to a double recessive female,
et us mate an Fy female to a double recessive wale The results
of this cross are shown in the duagram below In this cross we do
get alt four possible types of offspring, but not in cqual numbers. We
find that therc are more of the original parent types than of the new
types Ewvidently all four types of eggs, b1, 14, BV, and by must have
been produced, in spite of the fact that the genes are hnked, although
they have not been produced m equal numbers.

PARENTS ) @) V) > (B (By
black body gray body
long wangs vestigial wings

GAMETES

TEST CROSSIp @) B > () ()
gray body black body
long wangs vestigal wings

GAMETES @

OFFSPRING 1 )

(V)] (BV) (t2) black body, long wings 42%
{Bv}} (Bv) (bv) gray body, vestigal wngs 4265

(BU)] (BV) (bv) gray body, long wings 8%
()] (&) (1)  black body, vestigal sings 8%
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In the diagram, the double line separates the eggs and the off-
spring which contain the original parental combinations of genes (41)
and (Bv), from those which contain recombinations of these same
genes We see that the parental combinations of genes are present in
a majority of the eggs (84 per cent) while the new combinations oceur
in only 16 per cent. It would appear, then, that in the formation of
most of the eggs the two linked genes stayed together, but that in the
formation of a smaller proportion they somehow traded partners The
process which produces the new combinations of linked genes, such
as are found in the (BV) and (bz) eggs i the present example, 15
called crossing over, The gametes containing the new combinations
are known as crossover or recombination gametes. The gametes in
which the linked genes remain in therr ongmal combinations, here
the (V) and (Bv) eggs, are called noncrossover gametes.

Now we have just seen the genetic results of crossing over, as
they are observed in breeding tests mnvolving certain pairs of allelic
genes The question immediately anses, what can be the physical basts
of crossing over? Can 1t be explamed in terms of chromosome be-
havior? If linkage between the two genes 15 due to the fact that they
are both on one chromosome ef a homologous pair, while their alleles
are on the other, then crossing over would seem to requre an ex-
change of parts between the two homologous chromosomes Actually,
we know that this does take place

You should recall that near the beginning of the first of the two
nterotic divisions mvolved in the maturation of the gametes (Chap-
ter 4) the two members of each pair of chromosomes come mnto side-
by-side contact Each chromosome then becomes duplicated, so that
g tetrad is formed, composed of four chromatids In the next chapter,
we shall show that, at some time during this process, there are actual
exchanges of parts between homologous chromatids in the tetrad,
and that these exchanges in fact are responsible for the genetic
consequences of crossing over

If the ch of a pair exct homol parts of their
lengths, the genes on the traded portions will be exchanged too
‘This results in new combinations such as are produced by random
assortment, although the new combinations are not formed as readily
nor as often by crossing over as by random assortment

Linkage, then, is an exception to Mendel’s prnciple of random
assortment and occurs because more than one allelic pair of genes 1s
carried on the same pair of chromosomes Crossing over is n the same
way an exception to hnkage and occurs because genes may become
reassorted (though not at random) even though they are hnked,
through exchange of material between homologous chromosomes
Mendel did not discover hinkage because he happened to use genes
which were on different pairs of chromosomes.
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Some of this may scem a bit camplicated, but another cxample,
warked out i the light of the above explanation, should help to clear
it up. Let us make a two-pair cross m rabbits and find vut whether or
not the two parrs of genes are hinked

In rabluts we know a pair of alleles affecting the distnbution of
coat color We may ley S represcnt o donunant gene for <potting and
5 represent its recesstve allele for solid color Another pair of alleles
consists of a dominant gene, L, for short har and ns recessive, {, for
long har The phenotypes produced by these genes are shown in
Tigures 17 g and 17 5 Let us discover whether or not these Lwo pairs
of genes are inked

We should do this by making a cross between, let us say, a
spatted short-haired rabbit and a sold-colored long-haired rabint and
then making a test cross If the genes are not hinked, we should expect
equal numbers of the four test-cross types of affspang 1f, however,
the genes are linked, there wil be more of the parental types and
fewer of the new forms Let us diagram the cross used for the test,
writing the symbols 1 parentheses as though the genes were hnked.
even before we hnow whether or not they are actually finked. In
rabbits, as 1 all lagher animals, we find crossing over in both se<es;
hence 1t daes not matter whether we use Fy males or females in the
test eross The cross s diagramed below,

PARENTS (SLYSLY  »< (s (sh
spotted salud-colared
stortt-hured Tang-haired
GAMETES B @ @
TEST CROSS ‘ {SL) (s >< {sh) (sh)
spotted solid<olored
short-haired long-hared

s QOB ©

DONCTOSSOVEr  Crossaver

gametes gametes

Expected ¢ Expocted
OFFSPRING s fror b
fimked laled
none | S} (L) (s]) spotted, short-hared More

50% th:

eressovers ) (o) | (s1) (s1) - sobdcolored, tongbasmed R T
| 0 (S (D sported, 1ong mured Tess

5% than

(L)} (sL) (sD) solid-colored, short-hured 5055
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From this diagram we can readily see that if the genes are not
linked, that 15, i{ random assortment oceurs, we should expect equal
numbers of the four Jinds of offspring from the test cross. To put
1t in other words, we should expect 5o per cent of the test~cross ofi-
spring to be of the parental types, and so per cent to be of the new
combinations (It should be Lept m mund, of course, that the laws of
probability apply herc as elsewhere, and that, as was shown in
Chapter 7 the smaller the number of offspring, the greater the devia-
tion may be without bemg sigmficant ) However, if the genes are
Iinked they will not assort at random, and the ongmat arrangement
of the genes will tend to hold, changing only where crossing over has
occurred There will therefore be more than so per ceat of the test-
cross offspring like the parental types and less than 5o per cent of the
new combinations In this particular cross we find 88 per cent of the
offspring to be like the parental types and only 12 per cent of them
to be of the new types Obwicusly the genes did not assort at random,
they are therefore hnked, with 12 per cent crossing over

To show haw linkage affects the F; ratio and to fllustrate by com-
parison the value of the test cross in hnkage determumnations, let us
see what the F; would be ke mn this rabbit cross We must remember
that the Fy individuals produce four kinds of gernt cells, but not
equal numbers Gametes of the types (SL) and (s!) make up 88 per
cent of the germ cells produced by an F; rabbit m this cross, and
gametes of the types (SI) and (sL) make up but 12 per cont of the
tatal The cross worked out to the Fy swould be asshownon p 134,

By adding up the percentages of the vanous kinds of offspring,
we see that instead of the typical ratio of 9:3.3°1, 1t 15 roughly
writiiiy The Fy ratio is thus considerably modified, Instead of
only one out of stxteen Fy wndividuals being double , as 1n
random assortment, about one vut of every five is of this type There
are more F; individuals showing both domsnants and both recessives
than would be expected, and fewer showing only one or the other
dominant The calculation of the exact amount of crossing over from
F, ratios is more complcated than from test-cross data, as you wil
find out if you attempt it Methods for demg it have been worked out,
however, they will be found in the works by Immer and by Mather
cited in the references at the end of this chapter

The test cross, then, 1s the ideal method of studying hnkage. In
human beings where we cannot make test crosses to order, special
statistical methods have been devised for detecting hmkage and
measuring crossing aver. Same of these are discussed 111 the httle book
by Mather listed in the references

You may recall from an earher chapter (Chapter 8} that 1 man
both hemophilia and color blindness are sex hnked. We interpreted
this to mean that the gene for hemophilia, &, (recessive to H, non-
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PARENTS B (SLY(SL)y  >< (D (s

spotted solid<colored
short-haured Jong-haired
GAMETES 1 @ @
Fip (SL) (s) (SL) (s
et OOOD OO ©Oe0
el
8% 120
A1 E1 06 06
EW (SL) (sf) (&) (sL)
41 Biit) 191 020 020
s sn s [ sLy n | (sLy sh | (SL) (L)

M 191 104 02 026
G| S sh | (D (sh (S sy | (sLy sl

06 020 026 004 001
SHYSLYSD | (SHsh | (shshH | (5D (L)

06 02 025 004 o0t
(D) (SL) L) | LY (D) | (Sh L) | (sL) (L)

hemophilic) 18 carried on the X-chromosome, and that the gene for
color blindness, ¢, {recessive to C for normal color viston) is also
carried on the X-chromosome If this interpretation is correct, we
would expect the H,Jt alleles and C¢ alleles to show linkage with each
other

Now a little consideration will show that linkage between two
genes which are both on the X-chromosome can be detected m the sons
of mothers who are heterozygous for both of the genes, without the
necessity of a test cross

Remember that a father contnibutes no X-chremosome to a son.
Therefore, direct examnation of the sons of a doubly heterozygous
mother will show what kind of X-chromosome each son has re-
cewved from her If the mother’s formula 1s (He)(hC), for example,
noncrossover sons would be either (He)Y, that is, nonhemophitic but
color-blind, or (hC)Y, having hemophiha, but with normal color
vision; crossover sons would be (HC)Y, nonhemophilic with normal
color wvision, or (hc}Y, both hemophilic and color-blind By taking
advantage of this principle, it has been possible to demonstrate that
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there is in fact linkage between the #, and Cc alleles Crossing over
is also found between them (see below) and Haldane and Smith cal-
culate that about 30 per cent of the offsprng of doubly heterozygous
{females are crossovers,

Figure 10.z shows part of a pedigree 1 which we are able to
identify an individual (I11.2) who has certatuly been produced from
a crossover gamete After a httle study of the figure, you should be
able to see how it was possible to work qut the genotypes of all the
mndividuals shown on the chart, but not possible to be sure whether
some females were (RC)(HC) or (hC)(He) The mother, II 5, must have
had the formula (#C)(Hc) the only X-chromosome she could recerve
from her father carries the (4C) combination; and the fact that she 1s
neither h hilic nor color-bhind, yet both the & and the ¢
genes, tells us that her other X-chromosome was (Hc} Her (k)Y son
(I1L2), therefore, could have been produced only as a result of
crossing over between the (hC) and (H¢) chromosomes of hiss mother.
No ather mother 1n the pedigree is doubly heterozygous, so this 15 the
only individual on the chart that gives any mformation on hnkage or
erossing over,

In the human species, the detection and measurement of auto~
somal linkage (that is, linkage between two pasrs of alleles located on
a pair of autosomes) presents exceptional difficultzes The first reports

I ] 5 Y QO v ne
é E] é (hE) (HEY é (10 HCY
ey HeIY ey or 1ne) > T Jeweoy or
”1 ! 2 ¢ 3 A0 Y 8 & 777 o) es
e ere ey
i ¥ 2 3

O D Non-hemophiic, normal color vision
Hemophilic mola
Color-blind mals
E Hamophilic and eolor-blind male
Fig. 102 Fart of a pedigree il ing the ission of hilia and color blindness
in the same family At members of the famly incladed here were tested for colar blindness
except T 1 and L2, nho »ere deceased at the time of the mvestigation. Weaccept 1.7 as having.

normal color visson, however, §or it tan be shown that the odds are about 200 to 1 that this
is correct, Based on Ruddell sn the Annals of Engensxis
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of autosomal linkage in man which have succceded both in standing
up under mgorous statistical analysis and in finding confirmation in
more fecently accumulated data did nat, in fact, appear until 1053.
The hnkage 1n question (discovered almost simultancously in Lng-
land and i the Umted States) involves an apparently harmless
pecutianty of the red blood cells, called ellsptocytoss, dependent on a
domnant autosomal gene, E In this condition, some of the red blood
cells are seen under the microscope to be shaped hke little footballs
nstead of having the normal biconcave shape. The £, alleles are
found to show linkage with alleles whsch determine certain differences
1n blood antigens, the socalled Rh-factors, which will be discussed
in detail 1n Chapter 13 Crossing over occurs between the F.e and
Rh alleles, and has been estimated as being 10 the neighborhood of
10 per cent (Fig 10 3)

One interesting development of the linkage studies relating to
clliptocytosts is the finding of evidence that either of two different

(RE) ’(ve) {Re) (re)
o
(Re (B}

{re) (1) (Roy {ra) (Re) {Re) | (RE} (Re) (RE) (re) |(Re) (Re) (Rw) (re} (RE) (Re) (RE) (re) | (re) (re) (Rw) (r0)

or o
(Re) (1E) (Re) (rE) (ReuD

. 1. 1. . . |
ur ‘ ‘ ‘
{RE) (Re) (RE}(Re) (RE)(Re} (RE){Re) (RE) (Re) (RE) (re) o) (o)

O [ rometredeets
. . EMplocytosis
H  oeecsed

Fig 103 Part of a pedigree showing autosomal linkage in man E,e are genes for elliptocy tovs
and normal red cells, respectively. R,r are alleles determining difTerences 1n cortan (Rhesus)
antigens, the heterozygote, Rr, can be distinguished by blood tests from both RR and rr
homozygotes For the individuals whose symbols are sttrred (*), we can tell what combination
of genes was received from the Ee parent. In each case, the £ allele has segregated with the
R gene, and ¢ with r This has happened (1 1o out of 10 instances (or in 9 out of g,1f the tnins
in Generation IT are from a single egg) The probability of this, on the basis of random assort-
ment of the Ryr and F,e alleles, would be only 1 1n 1024 (o 1 1n §12, if the twns are from one
egg). Hence e conclude that the twa parrs of alleles must be bmied On this basis, where tvo
possible chramosomal formulas are shown on the ehart for a single sndsvidual, the upper one
is the more probable, Based on Marshall et al sn the Journal of Clrnical Incestigation
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genes, in different chromosomes, may cause what appears to be the
same abnormality {f duplicote dowusont epustass, Chapter 6} In
some families i which there 15 elliptocytoss, the gene responmble
for 1t, which we have called £, 5 closely hinked to ong of the Rh
atteles; ta other fomihes, elliptocytosis and the Rh factors show rane
domm assortment In the latter, presumably, the red blood cell ab-
normakity 18 caused not by the E gene, but by a different dominant
gene m another chromaosome

Stwnee the discovery of the elliptocytosis-Rh hnkage, data which
strongly suggest another case of autosomal hnkage 1n man have been
reported (Renwick and Lawler) This hnkage mvolves the alleles
which are responmble for the 0, A, B, AB biood groups (discussed m
Chapter 13}, and a condition ealled the na-patellz syndrome The
syndrome 13 charactenized by fatlure of the nails to develop property,
absence of the knee cap, and vanous bone sbnormalities

That so few cases of sutosomal fnkage m the human species
have been discovered ss not surpnsmg Because there are 23 paws of

tn man, the probabthty that any two pawrs of alieles picked

at random shouid be located en the same chromosome parr 15 only
one in twenty-three. In addition, there 15 the duffieuity of finding
persons who are heterozygous for both pasrs of alleles, espectally sf
one of them relates to 2 rare trat And finally, when double hetero-
zygotes are found, st 1s not always possible to tell which of ther
progeny are crossovers and which are not Nevertheless, a begm-
mng has been made, and much work on human hskage s under
way, §0 that we may expect somewhat more rapid progress o the
future.

PROBLEMS

10.1 In poultry sibver plumage and gold
plurmage depend upon a sex-linked pae of
alldes Barring and sonbarnng hikewise
depend upon 2 sex-hinked pawr of alleles.
What 1 the refationship between these two
paes of genes?

10.2 In rabits black is due to a dom-
inant gene, B, browt to its recessne atlele,
b Short hawr 15 the vesult of a dosminant
enie, Z, long hawr of tts recessise allele, L
A fomozygous black shart-kawed rabbit s
wated 1o o brown long-hasred ralint, The
F smurmals are test-crossed to brown long-

hatred indinaduals From many such test
crosses the total results are

black shott-hasred, 63
black lang-harred, 59
‘brown short-haed, 62
brown long-hawed, 40

Ace these gencs kaked? If so, what is the
per cent of Crossing over?

10.3 In muce, the genes Reee (for *rex”
or shart hasr, and pormal hain, respeetively)
arc Linked to the ¢k (shaber, a recessive
mutant), Sh (aonshaker) alleles, with 20
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per cent crossing over between them A
mouse that s (ReSh) (ReSh) 1s mated to
one of the formula (resh) (resh), and the Fy
progeny are tested by crossing to (resh)
(resk) animals What types of mice would
you expeet among the offspnng, and in
what ratio?

10.4 A mouse that is homozygous rex
and shaker 1s mated to a homozygous nos-
mal, and the F progeny are tested by
crossing to (resh) (resh) ammals What
types would you expect among the off-
spring, and 1 what ratin?

10.6 In tomatoes tall growth habit 15 the
result of a domunant gene, D, dwarf growth
habut 15 the result of 1ts recessive allele, d
Smooth eprdermus 15 due to a dominant
gene, P, pubescent epidermis toits recessive
allele, p A homozygous tall smooth vanety
was crossed mith a dwarf pubescent vanety
The Fi were test.crossed to dwarf pubes-
cent The results of the test cross were as

follows*
ollows tall smooth, 96

tall pubescent, 4
dwarf smonth, 3
dwarf pubescent, 93

Are these genes linked? If so, what is the
per cent of crossing over?

10.6 If the Fy from Problem 10 5 were
bred among themselves to produce an F;
generation, what ratio would be obtasned
m the F?

10.7 In rabbits color 1s due to a dom-
mant gene, C, albimsm to 1ts recessive
allele, ¢ Black 15 the result of a dommant
gene, B, brown of its recessive allele, b
Brown rabbits are crossed with albinos
carryng black 1n the homozygous statd.
The Fi are crossed to the double-recessive
From many such crosses the total results

are- black, 68
brown, 132
albino, 200}
Are these genes linked? If so, what is the
per cent of crossing over?
10.8 In guinea mgs short hair and long
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‘hair depend upon a pair of alleles, the gene
for short har beiny dominant, Rough coat
and smooth oat depend upon another pasr
of alleles, the gene for rough coat being
dommant Suppose you had two races of
guinea pigs, a rough long-hawred race and
a smooth short-hatred race. Quthne care-
fully the full procedure for determining
whether these two prirs of genes are linked,
and 1f so, for determining the pereentage of
crossing over

10.9 Incorn tallness 1sdue toa dominant
gene, D, dwarfness to 1ts recexsive allele, 4.
Normal leaves are due to a dominant gene,
C, erinkly Jeaves to its recessive allele, oo
Homozygous tall erinkly-leavedl com was
crssed to homozygous dwarf normal-
leaved corn. The F, which was tall normal-
leaved, was crossed to double-recessive
dwarf cnnhly-leaved corn  The results
were as follows tall normal-feaved, 19; tall
crinkly.leaved, 83, dwarf normal-leaved,
81, dwarf crinkly-leaved, 15. Are these two
pairs of genes linked? If so, what 1s the per
cent of crossing over?

10.10 In poultry white may be due to
the homozygous condition of either or both
of the recessive genes, ¢ and o Color de-
pends upon the presence of both dominants,
Cand O Whate males of the formula CCoo
were crossed to white females of the for-
mula cc00 The colored F, birds were
crossed to double-recessives, ccoe From
many such crosses the total results were as
follows colored, 68, white, 204 Are these
genes hinked? If so, what 15 the per cent of
crossing over?

10.11 In rabbits gray 1s due to a dom-
inant gene, E, red to its recessive allele, e
Color 15 due to a donunant gene, €, al-
biism to its recessive allele, ¢. Homozy-
gous gray rabbuts are crossed with albinos
carryng the gene for red in homozygous
condition The F; are crossed to the double-
recessive From many such crosses the total
results are as follows, gray, 73; albino, 1473
red, 74 Are these genes linked” If so, what
is the per cent of crossing over?



10.12 In corn purple plant color 13 due
to a dommant gene, P, green plant color
to 3¢S recessise allele, p Normal leaves are
dependent upon a domunant gene, X, nar-
row Jeaves upon its secessnve aflele, n, Ho-
mozygous green plants with pormal leaves
were crossed with homozygous purple
plants havng narrow leaves The F) wese
crossed to green plants with narrow leaves
The results of this cross were as foflows
purple plants with nommal leaves, 197,
purple plants with narrow leaves, 201,
green plants with normal leaves, 199,
green plants with narrow leaves, 203 Are
these genes linked? If so, what 1s the per
cent of crossing over?

1033 In Drosophile meclanogavier red
eyes are dependent spon a dommnant gene,
S5 sepia eyes upon its recessive allele, s
Gray body 15 dependent upon a dominant
gene, Z, ebony body upon its recessive
allele, ¢. A homozygous red-eyed gray-
bodied male ss mated to a sepra-eyed ebony-
bodied female. One of the F; females 15

A domunant gene, I, inhibuts calor, result-
mg m white, 1ts recesstve allele, 4, permits
cofor if C1s present Homozygous colored
Dirds are crossed with white birds of the
formula ceff The Fy are crossed to double-
recessives, ccit. From many such erosses
the total results are colored, 138, white,
413 Are these genes hinhed? If so, what 1g
the per cent of crossmg over”

10.17 In vablats short velvetlde fur
{rex) 1s produced by the homuzygous state
of exther or both of the recessive mutattons
n and ry Two vaneties of rex rabbuts were
crossed and the F; were all normal These
were crossed to the double-recessie rex,
and produced the {ollowing offsprng rex
43, normal, 4 Are these tno pars of geaes
ltnhed? If so, what ts the per cent of cruss
ng over®

10.18 Following the discuvery of the
two previously menttoned pairs of gencs
resultmg m rex, 3 third pair was discey ered,
1n which the bomazygous condition of the
recessive allele, i, results in rex coat -
dst hable from that produced by n

mated to a sepra-eyed ebony-bodied male
Their offspring consist of 65 red-eyed gray-
bodied fles, 50 sepia-eyed ebony-bodied
flies, 36 red-eyed ebony-borked flies, and
40 sepra-eyed gray-bodied flies Are these
genes hnked? If so, what 1 the per cent
of crossing over?

10.14 What would have been the result
1f one of the Fy males from the preceding
cross had been mated to a sepia-eyed ebony-
bodied female?

10.18 In Drosophia melgnogaster the
genes for nhute eye and for bifid wing are
hnked, with a crossover percentage of 53
The genes fos whete eye, ecru, tinged, buff,
ivory, eosin, apricot, cherry, blood, coral,
wine, and red eye form & senes of mul-
tiple alleles. Should the genes for ifid
wings and for cosn eye be finked? What
should the crossover percentage be be-
twneen the genes for bifid wing and for
aprcot eye?

10.16 In poultry a gene, (15 necvssary
for color, its allele, ¢, resutting in white

and r; Crosses were made between rabbits
of the following fiamulas  rnRels and
R\Ryyrs The Fy were normal and they
were erossed Lo the denible-recessave ririnry
The reulting offspring were as follows
rex, 45, normat 15 Are these two pairs of
genes hinked? If so, what 1s the per cent ot
crogsing over?

10.19 From the combsned data of Prob-
lems 1o 17 and o 18, what can vou infer
as to the chromasome relationships of the
three rex genes®

30.20 In sneet peas blue fowers are the
result of a domtnant gene, 8, red flowers of
1ts recessie allele, & Long pollen s due to
a dommant gene, R. round pollen 1ty
recessive allefe, ¢ A plant hamozygous for
blue flowers and round potlen was crussed
with one homozygous for red Rowers and
long pollen The F were croswed fo red-
flowesed soundd-pollened plants, The results
were blue long, 23. blue round, 153, red
fong, 155, red round, 2L Are these tno
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pairs of genes Linked? If so, what is the
per cent of crosung over?

10.21 If the reciproeal eross from Prob-
fem 10 20 should be made, that 1s, a plant
homozygous for blue flowers and long
pollen crossed with one homozygous for

REFERENCES

Castie, W E |, Mammalian Geneties, Cam-
bridge. Harvard University Press (1940)

Hawpaxi, ] B § and Swrrn, C AL B.,
Annals of Eugemies 14 10 (1947).

Tuver, F R, Geneties 16 81 (1930),

Imurg, F R and Heaotrsov, M. T.,
Genetics 28.319 {(1943)

LawLcr, S D and SANDLER, M, Annals
of Eugenics 18 328 (1954)

Marsisir. R AL Biro, R. M, Bankey,

140 CHAPTER TEN

red flowers and round pollen, and the
test-croseend to the double-recessive, what
results would be obtaned®

10.22 What are the advantages of the
test ernss over the Fy generatton in linkage
studies?

H K., and Brcg~LR, E |, Jour, Clintcal
Intestigation 33 790 (1934)

Matnrw, K, The Measurement of Linkage
an Heredity, Second edition New York,
John Wiley and Sons (1951)

Rexwick, J H and Lawirg, S. D,
Annals of Human Geneties 19 312 {1955).

Rwpett, W | B, Aunals of Eugentes
13.30 (1946)



CHAPTER ELEVEN

The cytological basis
of crossing over

‘We have learned (Chapter 10) that some pairs of alleles do not
assort at random that, instead, m these cases most ot the gametes

formed by an individual contam one or the
other of the same combinations of alleles that
it received from its parents We have seen that
this phenomenon, linkage, can be explaned by
assuming that the alleles which tend to remain
together are carried on the same chromosome,
and that when recombination between these
alleles and those on the homologous chromo-
some is found, an exchange of parts has taken
place between the two homologous chromo-
somes

The theory of hinkage and crossing over
which we have just outlined was proposed by
Morgan as early as 1911 By this time several
paurs of alleles had been found which all showed
linkage with one another, that s, they all
appeared to be located on the same chromo-
some pair But there were different amounts of
crossing over between any one of these allehe
pairs and each of the others. Morgan suggested
that the genes of the different allelc pairs were
arranged in a linear series along the length of
the chromosome, and that the amount of
crossing over between two pairs of alleles right
be related to the distance between them on
the chromosome — that is, the farther apart

THE CYTOLOGICAL BASIS OF CROSSING OVER

A a
B b

o

Fig 11t A pair of chromo-
somes carrying three pairs of
genes It may be seen that an
exchange of homologous parts
of the chromosomes would
cause a crossover between
pair Ao and par Bb only if
the exchange tooh place m
the relatively short regron be-
tween 4, a and B, ¥ On the
other hand, an exchange any-
where along the chromo-
somes would cause a cross-
over between pair Aa and
parr Ce,
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two paurs of alleles are, the greater would be the amount of crossing
over between them (Fig 11 1)

Sturtevant undertook to test Morgan's dea He made linkage
tests involving several pairs of alleles cach of wiuch exhitated sex
Iinkage and all of which, thercfore, were presumably carnied on the
X-chromosome e found that the amount of crossing over between
any two pairs of thesc alleles was related in a very definite way to
the respective amounts of crossing over between each of these pairs
and a third pair We can best understand the nature of the rclations
he found by considenng a concrete tllustration The data we shall use
relate to autosomal genes, but the prnaples they tlustrate are aden-
tical with those discovered by Sturtevant

In Drosophila there 15 a gene sp (spincless, so called because it
causes marked reduction of bristles) recessive to Sp (normat bristles)
Another gene sr (stnipe), producmg a dark stripe on the thorax, is
recessive to Sr (nonstripe) The gene delta (D) causes a tnangular
thickening at the junction of certan wing vens, 1t 1s domnant to d.
nondelta (You will notice that in two cases we have used two letters
1nstead of one as a gene symbol Ths 15 necessary because there are
more genes than letters In this instance, the first letters alone would
not distnguish *spineless’ from *‘stripe "'}

When test crosses were made mvolving the genes stnpe and
spineless, 1t was found that these genes are hinked, with about 3 5 per
cent crossing over between them When stripe and delta were tested,
they were also found to be linked, with about 5 5 per cent erossing
over The three pairs of alleles must, then, be located on the same parr
of chromosomes Now 1f the genes are in a hine on the chromosome,
1t 15 possible for them to be arranged 1n one of two ways, as follows*

-S7 =l-sp
either 35 or 3.8
sp 55 —|-sr
D 55
-~D

How would we determine which of these relationships 1s correct,
since either one of them fits the crossover percentages found between
stripe and spineless and between stripe and delta? Obviously by
determumng the crossover percentage between spimeless and delta.
If the genes are arranged sr, sp, D, the crossover per cent between
spineless and delta should be 5 5 minus 3 5, or 2 o, whereas if they
are arranged sp, s7, D, the crossover per cent between spineless and
delta should be 5 5 plus 3 5, or ¢ 0, a8 may be seen above. As a matter
of fact, the crossover per cent between spmeless and delta was found
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tobe8 s certainly near enough to g o to ndicate that the gene spine-
less is on one side of the stripe gene and delta on the other

The crossover percentages given above were found, as we have
indicated, in separate experiments, each of which involved yust two
of the pairs of alleles at a time (“two-pont” crosses) Crossover
values, even between the same two pairs of alleles, may fluctuate
somewhat from one expeniment to another, the fluctuations being
partly due to chance and partly to varying conditions of temperature
and other factors which 1n some degree affect the frequency with
which crossing over oceurs The lack of perfect agreement hetween
the observed value of 8 5 per cent crossing over between spineless and
delta and the calculated value of ¢ o was shown to be due to fluctu-
ations of this kind by the use of “'three-pomnt™ crosses A three-pount
linkage test 1s one 1n which individuals heterozygous for each of
three linked pairs of alleles are mated to the triple recessive homo-
zygotes In ths instance, the matings were between females that
were (S5p Sr D){sp sr d) and (sp sr d)(sp sr d) males The results are
given in Table 11.1.

Table 11.1. Resurrs or “Tures-Pornr” Livkace Tests v Dro-
sopriLA  I'ROGENY rROM Maries oF (SpSrD)(spsrd) Fesaies To
(sp sr d) (sp sr d) Mares (Data from Brudges and Morgan, 1928)

CaromosoMe CPtn G
Recervep ENT ENE
Pue~oryes oy NOMBER op” Coupiarions
Morrer Totst

Normal bristles, nonstripe,  (SpSrD) 658 Nancrossovers
911  (parenta] com-

6]

delta

Spineless, stripe, nondelta  (spar d) 606 binations)

Normal bristles, stripe, non-  (Sp s7 d) 25 Crassovers be-
(b)  delta 34  tween Spand

Sptneless, nonsteipe, delta (sp Sr D) 22 8

Normal hristles, nonstape,  (Sp Srd) a1 Crossosers be-
() _ nondelta 55 tueenSrand D

Spineleas, stripe, delta (spor D) 35

Totals 1387 1000 |

1f we look 1n Table 11 1 for the progeny with chromosomes con-
taming recombinations between the Sp,sp, and the Dd alleles, we
see, of course, that they mclude both those in rows marked (b} and
those 1n the (c) rows. The table shows, therefore, 8 g per cent crossing
over between the Sp and D loct, and this is the exact sim of the
crossover per cents betsveen Sp and Sr (3 4) and between Sr and D
(5 5) as found i the same expeniments,

Sumlar relationships have held for all pairs of genes studied
If crosses mvolving two pairs of genes show that they are not hinked,
we know that they arc located 1n different pairs of chromosomes If,
however, they are lnked, we know that they are in the same par of
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chromosomes, and furthermore, we may locate them in the chromo-
some in relation to any other gene. To put 1t 1n genera) terms, 1f, 1n
regard to three linked genes, A, B, and €, A crosses over from B
with a certamn percentage, and B crosses over from € with a certain
percentage, then the crossover percentage between A and € will be
either the sum or the difference of these two percentages Since these
refationships are also those of pomts on a line, we have a strong 1n-
dication that the genes are located 1n a definte linear order along
the ct the crossover bewng mote or less propor-
tional to the distances between their locations,

TFindings hike thase we have just discussed soon firmly established
the theory of the linear order of the genes. In accard with Morgan's
suggestion mentioned above, this theory states that the vanous alfeles
casried on any gven chromosome are arranged 1 a defimste hmear
sequence and that fhe different amonnts of crossing over betweent differ-
ent pairs of alleles is o measure of the relative distances between therr
positions on the chromosome The position occupied by one or the ather
member of a pair of alleles 15 called the locus of that parr (plural,
Toei),

In 1913, from the results of Ins linkage expenments Sturtevant
was able to construct a chromosome 1ap showing the relanve posi-
tions of five different loci on the X-chromosome of Drosophila, to-
gether with the approumate distances of each from the other as
measured by percentages of crossing over This seemed a daring 1dea
to many geneticists at the tume, and they did not all immediately
accept the Morgan-Sturtevant theory or the reality of Sturtevant’s
**map " But m the years following more and more mutants were dis-
covered in Drosophila, thewr linkage relations were exhaustively
studied; and by 5925 it was possible to construct the rather detailed
maps of all four chromosomes shown 1n Figure 11 2

These maps were based on many thousands of linkage tests i
numerous laboratories Checked and doublechecked aganst one
another the results were always mutually consistent. Meanwhile
linkage expenments w1th maize and other organisms were bemg made,
the data from these wese far less extensive than those from the Dro-
sophila studies, but they were likewise always consistent with the
Tinear-order theory Even those who had most vigorously criticized
the theory of the fincar order of the genes as rash or speculative were
by now convinced that there was no other way to esplan the vast
accumulation of interlocking data which supported it.

An essential part of the linear-order theory, of course, is the idea
that genctic crossovers are the result of physical exchanges of parts
between homtologous chromosomes The genetic data from the finkage
studies left no doubt that these exchanges actually occur, even though
it had been entirely impossible to observe them cytologically It was
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not until 1931 that the cytological ration of genetic crossing
over was accomplished, simultaneously by Stern and by McClintock.

The reason it had not been possible to demonstrate by eytological

tion that I logous chr exchange parts when
crossing over oceurs has been hinted at in an earlier chapter (Chap-
ter 4) Ordinarily there 15 no wisible difference between the two
chromosomes of a homologous parr Therefore, even though we can
sce that the two chromosomes are in intimate contact (synapsis)
throughout their lengths with their chromatids closely twisted about
each other prior to the first meiotic division, we cannot be sure
whether they have or have not traded parts before scparating,

In order to be able to see whether or not an exchange takes place,
1t is necessary that the two synapsing chromosomes differ visibly in
two different regions  Then, 1f between these two points an exchange
does oceur, the crossover chromosomes {or chromatids) will be dis-
tinpuishably different from the onginal chromosomes

Stern was able to study crossing over between two chromosomes
that met the requirements we have just noted He discovered a strain
of Drosophila 1in which a portion of the Y-chromosome had broken
off and become attached to the end of one of the X-chromesomes.
This X-chromosome with the piece of the Y attached could be readily
T ized under the mi pe Stern also discovered another strain
of Drosophila in which one of the X.chromosomes was broken in two.
By suttable crossing Stemn was able to produce female fhes in which
one of the X-chromosomes had the fragment of the Y attached, and
the other X-chromosome was broken in two The broken X-chromo-
some carried the dominant gene, B, for bar eye, in which the eye
becomes much narrowed, and the recessive gene, ¢, for carnation eye,
a color change The X-chromosome with the piece of the Y attached
carried the recessive gene, b, for nonbar eye, and the dosmminant gene,
C, for red eye.

‘When such a female was bred to a nonbar caration-eyed male
(having in 1ts X-chromosome the genes b and ¢), the offspring would
be of four types, two of which would be noncrossovers and twa eross-
overs Figure 11 3 will make this clear

The chromosomes of the female offspring were then studied. If
crossing over of genes is accompamed by exchange of parts of chromo-
sames, it should be possible to see the results of the chromosomal
exchange in the crossover offspring The cytological results showed
definitely that crossimg over of genes was nccompanied by chromo-
somal exchange In these female offspring one X-chromosome always

came from the father, and should therefore be normal. The other
came from the mother, and should erther be broken in two or should
have a piece of the Y attached.
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carmanon-eyed red-eyed
nonbar male bar female
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8 carnation-eyed | 87 [camation-eyed
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EE S0 .
{conbar temate | 1 1 nonbar male
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Bjﬁ% red-eyed J[‘ redeyed
{1 bartemate § {1 varmate
Fig 1.3 D of the proof of cross-
ing over between chromosomes of a pawr and the concurrent crossing

over of genes, For explanation see text Based on the work of Stern wuh
Drosophiia

In the noncrossover females this was true In the crossover fe-
males, however, 1t was clear that the X-chromosome from the mother
was the result of a chromosomal crossover In the carnation-eyed
nonbar offspring the {-ct was tly normal,
neither broken nor carrying a pxece of the Y. In thc red-eyed bar
offspnng the maternal X-chromosome was not only broken, but one
of the broken picces camed the piece of the Y~chromosome The
figure sndicates how the crossing over must have occurred Ths, then,
is clear proof that genctic crossing over is accompamed by and de-
pendent upon cytological crossing over, that is, an actual exchange
of matenal between a pair of homologous chromosomes

A similar demmonstration in the same year (1931} by Creighton
and MeChintock, indicated that cytological crassing aver occurs
plants just as it does in animals. Creighton and McClintock were
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able to find a com plant which had a pair of chromesomes in which
the two members could be told apart cytologically One member of
the pair was normal The other had a translocated pece of another
chromosome at onc end and a peculiar knob at the ather end. The
normal chromosome carried a gene, ¢, far colorless endosperm and a
gene, 1, for starchy endosperm (The method of locating genes in
chromosomes will be discussed i the next chapter ) The chromosome.
with the knob and the translocated prece carned the alleles, C, for
colored endosperm, and w, for waxy endosperm Croghton and
McChintock crossed this plant wath one i which the homologous
chromasomes were normal and carmid the recessive genes, ¢ and w.
The offspning, therefore, could be clussificd genctseally into four
classes, two of which were erossovers and two noncrossovers. Fig-
ure sy 4 will help to make this clear

earentsw b < 1]

colorless colored
waxy starchy
s @) DD DO
e e
RORCTOSSOVETS erossovers

OFFSPRING 8 @

,] 1 eotorless

adwl  stareny

€ o« colored

Mg =
ey coloross

w)w waxy

C-I ci o o

w- W starchy
Fig 114 Diagrammatic iliustration of the cytological proof of crossing

over in the chromosomes and the parallel crossing over of genes, For

explanation see text. Based on the work of Cresghton and McClintock
with corn

e
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The crossover plants clearly had one chromosome of this par-
ticular pair which was the result of an exchange of parts As may be
seen from Figure 11.4 the noncrossovers (colorless starchy and colored
waxy) had received from the plant with the pecuhar chromosome
either a normal chromosome or one with the knob and the trans-
located piece. The crossovers, however, when examined under the
microscope, showed eytological evidence of the crossing over The
colorless waxy plants showed a ch with the 3! <
piece but no knob, while the colored starchy plants showed a chromo-
some with the knob but no translucnted piece Thus, whenever genetic
crossing over occurred, a corresp h of homologous parts
ook place between the members of the pair of chromosomes

‘There 15 no doubt, then, that hinkage and crossing over have a
definite cytological basis This provides more parallels between the
behawvior of chromosomes and the behavior of genes to add to our st
Let us state these parallels precisely We learned m an early chapter
that genes assort at random We know now that only certan genes
assort at random Others do not, but are linked mstead The paraliels
ate thus as follows Certain genes do not assort at random, but oceur
in parred groups (linkage groups) which tend to be transmitted as
units The chromatin material 15 also gathered wnto paired groups
(chromosomes) which tend fo be transnutied as wmits The genes of a
linkage group do not stay completely together as a rule, but during
maturation homologous parts of the pared groups of genes are ex-
changed with a definite frequency (genetic crossing over) The patred
ch also excl homol parts of thesr lengths during the
maturation of the germ cells {cytological crossing over).

Considerable experimental work has been done on the time, place,
and mode of the exchange of parts by chromasomes Some mention
of this was made 1n Chapter 4, and a prehiminary diagram was shown
in Fagure 4 7 We may now consider cytologreai crossiag aver in mare
Qetail,

We should remember {(Chapter 4) that dunng the prophase of the
first meiotic division in the formation of the germ cells, the two mem-
bers of cach pair of chromosomes undergo synapsts, a close side-by-
side union  Each chromosome lhen ‘becomes duplicated, so that for a
time there are four threadlik ids in close {ation, This
association of four chromatids is called a tetrad Later in the pro-
phase of the first meotic division the two centromeres (spindle-fiber
attacliment. regions) to each of which two chromatids are attached,
are seen to move apart But the attached chromatids do notyas might
be expected, separate umformly along their entire lengths Instead,
at one or more pomnts along the tetrad two of the four chromatids
appeat to hie across each other (Fig 11 5, G), forming what is known
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Frg tn5 D e {1l of the of the germ eclls in the male, To save
space only the nucier are shown Two pairs of chromosomes are indicated, those from the father
(the paternal chromosomes) being solrd, while those from the mother (the maternal chromo-

somes) are shown in outhne A, primary sp B, the of the
threads, each a C, the begi of synapsis D, synapsis completed.
E, the sphitting of each thread to form four Is in each par af ok (the tetrad).

F, the exchange of parts by two of the four chromatids in each tetrad, G, the partial openrg
out of the tetrads, showing one chrasma in the smaller parir and two in the larger. H, the shgn-
mg of the chromosome parrs across the spadle I, separation of the chromatid purs-
1. K, the secondary spermatocytes L, M, N, the division of the secondary spermatocytes.
showing the random distribution of crossover and noncrossover chromosames. O, the sperma-
tids, wath the haplod number of chromosomes, some of which are qualitatively changed due to
crossing over. The tetrad (E) is drawn as though the four chromatids were all {n one plane,
0 that an end view would Jook Tike this . . . . Actually the four chromatids are so associated
that an end view of the tetrad would look like this :
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Fig. 116 Diagram of a tetrad with one chiasma Top row shows how crossing
over and segregation are concesved to occur on the one-plane theory, the chisma
heing the result of a previous crossing over Bottom row illustrates the same thing
interpreted on the two-plane theory, the crossing over beng the result of the
chiasma The final result 1s the same on either interpretation,

as a chiasma (plural, chiasmata) from 1ts resemblance to the Greck
letter X. There is one or more of these chiasmata 1 each dividing
tetrad, but their number and positions vary from cell to cell

As early as 1909 Janssens suggested that a chiasma represented
an exchange of parts between homologous chromosomes But he then
thought that the exchange at each chiasma was frequently between
whole chromosomes, that is, that both chromatids of each homologous
chromosoree traded parts with both chromatids of the other, at the
same point, this view we now know was erroneous There can be little
doubt that chi: do h but the exchange at aay
one point is between single chromatids, one of paternal and one of
maternal origin, as shown m Figute 176 Nevertheless, there has
been extended controversy regarding the time relation between the

of the chi: and the ‘hange of parts by homols

chromatids

The difference between the two most persistent viewpoints re-
garding the significance of chiasmata can be seen by examimng the
two dingrams on the left in Figure 11 6 One interpretation, some-
times called the **two plane’ theory, is presented in the Jower of the
two diagrams According to this view, a chiasma results from the fact
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that as the centrameres move apart the two pairs of chromatids start
to separate along one plane, the synaptie plane, for part of their
lengths, while clsewhere the scparation 1s along another plane, ie,
the plane between the two sister chromatids of each chromosome.
In consequence of this, sister chromatids (that s, those belonging to
the same chromosome) would be assoctated on one side of the chinsma,
and nonsister chiramatsds would be assoctated on the other
Although we have oot shown 1t w the diagram, the chromatids
that cross at the chasma are m fact twisted about each other Ad-
vocates of the two-plane theory contended that a strmn at this point
would be brought about as the two centromeres moved farther apart
duning anaphase; this, they thought, could cause breakage of the
chromatids at the pomt of contact, followed with an exchange of parts
(crassing aver) by which the stramn s ould be rehieved Thus, according
to this theory, chiasmata cause crosstig over
A {ing to the plane theory 1 by J: in his
later wniting and vigorously championed by Darbngton in subsequent
years), the exchange of parts hetween nonsister chromatids has al-
ready occurred defore the chiasmata appear, and chiassmata result
from the tendeney of all segments of sister chromatids 1o remam to-
gether dunng the first merotic diviston Thus, as we see from the
upper diagram of Figure 11,6, the chromatids would separnte in a
single plane (eorresponding to the plane of synapsis) along their
entire lengths According to this wview, then, eluasmata are the cons
sequence, nol the canuse, of crossing over
The bulk of evidence accumulated since these two theories of
chiasma formation were proposed has supported the one-plane theory.
Much of the evidence 1s too complet for us to discuss here, but one
kind of observation on which the argument rests is bath simple and
convinamng We have already mentioned the oecasional oceurrence of
chromosome pairs in which the two members are distinguishably
different  Sometimes the difference
is one of length, such as may result
v from a part of one chromosome
having been broken off and lost dur-
ing a prior ccll division. When there
is a difference in Jength between two
B synapsing chromosomes, the "two

Fig 117 Diagram showing the expected appearance
of a chiasma formed between a par of chromosomes of
unequal lengths: (A} if exchange of chromatid segments
has previously cccurred {one-plane theory) and (BY i
exchange has not yet taken place (two-plane theary),
Configurations kike that in (A) are the only ones that
bave actually been observed,
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theories would lead us to predict
quite different appearances for
chasmata formed hetween them
Pigure 117 shows what the one-
plane (A) and the two-plane (B)
theories would each lead us to



expect. Actually, the chiasmata that are seen to result from the syn-
apsis of chromosomes of unequal length are always like A; that s,
they never present the appearance which we shauld find 1f the two-
plane theory were correct

Our interpretation of chiasmata formation, then, would lead us
to Jocate the finte of crossung oter as bemg prior to the opening out of
the chromatids of the tetrad That 15, crossing over takes place some
time dunng the close synapsis of the chromosomes, and perhaps, as
Belling suggested years ago, at the very ime the two original chromo-
somes are becoming duplicated Thus, crossing over may be more
intimately related to the chemical (and, especually, the self-duph-
cating) properties of ch than to h 1 stresses -
volved 1n their movements (see Haldane) We shall, in fact, see en-
dence 1n the next chapter that mechameal models of crossing over,
though often helpful m giving a general 1dea of the process, are
madequate to explam some aspects of 1t

‘The student has perhaps noticed that the immediate genctic
consequences of the fitst mewotic division are the same, on either
theory of chiasma formation In each cate (see diagrams on the night
of Figure 11 6) two of the four chromatids have exchanged parts at
the site of the chiasma and two have not Foliowing the second
mewotie'division, each of the gametes, 1 the case of the male (in the
female, the egg and cach of the three polar bodies} will recetve one of
the four chromatids Thus, half of the sperms denved from a primary
spermatocyte in which a single chiasma has occurred 1 a given
tetrad will recerve a crossover chromatid, and haif will receive a non~
crossover chromatid, Sirmilarly, on the average, for the eggs denved
{rom primary obeytes in each of which a given tetrad extibits one
chiagma: half will receive a crossover, and hall a noncrossover,
chromatid. We shall see in the next chapter what the consequences of
more than one chiasma m a tetrad ave.

The student should take careful note that, as a consequence of
crossing over both of the two meotic dwisions are required to effect
segregation in all allelic pairs. A division which separates paternal
parts of chromosomes from maternal parts (separating black from
unshaded, 1n the diagram) 1s commonly called reductional. A division
separating parts of sister chromatids from each other (black from
black and unshaded from unshaded) is cafled fonal

1t is extremely important to recogmize that, as a result of crossing
over, neither of the mesotic dissions 15 wholly reductional sor wholly
eguational Each is reductional for some parts of the tetrad (thercfore
for some pairs of alleles), equational for others Thus, our diagram
shows a first meiotic division which is reductional for the nght end
of the chromosomes, to which the spindle fibers are attached, and
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cquational for the other end The second division will of necessity
be equational for the end with the centromere, reductional for the
other end In most orgamsms in which genetie study has made it
possibie to analyze the two divisions from this point of view, the first
metotic division 15 regularly reductional at and mmmedrately adjacent
10 the centromere, this, of course, 1s consistent with eytological findings
1n those cases in which the centromere can be scen to remain un-
divided through the first division of meiosis,

PROBLEMS

11.1 Why 15 it essential to be able to
differentiate one end of a ¢} from

creased by the fact that homologous chro-

the other as well as to be able to differen-
tiate the two members of the pair, mn order
to prove that gencic crossmg over is
accompatied by an exchange of chromo.
some matenal?

11.2 Would you expect to find chiasmata
1n the sper of Di ? Give

may cxchange h parts?

11.4 What effect do you think crossing

over has had upon the rate of evolutionary
progress®

11.6 In what ways has the proof of ¢3-

tologreal crossing over helped to strengthen

the hypothesis that genes are carried on the

h

reasons for your answer.

11.8 In Problem 4 6 it was found that
human bemgs could produce 16,777,216
dilferent kinds of gametes on the basis of
the random assortment of chromosomes
Would this number be increased or de-
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CHAPTER TWELVE

The mapping of chromosomes

The subject of chromosome mapping was introduced in the last
chapter, with a brief account of linkage experiments mvolving the loct
of the genes spineless, stripe, and delta 1n Drosophila The expen-
ments provided evidence that these three genes are located on the
same chromosome and established the order of the loc1 as Sp, Sr, D
The data also showed that the per cent of crossing over between the
two loci which are farthest apart, Spand D, 1s the sum of the crossing-
over percentages between Sp and Sr and between Sr and D

The simple additive relation of crossover values just illustrated
is a special case of a more general relation, and 1t 15 exactly true only
for loci which have relatively hittle crossing over between them Sup-
pose, however, there are three loe, R, S, and T, linked 1n the order
shown and that there is a moderate or large amount (say to per cent
or more) of crossing over between R and S, and between S and T
The crossover percentage hetween R and T in such a case 15 usually
not equal to the sum of these percentages, but is less than the sum
Let us look at a specific illustration of this kind of situation and then
seek an explanation for 1t.

In Drosophila the Sp, sp (spineless) locus to which we have jyust
referred is also hinked to the locus of the gene se (sep1a eyes), recessive
to Se (red eyes). Linkage tests show about 22 per cent crossing over
between Se and Sp. Another pair of genes, Ro, ro, affect the texture
of the eyes, ro (rough) bemng recessive to Ro (normal texture) Ro
and Sp are linked, with about 31 per cent crossing over.

Ro and Se¢ are, of course, also linked Cross-
ing over between these loci is about 40 per cent Se
It secms evident that the order of the loci 15, as }”
shown below, Se, Sp, Ro; but 40 per cent falls far  40{ |-S5p
short of bemng the sum of 22 per cent and 31 per }31
cent.
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We shall be able to sce the reason for this discrepancy from the
additive rule of crossover values if again we examine the results from
a three-pomnt cross mvolving the same genes A three-point hnkage
test, you will recall, is one in which individuals heterozygous for each
of three linked pairs of alleles are mated to the tnple-recessive homo-
zygotes. One kind of mating made in this instance was between
females that were (Se Sp Ro)(se sp ro} and (se sp ro){se sp ro) males.
The results are given in Table 12.1

Table 12.1. Resvrrs or “Trere-Porvt” Livkace Tests 1v Dro-
sopnita. PRogENY rFrout Matines oF (Se Sp Ro)(re spro) FeuarEs 1O
(se ap ro)se 8p 7o) Mavres. (ata from Hdges and Morgan, 1929)

CrrostosoME é‘}:n G
Recenen ENT VENE
Poevorees FROM Nowszn "™ Cowmrvations
Moruer Tora
Red eyes, normal brstles, (SeSpRo) 838 Noncrossovers
(a) _ not rough 0 (parental com-
Sepua, spineless, rough (sexpr0) 370 Lunations)

Red eyes, spmeless, rough (e ap ro) 1

114 Single crossovers,
(b) Sepia, normal bristles, not (se SpRo) 96
rough

157 betmeen Se and
~ _ Splocionly
Red eyes, normal bristles,  (SeSpro) 156 Single erossavers,
ough 236 betneen Spand
- Roloci only

l Doulile crossovers

()  rough
Sepia, spineless, not rough  {scapRo) 173

Red eyes, spineless, not ~ (SeapRo) 46 (recombinstions
ouoh 67 betneen both

- Se, Sp and 5p,
0 loci)

() _rougl
Sepia, normal bristles, rough (s Sp ro) 43

Totals 1336 1000

Now let us carefully examine Table 12.1 and ask ourselves what
crossover values we would have gotten from these matings 1f we had
been follounng only fwo of the three loct ivolved in the cross: the Se
and Sp loci, for example To do this, we simply look at the column
showmg the composition of the chromosome received from the mother
and pretend the Roro genes are not there Which chromosomes
would we interpret as crossovers between Se,se and Sp,sp? Obviously,
those in rows (b) and (d). Adding the frequencies of these together,
we obtain 15.7 + 6 7 = 22 4 as the percentage of recombination be-
tween Se and Sp; that is, of course, just about the value we would get
m a two-point cross that involved only these two loei Similarly
(ignoring this time the Se,se genes) the recombinations between Sp,sp
and Ro,ro are those in row (¢) and, again, in row (d); adding these,
we get 24 6 + 6 7 = 31.3 as the of crossovers bet the
Sp and Ro loct. Finally, the sum of rows (b) and (c) gives us the
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number of recombinations between Sp and Ro, the two loci that are
farthest apart, this is 157 + 24 6 = 40 3 per cent, once more prac-
tically the same value as we obtain 1n a two-point test

How and why does this value of 40 3 per cent crossing over be-
tween Se and Ro differ from the sum (53 7) of the crossover per-
centages between Se and Sp and between Sp and Ro? If we compare
Table f2.1 with Table 11 1 of the preceding chapter, where the addi-
tive rule does hold, we see at once the crucial difference between the
two sets of results When, as in Table 11.1, the data are from a test
involving three closely linked loct, there are no double crossovers, when
more distant loci are involved, double crossovers occur Evidently
these are responsible for the discrepancy from the additive rule The
nature of the discrepancy can perhaps best be seen if we summarnze
the paragraph just preceding this one in tabular form. We then have
the following*

Per cent crossovers between Se and Sp
157 (row b) +- 6 7 (row d) = 22 4
Per cent crossovers between Sp and Ro:
24 6 (row ¢) 4 6.7 (row d) = 31 3
Sum of "‘crossover distances,” Se—Spand Sp—Ro. 537
Per cent crossovers between Se and Ro*
157 (row b) + 24 6 (fow ¢) = 403

From the above we see that the double crossovers of row (d) have
not contnbuted at all to the 40 3 per cent crossovers between the Se
and Ro loci. But they have counted as crossovers between Se and Sp
and again as crossovers between Sp and Ro Consequently the total
of 53.7 per cent obtained by adding the Se — Sp and Sp — Ro cross-
overs exceeds the observed crossing-over percentage (40 3) by twice
the percentage of double crossing over, This leads immedately to the
rule which relates crossover percentages of any three hnked genes,
E, F, G, arranged in that order The percentage of crossovers between
E and G is equal to the sum of the E -— F and F — G crossover per-
centages mums twice the percentage of double crossovers.

It 15 of some 1nterest to notice the frequency of double crossovers
(6 7%) in Table 12 1 and to compare it with what we would expect if
crossing over between Se and Sp on the one hand, and between Se
and Ro on the other, are smutually independent events (see page 81).
A crossover between Se and Sp is found in o.zz4 (22 4%5) of the
gametes, and a crossovér between Sp and Ro in o 313 of the gnmctes
We would therefore expegt that about (o 224) X (0 313) or 7 0% of
the gametes would contain doub!e crossovers, if thevoccurrence of a
crossover 1n one region ts independent of the occurrence of one in the
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other region The actual figure, 6 7%, which was observed in this
case 1s close enough to be possibly only a chance deviation.

But it is by no means true that we always get about the per-
centage of double crossovers expected on the basis of chance. Usually,
in fact, when we make linkage tests involving three linked 1oc, 4, B,C,
the amount of double crossing over is less, and often much less, than
we expect on the assumption that crossing over between Aand Cand
between B and C are independent events

Consider, for example, the hinkage relations between the Roro
(rough) alleles in Drosophila and tw o other pairs of alleles on the same
chromasome pair, ¢ {ebony body), recessive to E (gray body), and
ca (claret eyes), recessive to Ca (red eyes) Table 12.2 shows the results
of test crosses of (E Ro ca){e ro Ca) females mated to (e ro ca){e ro ca)
males (Notice that in these crosses the three dommant alleles are not
all in one of the female’s chromosomes and the three recessives in the
other, What difference does this make 1n the results?)

Table 122. Resvuts or “Tnres-Porvr” Livkace Tests ™ Dro-
oopnita. Progexy Fros Marmes of (E Roca)(ero Ca) FEmares 10
(e ro ca){e o ca) MaLES. (Data from Bridges and Morgan, 1923}

C}l{wnn&nu 1 Pen
P ECENED o Cear Gese
HENOTYPR FROM Newoer of  CoMBINATIONS
Momnen Torsn
‘Gray, ot rough, claret (CRoca)  395) oo
&) Ebony, rough, red eyes {e 7o Ca) 310} 702 Noncrossovers
Gray, rough, red eyes (EroCa) 119 Sngle crossovers,
@ Gr o e et fony h{ 191 between Eand
Ro only
Gray, not rough, red eyes  (E Ro € 5 Single crossovers,
© Ehony, rougheclaset (et m)n) Bt 106 betven Rosnd
Ca only
Gray, rough, claret E
@) G o e teves oo 1} o2 Dowlecrosorers
Totals 1090 1001 ]

‘The percentage of crossovers between E and Ro shown in
Table 12 2 35 19 1 + 0 2 or 19 3, between Ro and Ca, 1t is 10 6 +- 0.2
or 1o 8. If the occurrence of crossovers in regions E — Ro and Ro —
Ca, respectively, are independent of each other, we should expect
about (0 193) X (0.108) or 2 1% double crossovers, Actually, only
o 2%, of the gametes contain double crossovers, a little less than one
tenth of those expected on a chance basis,

Evidently, then, crossovers in these two regions do nat occur
independently. Since the frequency of double crossovers s less than
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that predicted on the assumption of independence, 1t 1s clear that 1n
any one tetrad the occurrence of a crossover 1n one of these regions in
some way reduces the probability of a crossover m the other

The phenomenon which we have just llustrated is called inter-
ference. We customanily express its effects, however, tn terms of
coincidence. That ts, we compare the number (or percentage) of
double crossovers actually observed in linkage tests with the number
that would be expected 1f crossovers n the two regions we are study-
ing occurred independently of each other Concidence 15 stmply the
ratio of the observed number of double crossovers to the expected
number

In the data we have just examined (Table 12 2) there are two
double crossovers, the expected number, on the assumption of inde-
pendence, is (o 193) X (o 108) X 1090, OF ©0208 X r0go, Which 15
22 7 Comeidence of double crossing over 1s therefore 2/22 7 = 0 088,
or about ¢ per cent That is, only ¢ per cent of the expected double
crossovers actually occurred In the data of Table 12 1, on the other
hand, we find 8¢ double crossovers, the expected number 1s o o7
X 1336 or 93.5, so that coincidence here 1s 89/g3 5 =095 This
figure means that there is very hittle interference between crossovers
1n the two regions to which these data relate, perhaps, n fact, there
15 none, since the 89 doubles observed may represent merely a chance
deviation from the expected 93 5 When interference 1s complete, coin-
cidence is zero, when there 1s no interference, comaidence is unity, it
may, of course, have any intermedate value under other conditions.

Let us now examine the cytological basis of double crossing over,
and see what light it may shed on the problem of interference If a
single crossover, as discussed in the last chapter, 1s caused by an
exchange of parts between homologous chromatids in a tetrad, one
would reasonably suppose that double crossovers would result from
two exchanges in a tetrad, and this 1s mm part true, but not com-
pletely so How double exchanges are related to crossing over may be
explained with the aid of Figure 12 1.

It was suggested in the last chapter on the basis of cytological
observations that a chiasma involves only two of the four chromatids
of a tetrad; and it has been sccurely established by genetic studies
in a varicty of organisms that only two of the four chromatids ex-
change parts at any one point, or level, of the tetrad.

A double exchange, however, (that is, two exchanges at different
levels in the same tetrad) may be of several kinds (Figure 12 1). A

1 (t trand) double exchange is one 1n which the same two
chromatids are involved at both levels where exchange occurs. A
diagonal (three strand) double exchange is one m which each of two
sister chromatids exchanges with the same chromatid of the homolo-
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gous chromosome; this can happen in twice as many ways as the
reciprocal type A complementary (four-strand) double exchange -
volves two different chromatids at each level The diagrams mn
Figure 12.1 show clearly the genetic consequences of each of the four
types, and 1 the legend below the figure the tabulated results are
given.

Let us assume that the four types of double exchange occur with
equal frequency. This would mean that the chromatids involved 1 an
exchange at one level have no effect on what chromatids are involved
at another. Then, on the average, two out of four, or one half, of all
chromatids from tetrads with double exchanges between A and C
would be single-crossover chromatids, showing recombnation be-
tween alleles at A and C. One quarter would be noncrossovers, and
another one quarter would be double-crossovers with the onginal
parental combinations restored On this assumption of equal likel-
hood of the four types, then, double exchanges could result in o per
cent recombination at most, that 1s, if there were one between the A
and C loci in every tetrad

On the same of the ind ! of exch at
different levels with respect to the chromatids nvolved, 1t 1s easy to
show that there could never be more than 5o per cent recombination
between remote loci, no matter how many exchanges take place be-
tween them in each tetrad We have just seen, for two exchanges per
tetrad, that the frequencies of chromatids with o, 1, and 2 crossovers
are, respectively, 4, 4, £ You may recognize these as the successive
terms of the expansion of (§ + 1)* Sumilar reasoring shows that for
any number, n, of exct per tetrad, the fi of d:
witho, 1, 2,3, .ncrossoversare given by the terms of the binomial
expansion (} +3)" But only chromatids with odd numbers of cross-
overs will exhibst recombination between the termimnal loc: The fre-

of ¢t ds with odd bered crossovers are, of course,
the alternate (second, fourth, etc.) terms of (§ + 4)®, and the student
can easily verify that the sum of these 1s always one half Thus, we
reach a quite general conclusion, if our assumption of the inde-
pendence of exchanges is correct, that recombimation between genes
at different loci in the same chromosome can never exceed fifty per
cent, no matter how far apart the loci may be

Suppose, however, the assumption of independence is not correct.

ivably, the of an ge between a given pair of
chromatids in the region B — C of our dragram might render it less
Likely for this pair again to exchange in region A — B than for the
other pair to do so Under these circumstances, reciprocal double
exchanges would be less frequent than complementary doubles This
would be one way in which we might account for the phenomenon of
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interference But the assumption involved 15 an unsatisfactory one,
as we shall see

We must recall that on our eatler assumption, the chromatids
involved 1n an exchange in region B-C in no way influence which
parr will exchange in region A-B; that is, all types of double ex-
changes are equatty likely Now consuder two pairs of genes, such as
A,a and C.¢ 1 the diagram, far enough apart so that there is a double
exchange between them 1 every tetrad On the assumption of inde-
pendence of exchanges, we should expect the different types to oceur
with equal frequency as shown below, with the result (as we have
already learned) that 5o per cent of the chromatids would exinbit
recombination between A and C.

. SivoLe Douspte
TYPE OF EXCHANGE Naxcrossovey CROSSOVER  CROSSOVER
CHROMATIDS
CHROMATIDS  CHROMATIDS
1 Reciprocal 50 o 30
11 Diagonal 25 50 25
111 Diagonal 25 50 23
1V Complementary _o 100 o
Total 100 200 100

Recombinations A — C: 200/400 = 5055

1f, however, we assume that reciprocal double exchanges are less
Tnkely to occur than complementary doubles, we might expect some-
thing like this:

¥ 5

TYPE OF EXCHANGE Noxcrossaver CRsol:s?)l\'}:zR cg)c;::;

CHROMATIDS

CHROMATIDS ~ CHROMATIDS
I Reciprocal 40 ° 40
II Diagonal 25 50 25
II1 Diagonal 25 50 25
1V Complementary o 120 o
Total  go 220 50

Recombinations A — C: 220/400 = 555

Thus, the hypothess that reciprocal exchanges are less frequent
than the complementary type would lead us to expect that crossing
over between remote locl might well exceed 50 per cent In fact, how-
ever, crossing oves significantly in excess of 5o per cent, if it occurs at
all, 1s extremely rare.

For Drosophla and corn at least, 1n both of which there are
chromosomes with an average of more than two exchanges per
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tetrad (sce below) we can be fairly certan that reciprocal and com-
plementary double exchanges cecur with about equal frequency We
must conclude, therefore, that the genetic phenomenon of intevierence
results, not from a differential reduction in frequency of & partieular
kind of double exchange (the reciprocal type), but more probably
from a lessened likelthood of second exchanges of all types taking
place s tetrads in which one exchange has already ocenrred

Now 1t 1s not difficnlt to mmagme in purely mechanscal terms
{supposing a certain amount of chromatid ngdsty) how the secur-
rence of an exchange between two chromatids tightly twisted together
could m some way relieve a stram which othernase mught result 1n an
exchange between the same fwo chromatids at another pomt An
imagmary model such a this mmght thus explam a reduction, below
chance expeetancy, 1n the frequency of recsprocal double exchanges
1t 18 2 little harder to see on thus bawms, hawever, how an evchange
between two given chromatids could also lessen the hkelthood of an
exchange between the otfrer fwo chromatids The purely mechamenl
madel meets further difficulty when we attempt to explan ter-
chromosomal effects on erossing over (see Schultz and Redfield}

It has been found, for example, that when a certam type of
structural abnormahty (smversion, see Chapter 21} s present in ane
chromosome of a pair, whsle the other member of the pair1s of normal
structure, crossing over between the Yo chromosomes of this paw 1§
suppressed, probably because normal synapsis eannot occur But, as
Steinberg and Fraser, among others, have shown, the suppression of
crossing over m one pawr of chromosomes m this manner results, m
many cases, m abnormally high frequencies of crossing over hetween
various loci 11 offier chromosome paws It 1s such facts as these (for
which there is at prosent no clear explanation) that led us to suggest
in the last chapter that the causes of crossing over and refated
phenomena are likely to lie rather in the chemseal than in the mechan-
1eal properties of the chromosomes

Although the frequency of genetic crossing over between alleles
at any two Joci, however far apart, does not esceed o per cent, a
chromosome map may have a total length of 100 or even 200 unmis of
eTossover percentage This 1 because map length s determmned by
measunng smail distarices 4t a timie, w hiere recambinatton percentage
182 drect measure of exchange frequency But 1t should be understood
that the total map distance 1s a measure of the average number of
crossovers found aleng the whole ¢t If we can &
eytologically the average number of chiasmata for any ehromosome,
swe should be able to predict the maximum total map length for that
chromosome For any one chiasma one half, or 5o per cent, of the four
ch ds have For two chi there would be four
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crossovers in the four chromatids (Fig 12 1) In a tetrad with three
chiasmata there would be a total of six crossovers m the four chro-
matids. Rated on the basis of 100 chromatids this would gve 1 50
crossovers in 100 chromatids The total map length, then, for a
chromosome with a chiasma frequency of three would be 130 cross-
over umts Each chiasma, then, corresponds to so crossover umits,
and the total map length will be so times the average number of
chiasmata Neverthelcss, as we have seen, therc will not be more than
50 per cent recombination even for genes at opposite ends of a chromo-
some For example, in the map in Figure 11 2 the distance between
roughoid and minute on the third chromosome is 101 The observed
recombination percentage between them, however, 15 only 45 8

By studymg the crossover percentages, then, genes may be lo-
cated in their relative ions along ck By d
each per cent of crossing over as a umt of distance, we may make maps
of chromosomes of any spectes tn which we know a sufficient number
of genes A senes of gene parrs which are linked with each other 1s
of course considered to be on the same pair of chromosomes, and
such a series of gene pairs 1s known as a linkage group. The members
of a hnkage group not only show hnkage with each other, but show
random assortment with regard to the genes of any other linkage
group Moreover, the number of linkage groups should be equal to
the number of pairs of chromosomes

This has been found to be the case in those species in which we
know sufficient characters to make adequate maps In Drosophila
melanogaster, the species which we have been discussing, for example,
four pairs of chromosomes oceur and four linkage groups are known
One of these linkage groups contains sex-linked genes, and belongs
0 the sex chromosomes Another is very small, containing only five
genes, and 1s associated with the small pair of chromosomes The
other two linkage groups are large and are carried on the two pairs
of long chromosomes Figure 11 2 shows a map of the chromosomes
of Drosophila melanogaster

In other species of Drosophila the number of linkage groups also
corresponds to the number of pairs of chromosomes Thus, in Dro-
sophila obscura Lancefield has shown that there are five hinkage
groups, and cytological studies show five pairs of chromosomes In
Drosophila willistons Metz has found only three linkage groups, and
correspondngly only three pairs of chromosomes In corn Emerson
and his students found ten pairs of chromosomes and ten linkage
groups. In garden peas there are seven pairs of chromosomes and
seven linkage groups Chromosome maps of corn, tomatoes, and mice
are shown in Figures 12.2, 12 3 and 12 4.

In some instances there are not enough genes known or studied
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: 12.4 A chromosome map of the mouse asof 1954 Linkage groups have been determined

~for 15 of the 20 pairs of chromosomes The nurnbers along the chromosomes represent cross-
over percentages between genes The characters corresponding to the gene symbols are
shown below. From Margaret Dickte sn the Journal of the National Cancer Institute

Chromosoma | (1215)
histocompatibifity-1
[25)

albino senes
full color (C)
chinchilla (c)
extreme dilution (¢
ntense chinchilla
albmo (c)

oligodactyly (of)

punk-eye series
normal-eye (P)

)

pink-eye (p)
Japanese ruby (#7)
taupe (1)

hook (HE)
Chromosome Il (1927)
dilution series

dilution (d)
dilute ethal (¢")

short ear (}!z)

Chromoseme V (1935)

Qucky (d ragged (Ra)
« a9 h b
H-3)
sebald 5) rewhor 1)

airless series
full coat (F2r)
haieless (hr)
bare
rhino (Ar}
pirouette (pf)
patch (Ph)
dominant spotting series
domnant spotting {IV)
viable domunant spot.

normal (w)
Tuxate (/r}
reeler (r))
Chromosome 1Y (1930)
rodless retina (r)
silver (s1
pygmy (Pg}
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agoutt series
ellow (%)
fight-bellied agouti
.

dark-bellied agouti (4)
black and tan (a¥}
nonagouti (a)
brachvpody (59)
undulated (un)
welthaarigket (wwe)
xmlxlzg (m%)
pallid {pa
fidget
hydrocephalus-1 (hy-1}
short Danforth (Sdg
Chremosome VI {1939)
naked (N)

caracul (Ca}
belted (2)

xx
1933




to make complete chromosome maps, so that the number of keown
linkage groups may be less than the number of parrs of chromosomes
In tice, for example, there ate 12 paus of chromosomes, but as of
1956 only eight iinkage groups have been determined, Putuse research
will undoubtedly fill in these gaps. It 1s unportant to note that in no
case hag the number of linkage groups been found to be greater than
the number of paws of chromesomus

Recent work on chromnsome aberrations makes it possible to
state just which pair of chromusomes tarmes each linkage group
‘This has been done by ntihzing the occasional discovery of an 1adi-
vidual i which there appears an ertra chromosome of one parr Such
individuals are “tnsomue,'” and of course some of thesr gametes watl
contain one chromosome of this set, others two Hence the genes
carried on this particular set of chromosomes should produce ab-
normal ratios in future generations By companson of the genes which
give abnormal ratios with the chromosorues which show corresponding
variation in nurtbers, the hnhage group may be assigned to the proper
pair of chromasarmes. The whole question of chramosomat aberrattons
‘will be discussed in more detail 1n Chapters zo and 21

Although the propartion of crossing over between any two pairs
of genes 18wt general vagious d mzy mih it
In Drosophsta, Bridges has shown that crossmg over tends to become
less frequent as the individual grows older Plough has shown that
heat or told (27°C, 10°C) will merease crossing over Radsation
may also affect the proportton. Certan genes are known which have
an effect upon crossiag over, either in part of a chromosome or 1n the
whole chromosome The abnormal arrangement of part of a chromo-
some may prevent crassing over 1n that part Under given conditions,
honever, the proportion of crossg over between any two pawrs of
genes 18 remarkably constant.

Chramareey Vit (1929) luscd {Fu} Chrameseme Xilf {1952}
Tex (Re) slocompahb‘hty 3 )wp tail {Lp)
shaker-2 {sh-2) -2, ete) eaden (in)
‘tmbk}' (T‘l) Chrnnoum' X {194%) gv’um(}gp)
22
vﬂtsg\'a tanl {51} waltzing {v) patydactyly (py)
sittery (10

Chramorsme Vi {1932) Chremorome XI {3948} Chro) ome XIV (1953}

intail (P} " the! ennkled {or)

rown seties e TR ST Rexed ) ocestal

F"‘L(g;) domnagt whie () OgEIRy drocephalus
ach B) microphitamia {m)

( waved-¥ {tag-7) Chramasame XX {1953}
:;::;ﬂ; a~7 portaxiat hememelia () sex linked fethal )
vatiftans () Chremosoms Xit {1948 Jarcdat NS
Chramosome 1X (1942) fuby lo) hemdled mrg
brachyury T jecker 4o} mottled (Ao
anury serres (., =) umpy (28
enky (K1) tortoise shell {7%)
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One final point should be emphasized When two pairs of genes
are linked, we know them to be located in the same pair of chromo-
somes Either allele of one pair may be located 1n the same chromo-
some with either allele of the other pair, however. For example, in
peach trees Bailey and French state that soft melting flesh is domi-
nant to tough Iting flesh, and f; type of fruit is dominant
to clingstone; these two pairs of genes are linked, with 8 per cent
crossing over Designating the two pairs of genesas Tand t, Cand ¢,
respeetively, a chromosome of the pair carrying these genes could
carry cither Tand C, Tand ¢, fand C, or fand ¢,

If T and C nere in one chromosome they would be separmated in
only 8 per cent of the gametes However, when crossing over did
occur in such 2 way that T and ¢ were placed in the same chromo-
some, these two genes would remain just as closely linked as T and €
formerly were- that is, they would be separated in only 8 per cent
of the gametes

Crossing over changes the relationships of two pairs of genes only
when both pairs are heterozygous A tree homozygous for the genes
for melting flesh and frecstone would be of the genotype (TCY(TC).
Crossing over occurs in the maturation of the germ cells of such o
tree, but it has no effect, since even after crossing over T and € would
still be on the same chromosome in cach member of the pair

Likewisc a tree homozygous for melting flesh but heterozygous
for freestone, of the formula (TC)( Te), will have crossing over taking
place 1n the maturation of 1ts germ cells, but again the relationships
of these genes will not be altered T and € will still be together, as
will T and ¢, even after crossing over

A double heterozygote, however, will have its gene relations af-
fected by crossing over A tree of the formula (TC)ic) will produce
noncrossover gametes of two kinds (7C) and (fc), but will also pro-
duce crossover g of two new binations (7¢) and (¢C). Thus
it is seen that only in double heterozygotes is crossing over followed
by a change in the relationships of the genes concerned,

A double heterozygote may be one of two sorts, however. Both
dominant genes may be on one chromosome of the pair, both re-
cesstves on the other. We speak of this as the coupling phase. Again,
one dommmant gene and one recessive gene may be on one chromosome
of the pair, the other dominant and the other recessive on the other
chromosome. This condition we speak of as the repulsion phase. Thus
a tree of the formula (TC)(tc) would be in the couphng phase, one
of the formula (Te)(tC) would be in the repulsion phase. Yet the
same genes are present in both The distinction is very important,
however, in linkage studies, and becomes of particular importance in
studies of human linkage.
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We have learned in this chapter that corresponding to each
chromosome there 13 & group of linked genes which ocotr 1n a defimte
bnear order m the chromosome, and that maps of the chromosomes
showing the location of the genes may be constructed From this there
etnerge new paraflels between the behavior of genes and the behavior
of chromasomes, which we may add to those we have already drawn
The parallels are as follows

At the time when genctic crossing over takes place, the genes are
arranged in inear order At the tsme when cytological crossing over tokes
place, the chromatin matersal vs o1 an atennated lenear arrangement

‘The number of pairs of chromosomes is, 1 general, definite and
constant for any given spectes The nuntber of hinkage gronps w those
species which have thus far been studied 15 equal fo, or at least never

exceeds, the wumber of pairs of chromosomes sn the spectes.

PROBLEMS

1n the next five problems, uee the following
facts, In a small wasp, [1abmbmm7t.
Whiti d tus
that the following theee pairs of genes are
haked: Vil (normsl wngs, vemnless
vangs); Floko (dark body, honey body
eolor); L2 (normal antennas, lovg an-
tennae}. The crossover value between 17
and o is 8 per cent, between ¥ and L,
t7 per cent, and hetween [fo and L, 10
per cend.

12,1 In what order do these genes ocour
on the chromosome?

12,2 The genes C,c Glatk eyes, canta-
lomp eyes) are hinked with L.t showiog 15
per eent crossng over. Where would you
place € on the map? What further data
would you need 1 order to place it ac-
cuzately?

12.3 The crossover per tent between €
and 1 is found to be 28. With this mformia-
tion, where would you place € on the map?

12.4 The suts of the crossover per cents
between ¥4 and L and between L and ©
15 32, Vet the crossover per cent actually
found between 17 and € is only 28. How
do you account for this?

12 B Approsumately what crossover per
cent would you expect to find between
ang fo?

12.6 In poultry the fotfowng four pars
of genes are fmked F.f {fnzzded feathers,
plamn feathers}, Ik {crested, noncrested);
1,3 (white, colored), O.g (nonfrayed feath-
ers, frayed feathers) The crossover value
between H and I 1s 18 percent, between G
and H 1s 30 per cent. between { and F1g
18 per cent, between G and 7 36 per
cent, and betveen JF and F s 27 pes cent
In what order do these genes ocour on the
chromosome?

127 Another pair of genes 1 poultry
consists of R frose comb) and sts recessive
allele 7 {simgle comb} A homozygous non-
frayed hen (sce Problem 12 6} with single
cotmb was mated to a frayed, homozygous
rose-comb rooster. The £ were crossed to
fraged, stngle-comb fowls The results nere
a3 follows

nonfrayed, rese comb

nonfrayed mingle comb 56
frayed, rose comb 51
frayed, single comb 55

Are the genes Gg and Ryr haked?
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One final point should be emphasized When two pairs of genes
are linked, we know them to be located 1 the same pair of chromo-
somes Either allele of one patr may be located in the same chromo-
some with either allele of the other pair, however. For example, in
peach trees Bailey and French state that soft melting flesh is domi-
nant to tough nonmelting flesh, and freestone type of fruit is dominant
to clingstone, these two pairs of genes are linked, with 8 per cent
crossing over Designating the two pams of genes as T and 2, C and ¢,
respectively, a chromosome of the pair carrying these genes could
carry etither Tand €, Tand ¢, tand C, or tand ¢

If T and C were 10 one chromosome they would be separated in
only 8 per cent of the gametes However, when crossing over did
occur in such a way that 7 and ¢ were placed in the same chromo-
some, these two genes would remain just as closcly linked as T and €
formerly were that 1s, they would be separated in only 8 per cent
of the gametes

Crossing over changes the relationships of tiwo pairs of genes only
when both pairs are heterozygous A tree homozygous for the genes
for melting flesh and freestone would be of the genotype (TCHTO).
Crossing over occurs m the maturation of the germ cells of such a
tree, but it has no effect, since even after crossing over 7" and € would
stll be on the same chromosome in each member of the pair.

Likewsse a tree homozygous for melting flesh but heterozygous
for frecstone, of the formula (TC)(Te), will have crossing over taking
place 1n the maturation of its germ cells, but again the relationships
of these genes will not be altered T and C will still be together, as
will T and ¢, even after crossing over

A double heterozygote, however, will have its gene relations af-
fected by erossing over A tree of the formula (TCYte) will produce
noncrossover gametes of two kinds (TC) and (tc), but will also pro-
duFe Crossover gametes of two new combinations (T¢) and ((C). Thus
1t is seen that only in double heterozygotes is crossing over followed
by a change in the relationships of the genes concerned.

'A double heterozygote may be one of two sorts, however. Both
dominant, genes may be on one chromosome of the pair, both re-
cessives on the other. We speak of this as the coupling phase. Again,
ane dominant gene and one recessive gene may be on one chromosome
:}f]::; sjol;;eﬂ:;shothcr d?x.ninant and the other recessive on the other

1s condition we speak of as the repulsion phase, Thus
a tree of the formuta (TC){kc) would be in the coupling phasc, one
of the formula (T6)(1C) would be in the repulsion phase Yet the
Same genes are present in both The distinction is very important,

however, 1n inkage studies, and b i
ever, 3 ecomes of i tance 10
studies of human linkage o particalar impor
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We have learned in this chapter that corresponding to each
chromososme there is & group of hinked genes which octur in 2 definste
linear order in the chromosome, and that maps of the chromosomes
showing the location of the genes may be constructed From thus there
emersge new paraliels between the behavior of genes and the behavior
of chromosomes, which we may add to those we have already drawn.
The parallels are as follows

At the time when genetic crossing over takes place, the genes are
arranged 1n hinear order A the time when cytological crossng over fakes
place, the chromatin seatevial 1s 1 @ attenuated Iinpor asvongoment

The number of pairs of chromosomes s, 1 general, definite and
constant for any given species The number of hnkage groups wn those
specves which have thus far been studied s equal to, or at least never

exceeds, the number of parrs of chromasomes in the specres.

PROBLEMS

In the next five problems, use the foblawing
facts* In a small wasp, Habrodracon,
Whitingand bis collaborators have showm
that the following three pairs of genes are
hnked Vsl (normal wings, vemless
wings); Ho,he (dark body, honey body
eofor); L (pormal antennae, fong an-
tennae). The crossoves value between 17
and ¥o is § per cent, between 17 and L,
17 per cent; and between Mo and L, 10
per cent

12.1 In what order do these genes vecur
on the chromosome>

12.2 The genes C (black eyes, canta-
loup eyes) are linked with L showing 15
per cent crossing aver, Where would you
place C on the map” What further data
wiuld you need in order to place 1t ac-
curately?

12.3 The crossover per cent between €
and 171 found 1o be 28. With thissnforma-
tion, where would you place Con the map?

12 & The sum of the crossover per cents
between 17 and L and between L and €
15 32, Vet the crossover per cent actually
found between 17 and Cts only 28 How
do you account for this?

12 § Approumately what crossover per
tent would you expect to find between €
and Ho?

12.6 In pouliry the followng four pairs
of genes are linked F.f (fnzzled feathers,
plun feathers}, £,k (crested, noncrested),
1. {white, colored}, G.g {nonfrayed feath-
ers, frayed feathers) The crassover value
between £7and J1s 58 percent, between G
and M 15 30 per cent; between [ and F s
18 per cent, between G and 115 36 per
cent, and between 7 and F 15 27 per cent
In what erder do these geacs oceur on the
chromosome?”

12.7 Another parr of genes i poultry
consists of R {rose comb) and sts recessise
atlele r {smgle comb) A homozy gous fion-
frayed hen {sec Problem 12 6} with single
comb was mated to a frayed, homozygous
rose-comb rooster. The A were erossed to
frayed, single-comb fowls The results were
as folfows

anonfrayed, rose comb 8
vonfrayed single comb 36
{rayed, rose comb 5t
frayed, single comb 35

Are the genes G.g and Rr linked?
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12.8 Referng to Problems y2.6 and
12.7, would you expect to find the allcles
R, bnked eath Ff o you made the
appropriate  himhage tests? Wuh L7
With 732 Add R,r to the chromasome map
of the fout

12.9 Mendel worked with ¢ pars of
contrasting genes i peas The pea has 7
pars of chromusomes, Why did Mendel
not disoover the prineple of hnkage?

12.10 If Mendel had stadied one more
patr of genes in relation to the 7 pars he
i@ investigate, what would necessardy
have happencd?

12,11 More than 200 pars of genes are
known i the garden & n. bt therr

Metz on the crossovers between the linked
genes yellow, \ esteulated, magenta, forked,
rugose, glazed, and hairy in Drawophids
wrnidis, On the basis of these dats, map
these penes as accurately as possible,

Toraw

hnkage re} hips are not yot ik 3

worked out The snapdragon has R pars
of chromesomes Into how many hinkage
groups will these 200 paws of genes be
espected 1a fali?

1212 The rabint has 22 patrs of chromo-
somes Scventeen pairs of genes are known
from the standpoint of thewr hinkage rela-
tions Thirteen of these parrs fall mto five
small groups The remanmg four pairs do
not belong to these inkage groups and are
not hnked with each other Tow many
more pars of genes can be discovered 1
the rabbit which will be ndependent of
those already mentioned and dependent
of each other?

12.13 In the vetches (epununeus plants)
the vanous genes which have been studied
fal] nto seven hnkage groups How many
chramosomes would you expect to find
in veiches?

12.14 Why have we made so little prog-
res3 10 mapping the chromosomes of man
and other mammals compared to the ex-
tensive results w Drosophile and many
plants?

12.15 In what ways have the mapping
of chromosomes and the discovery of ink-
age groups helped to strengthen the hy-
potfsests that genes are carred on the chro-
mosomes?

V42,16 Below are given some data frem
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GEXES Puats CromSOVERS
yeflow-vessulated 766 524
yellow-magenta Sty 218
yeltow-fosked (5] 295
yellowharry 162 €5
vesseulated-magenta 263 83
vesiculated-forhed Ay 313
vesiculated-glazed 570 229
magentaforked 262 13
magent; 301 106
hasry-forked 162 5
forked-rugose 2% 8y
forked-glazed 451 13

12.17 The chromnsome map of Drosoph-
i1 melayogaster (Digure £3.2) shaws that
these genes areall en the thind chromosome:®
» {pink eyes, recessne 1o P, red eyes), v
(curied wrng, recessne to Cx, normal wingl,
and 37 {stripe, secessive to Sr, nonstnpe)
It shows alse that the map distance be-
tween 2 and £4 15 2 units and the distance
between ¢n and ¢ i3 12 umts Diagram the
crosses pecessary to verily this mapping
and indicate the espected percentage of
earh phenotypie class in the progeny of
your o5t matings.

1218 Siyrtevant {1971) reported the
followsng data from crosses made with
Drosophula smudans. The genes snvolved
were Yi3? (gray body, yellow body), {m,
om (red eycs, carmineeyes) and F, # {normal
bestles, forked Dostles), Like the gor-
responding recessive mutants i D. melano-
gaster, these genes are sexhinked Yellow,
carmune, nonforked fetales were crossid
with gray, redeeyed, forked males. The Tt
females were mated o yefow, carming,
forked males The test-cross progeny
showed the following gene combinations
in the numbers indicated:



o em Fop23
YiCmf 7y
3t Cmf am
Yiem F 383
Hem i 13
HClmF
¥ CmF 34
Viem f 32
TotaL 2555

Map the loct of the genes nvolved sm this
test

12,19 In com, a test cross of (ABC)
{abe} X (abe){abe) produced the following

ABC
ave |42

Abe
eBC ] s
ABe
ac |3
4¥C
a8 } 7
Incheats the relative positions of 4, B, and
€ on the chromosome.

12.20 A corn plant which n the seedling
stage was glossy leafed, eirescent (poor im
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CEIAPTER TENRTEEN

Multiple alleles

We have been using the term *“alleles™ to apply to the members
of a pair of contrasting genes We have become familiar with this
usage of the term, and we have learned that the two alleles of a
pair segregate at the reduction division, with the result that each
gamete contains only onc allele of each pair On the basis of the
chromosome hypothesis, we assume that a gene always occupies a

particular spot or locus 1n a chre so that the ct
could contain one or the other of a pair of alleles, but normally not
both

In speaking of alleles we have up to this point considered them
as occurring in pars. We now come to a discussion of the fact that
a set of alleles may contain more than two members Cascs are known
where scts of alleles contam three, four, and even twenty or more
members We call such sets multiple alleles. No matter how many
members a set of alleles may contain, only two of them may normally
oceur in a somatic cell, and only one in a gamete.

One of the most interesting characters known in human beings
1s inhenited on the basis of multiple alleles. We shall discuss it later
1 thus chapter.

We have learned in preceding chapters how to r ize the fact
that two genes are alleles Let us now see how we would recognize
the presence of a third allele

1f we cross a homozygous colored rabbit with an albino, we obtain
an Fi generation 1n which all the mdividuals are colored. The Fa
generation from this crass consists of both colored and albino rabbits
1n the ratio of three toone  We know from this that coloris dependent
upon 2 dominant gene, albinism upen a recessive gene, and the two
genes are alleles

In addition to complete (or full) color, however, we know a condi-
tion in rabbuts in which only the extremities are colored, the rest of
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the fur being white. This condition is known as the H imatayan Hima-
layan sabbuts have pigmented ears, nose, tips of feet, and tip of tail
The Himalayan condition 15 a partsal color, obviously dfferent from
the full color of a completely gray or black rabbut, for example.

Now 1f we cross a full-colored rabbit wath a Himalayan, we obtain
an Fy, all of which are full-colored, The F; generation consists of full-
colored rabbtts and Himalayan rabbits 1n the ratio of three to one
Obviously full calor 1s dependent upon a dominant gene and Hima-
layan upon its recessive allele

What, then, would be expected to happen 1f we should cross a
Himalayan rabbit with an albino? If the Himalayan and the albino
mutations represent changes 1 different genes, we should expect two
pairs of genes to be involved in the cross In thns case we should
obtain a two-pair ratto in the Fy, just as we found to be the case in
Chapter 5 when an albino rat was crossed with a black one When
the cross is made between a Himalayan rabbit and an albino, how-
ever, & surprising resutt 1s obtaned

In such a cross the F; are all Htmafayan, not fullcolored as
would be expected if two parrs of genes were concerned The F; does
net give a two-par ratio, but consists only of Himalayans and atbmos
in the ratio of 3:1 We must conclude, therefore, that the genes for
Himalayan and for albuusm are alleles Bt of the full color and the
albwno gewes are allelic, and ihe full color and the Himalayan factors are
allelic, and finally the genes for Himalayan and for albismism are ollelic,
1t 15 credent that all three genes must belong 1o the same set of allcles

If this 15 the case and a gene always occupies 2 particular locus
on a chromosome, 1t 1s evident that any individual rabbit could carry
only two of these three genes at a time, and any gamete could carry
only one Ths is found to be the case by breeding experiments If
we designate C as the gene for full color and ¢ as the gene for atbinism,
we may designate the third allele in the series as ¢ The supersenpt 4
stands for Himalayan It is customary in designating multiple alleles
to give the one which 18 dommant to all others a capital Jetter, the
one which is recessive to all others the corresponding smuall letter,
and the alleles which ate in between the small letter with an appro-
priate superseript Thus, in this case, color is dommnant to both Hima-
layan and albusm We desi, it €. Himal is
recesstve to color, but dominant to albmxsm We designate it then as
o Albimsm, being recessive to both the others, receives the designa-
tson ¢ Of course, 1n some instances dominance may be lacking between
twa metnbers of a set of multiple alleles, just as we have found to be
the case between the two members of a pair,

Rabhats could then be of the following formulas in regard 1o this
particular set of genes.

MULTIPLE ALLELES

-
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Tig 131 Coat colors i rabbits
due to multiple alleles From top
to bottom- full color, chinchilla,
Himalayan, and albino



ccy)
€ | result in full cofor
Ce

e .
e } result in Himalayan
e teaults in albimsm

Still another allele has been found 1n this senes There are rabbts
known as chinchillas, sn which all traces of yellow are lacking m the
fur, giving it a ch w© silvery gray (Fig 131)
When homozygous chinchillas are crossed mxh full-colored rabbs
or with Himalayans or with albinos, the F, always show a one-parr
ratio, indicating that the gene for chinchilla 1s allele to the other
three. It is recessive to fall color, but domnant to the other two, so
that we designate 1t as ¢* Taking all of these alleles 1nto consulera~
tion, a rabbit could carry any two of therm, and a gamete could con-
tain but one of them, so that rabbits could be of the following formulas
1 regard to these genes’

cc
g:j result 1 tull eolor
Ce

e

cheh | result 1 chinchaila
ehe
G
[

cc tesults m atbsm

} result 1n Himalayan

We may consider for a moment how this state of affairs came
about The onginal wild rabbits from which the tame rabbits have
been domesticated were gray and must have carmed the genes CC
Somewhere, at some time, by mutation, a process of which we know
very little, the chemmeal composition of ane of the C genes 1 a de-
veloping germ cell became changed 1 such a way as to be unable to
function 1n the production of coler Let us call the changed gene ¢

The gamete containng ¢ v place of € would probably unite with
one containing the usual €, smce mutations are relatively rare The
resulting individual would be of the formulz Ce and would show no
sign that its genotype was any different from other rabats It would,
however, produce germ cells of two kinds, half of them contamnng C
and balf ¢, Eventually m a later generation two gametes each con-
tawung ¢ might unite, thus producing an mdividual of the formula ¢c,
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Fig 132 Plumage color in duchs dependent upon multiple alieles Males at left, females
at night. Top, restricted mallard, center, mallard, bottom, dusky mallard, Dominance 15
from top to bottom, From Jaap in Gemetres
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which would be albmo The phenotypic
appearance of a mutation thus oeccurs
much later than the mutation tself 1f the
5 a ) 1 one,

as m ths case A dominant mutation
would show up in the first generation Even
a recessive mutation, if 1t were sex-linked,
could show up in the first generation 1
one sex

In addition to the mutation from C to
¢, 1t has happened at some tme or times
the past that in a rabbit of the formula CC
the chemieal composition of one of the C
genes in a developing germ cell became
changed by mutation, this time resulting
in a gene which partally restnicis the
development of color, formmg 1t only mn
the ¢ where the S
lower than 1 the rest of the body Let us
designate this changed gene as ¢ Eventu-
ally, as we have just seen in the case of the
gene for albmism, a rabbit could receive the
gene ¢* from each parent, and a Himalayan
wmdividual, c¢?, would result Obwiously,
when Himalayans and albinos were finally
crossed, the genes ¢* and ¢ would have to
behave as alleles

In this way numerous sertes of multi-
ple alleles have been formed 1 vanous
animals and plants and in man Not
always do the various atleles exiubit domi-
nance Somectimes blending occurs between
them

In our discussion of sex-lutked inherit-
ance we considered the genes for red eyes
and white eyes in Drosophila This set of
alleles has many members, mcluding not
only sed and white, but wine, coral, blood,
eosn, cherry, apncot. bufl, tinged, and

Mg 133 Dwblngs of the three plumage
tvpes shown n Figure 132 Top, restru ted
mallard center mallard bottom, dusky
matlard From Jaap 1t Genetics

wory In snapdragons one set of nine alleles for flower color ranges
from red through paler shades to wory with sed stnpes In ducks
Janp has worked out an iateresting set of three alleles affecting
plumage color (Figs 13 2 and 13 3), each of which produces a vana-

tion of the mallard pattern.
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In man the blood groups are mnherited on the basis of multiple
alleles. Since they are among the most interesting of human char-
acters, we shall discuss them in some detail

Whenever a formgn protein is injected into the blood stream of
an animal, the cells of the animal produce a characteristic substance
which will react with the foreign protemn. This substance produced by
the cells is known as an antibody, and becomes particularly abundant
1 the blood stream. The foreign protein which causes the production
of the antibody 1s called an antigen. Whenever an antigen and its
antibody are brought together in solution, a typical reaction occurs.
Tius antigen-antibody reaction may be of vanous sorts.

If the antigen is a porson, or toxia, the antibody which is formed
may neutralize the toxin and is called an antitozin, the reaction being
the toxin-antitoxin reaction If the antigen is in solution the antibody
may be a precipitin, which will cause the antigen to scttle out of the
solution by precipitation. If the antigen is in the form of cells the
antibody may be a lysin, which will disintegrate the cells Such a
reaction 1s lysis, well-known examples being hemolysis, the disinte-
gration of blood cells, and bacteriolysis, the breaking down of bac-
teria Finally, if the antigen 1s1n the form of cells, the antibody formed
may react with 1t in such a way as to cause the clumping, or agglu-
tination, of the cclls. The antibody in this case is an agglutinin, the
antigen being called an agglutinogen.

Antibodies produced by a foreign protein getting into the system
are immune antibodies, In addition to this, certain antibodies occur
naturally n the bedy and do not have to be produced by injection
or otherwise Such antibodics are normal antibodies.

The characters we are about to discuss mnvolve the agglutination
reaction

In 1900 Dr Karl Landsteiner, working in a medical laboratory
1 Vienna, discovered that when the red blood cells of one person
were mixed with the blood serum of another person agglutination
sometimes occurred The reaction did not happen tn every combina-
tion of serum and cells, but only when the red cells of certain people
were mixed with the serum of certain other people. Obviously, normal
antibodies must occur 1n some bloods, and normal antigens must
occur in the red cells of some people.

Further investi of this ph disclosed the fact that
there were two such antigens 1n human red cells and two correspond-
ing antibodies in the serums The two antigens were, for convenience.
named A and B. Landsteiner and others who took up the investiga-
tions found that a person might have one of these antigens in his
cells or he might have the other or both or neither There are thus
four kinds of persons in the world i regard to the two antigens, and
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these four possibilities are known as the blood groups. A person hav-
ing antigen A in his cells 1s saxd to belong to group A; a person having
antigen B belongs to group Bj a person having both antigens 1S 1n
group AB; and a person having nesther belongs to group O.

The groups were onigmally designated by numbers (L II, 111,
and IV) mstead of letters, but unfortunately Moss in America and
Jansky in Europe independently numbered them, and groups I and
IV were reversed in the two bystems The resulting confusion led
to the adoption of the letter system, which is now universally used

Whatever antigen a person has in hus cells, the corresponding
antibody is lackmng in the serum This obviously must be so, since
1f & person of group A had the antibody against A m s serum, he
would agglutinate his own cells, and die When an antigen 1s not
present in the cells, the corresponding antibody ss present Thus a
person of group A has antigen A but no anttbody aganst A, he has
no antigen B but does have the antibody agamst B The antigens m
the cells and the antibodies m the serums of all four groups are shown
in Table 13 1. ‘

Table 13.1. TE AxricENs AND ANTIBODIES OF TRE A-B Broop Groues

Anriosvs 1 AvTiBoDIEs 1v
Broop Grour Tomvs o

3] — apti-A, anti-B

A A anh-]

B B anti-d
AB A B —

The first practical importance of the blood groups was in connec-
tion with blood transfusions It may readily be seen that 1f a person
loses blood 1 an accident and needs to have blood given hum, 1t
would not do to have the introdiced blood cells clump up 1nto bunches
as fast as they were given For one thing, they could not go through
the fine capillaries which connect the artertes and veins A test 1s
made before every transfusion, therefore, to make sure that the blood
given wall not have its cells agglutinated by the serum of the patient

The application of the bléod groups to transfuston has, of course,
nothing to do with genetics, .but genetic applications do exist The
fact that people differ in regdrd to their blood groups makes it pos-
sible to study the inheritance of these antigens in the cells. Thou-
sands of famihes in all parts of the world have been examined, with
the result that the mheritance of the blood groups is now welf under-
stood .
The varous combinations of blood groups which ean occur in
parents and the various kinds of children which these parents can
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produce are shown in Table 13.2 These results are explainable on the
basis of multiple alleles. The standard notation for the genes con-
cerned 15 as follows. [4 represents the gene for antigen A, IP repre-
sents the gene for the production of antigen B, and 1 represents the
gene which results in neither antigen. J4 and I® arc cach dominant
10 1, but nesther is dominant to the other When they are both present
in an individnal, both antigens are produced. (The letter *1' was
chosen because it is the first letter of the word 1soagglutinogen) The
genotypes of various persons and the consequent blood groups of
these persons are shown in Table 13.3.

Table 13.2, Tue Ixneritanct oF ™E Buwon Grours, Basen oy e
Srupy ofF Tuousaxps or FamtLies

Broop Grotrs Bioop Gnorss
Bioon GROUES Wi May Ocern Winen Do Nor
ur Parevts 1% CriLorex Overr 1< Cruomes
oo 0 \, B Al
oxh a.A Bl AR
Wi oA B, 58
193 oR Al
BXR o1 A Ap
[$%%1) O, A, B, AD -
oA . 0,AB
AXAD A BAR
nXaB A B AD o
ABXAB A BB 9

Tahle 13.3. Tue A-B Broon Grours

Rricriovs wrrn ANTIsERCM
A-B Grove GeroTyre
AnTt-A AvnB

L] [

A IATA 1A

B I3, Iy
AB JApe

ap
it

From the above facts and from Tables 13 z and 13.3 it w1l be
seen that antigen A never appears in a chld's blood unless it was
present in the blood of at least one of the parents. Likewise antigen B
never appears in a chifd’s bfood unfess 1t was present i the blood of
the father or mother or both From these facts are denved practical
applications m the field of legal medtane,

1t is possible, for example, to determine parenthood of babies who
may have been inadvertently exchanged 1n a hospatal. In one case two
mothers went home from the hospital at the same time, each with a
new baby When mother number one bathed her baby, she found the
name of mother number two on a tag on the baby’s body Mother
number two refused to exchange babies and a court case resulted.
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After various attempts to scttle the case had failed, the blood groups
were studied and the problem was solved at once The parents of
family number one were both of group O, and the baby they took
home with them was group A In famly number two, the father was
group O, the mother was group AB, and the baby they took home
with them was group O Companson with Table 13 2 will show that
neither family could have produced the child they took home, while
each could have produced the other It was clear that the babies had
madvertently been given to the wrong mothers, and the court ordered
the babies exchanged

It may of course happen in such cases that both babies are of
the same group or that both families are of the correct blood group
combrmation to produce erther child In such snstances the blood tests
would prove nothing They are potentially valuable, however, and
always worth trying in circumstances of this nature

The blood groups are also valuable mn helping to settle cases of
disputed parentage The fact that these antigens nevér appear in
a child’s blood unless they were present in the blood of at least one
parent may be used in legal proceedings, as shown 1n Table 13 4 A
man of the wrong group may be unhestatingly stated not to be the
father of the child concerned

Table 134 MEbico-LEGAL APPLICATIONS OF THE Broop Grours

Buooo Grove  Broop Grope  Dkon Groors 7o
or Cnito of Mogen  Jvaien Fataen
0 o AT
0 A AB
0 B 4B
A 0 0B
A B o.B
B [ 0.4
B A oA
AB A 0,4
AB B 0,8

AB AB 0

The test for the blood groups 1s made by mixing suspensions of
the red cells under the microscope with vanous serums, each of which
is known to have a particular antibody. If any serum produces
agglutination, the cells must contam the anhgen which that particular
antibody agglutinates The d of the groups
under the mncroscope is shown in Figure 13 4 and their appearance to
the unaided eye in Figure 13 5.

Further work on the blood groups indicates that two additional
alleles exist, resulting in subgroups of group A. Furthermore, antigens
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Fig 134 Diagrammatic appearance of the four blood groups under the micro-
scope, Serum of group A on left, serum of group B on right. Shde 1, group AB,
shde 2, group A, slide 3, group B, slide 4, group O From Snyder, Blood Grouping
n Relation fo Chnical and Legal Medicine, by permission of The Williams and
Wilkins Co
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A and B are found in two chemical forms In some persons they are
soluble only in alcohol, but 1 other persons they are also soluble in
water Individuals havmg water-soluble antigens are known as
‘*secretors,’” those not having them as *nonsecretors " The **secret-
g ability 1s inherited on the bass of an autosomal dominant gene

Two new and independent red-cell antigens were discovered 1n
1927 These were named M and N. Unhke antigens A and B, no
natural antibodies against them are found in human serums More-
over, they practically never provoke the formation of antibodies
agamst themselves when one or the other of them gets into the blood
of a person lacking 1t They are therefore of no practical consequence
in transfusions Autiserums (serums contamng antibodies) with
which these antigens will react must be artsficially produced by in-
jecting the antigens into rabbits By the use of anti-M and anti-N
serums produced m this way, 1t has been found that every mdividual
possesses esther antigen M, antigen N, or both M and N, so that
every member of the human species can be classified as belonging to
one of three types, M, N, or MN Genetic studies of large pumbers
of families have shown that matings between two M-type persons
produce only M children, and that two N-type parents have only
N children, when one parent 1s type M and the other N, the children
are nvanably MN, and when both parents are MN, all three types
of children occur, 1 close approximation to a 1:2:1 ratio These and
other observations lead us to conclude that a single pair of alleles,
commonly designated as M and N (sometimes as A and ) are
responsible for the production of M and N antigens respectively, and
that nerther allele 15 dommant to the other Table 13 5 shows the
serologic reactions and genotypes, and Tables 13 6 and 13 7 show
the inheritance and medico-legal applications of the M,N types

Table 13 5. Tue M-N Broor Trres

REACTION witn ANTISEROM
M-N TyeE  GENOTYPE e ——
AvtiM AsTi-N

M MM + -
N 3 - +
MN MN + +

In 1947 and 19571, respectively, new antiserums we d

(ant1-S and anti-s) which have pcnmtted subdtviston ol M, N, and
MN type bloods according to whether their cells agglutinate in
anti-S serum only, in anti-s only, or in both anti-S and anti-s serums,
No human blood has been found which bath serums fail to agglu-
tinate It now appears that there are at least four alleles at the M.\
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‘Table 13.6. Tux: Inurmitance o Tiur Avticess M aoap N

Asniery Tree

s1iveN Tyres
Wuien Mar

Avmiees Tvres
Waten Do Nor

or Puxests LR AN Doctr 1%
Cmeorry Citsuoren
M XAL N, \l\
MXN \l\' AN
NXX M)
MXMN \l \l\ N
NXMN L MN M
MNXMN M \l\' -

Table 13.7. Meoico-Least Arrricatiovs or toe Axtaese M

Avtices Tree
"

Astoen Trre

Axrieex Trre
10 Waren

or Ci or Moruen Faruzr Convor
M M N
M MN A
N N M
N MN M
MN M M
MN N N

Table 13 8. Tne MNSs Brooo Trres

o N

Ruactions wirn ANTisenty
MN Trre  MNb>s Tyre  Gesotree

| BRI AN AanS s
MS T + - + -

M I M | 83 l 4 - ¥ +
Ms i + — - +

NS - + + -

N | % | | = & & 3
Ns Aede -~ + = ¥

MNS RIEALS + + + -

MN MNSs | asye dens| 4 ¥ T +
MNs + + - +

locus, rather than two There is not yet an established notation for
these allcles, but \\e sh'\ll call them here 318, M, N3, and N* The
nine 3 ble phenotypes which they yield m
vanous combmatxons are shown in Table 138, together with the
antiserum reactions by which we can identify them.

Tt is perhaps worth noting that because the § antiserum was
found some years before the discovery of antiserum s, M® was
originally descnibed as *‘dominant” to M+ (and N# to N¢), for there
was no way of distinguishing serologically between {3315 and AfSAL*
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genotypes, or between NSNS and NSN* Since the s antiserum has
been discovered, however, there 1s no reason for ascribing dominance
to any of the alleles

In additron to the antigens of the A-B and M-N-S systems,
numerous other antigens, inherited independently of these, are now
known The ones which have aroused greatest interest, largely be-
cause of thetwr medical importance, are those belonging to the Rh-Hr
series

The Rh antigens, like those of the M-N-S series, differ from the
A and B antigens 1 that normal antibodies against them are not
found 1 human serums They also differ from the M-N-S antigens,
however, because the introduction of an Rh antigen nto blood which
does not already possess 1t does induce antibody production They
thus become of importance in transfusion practice A first transfusion
of blood contaimng an Rh antigen (“Rh-positive” blood) into a
person whose blood lacks the antigen (Rh-negative) 1s harmless, if
the bloods of donor and recipient match on the A-B-0 system But
1t 1s bikely to provoke antsbody formation 1n the recipient, so that in
a transf of blood the same antigen the
transfused cells may become agglutinated, with serious and some-
times fatal results Even more important, from a standpoint of
frequency of occurrence, is the phenomenon of maternal-fetal incom-
patibility. If a pregnant woman 1s Rh-negative and her fetus is
Rh-positive (we shall see presently how this situation can arise) the
escape of relatively small numbers of fetal red blood cells (no more
than are present 1n one or two tenths of a cubic centimeter of blood)
through the placental barrier into the mother’s circulation can cause
antibodies to develop The antibodies readily return through the
placental membranes into the fetal blood stream, causing agglutma-
tton and hemolysis of the red cells of the fetus The result 1s a severe
hemolytic anema called erythroblastosis, which 1s frequently fatal
to the fetus or the newborn infant Physicians have long been famliar
with erythroblastosis, but its cause was a ccmp]ete mystery until

1941, when Levine and his collaborators g evi-
dence that almost every case 1s a consequence of maternal-fetal Rh
ncompatihty

The ongmal Rh antigen was discovered by Landsteiner and
Wiener, who mjected the blood cells of Rhesus monkeys mnto rabbits,
The rabbits produced an anttbody against an antigen of monkey
cells When the antiserum thus prepared was tested against buman
blood, it agglutinated the red cells of about 83 per cent of persons
tested, but failed to react with the cells of the remaining 1§ per cent.
The human antigen identified in this way was called Rh, from the
first two letters of Rhesus Subsequently, human serums with essen-
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tially the same antibody content as the artificially prepared anti-
serums have been recovered from the blood of persons who bave had
repeated transfusions, and from the mothers of erythroblastotic
infants.

Those persons whore red cefls were agglutinated by the original
antisRl serum (now called antiserum Rha) were referred to as Rh-
perttive, and the nonreactors (laching the Rl antigen) as Rhenega-
tive Genetic investigation revealed a situation that scemed to he
very simple the difference between Rh-positive and Rhencgative
depended on a single p'ur 0! genes, with the gene responsible for the
Rh-positive conditi Serologic re: and genotypes
could be indieated, therefare, as follows*

Reaction with
Rh Type Rheantiscrum  Genotype
Positive + RE, Rr
Negative - r

The Rh picture quickly became more complicated, however Two
niew antiserums were discovered, each of which agglutinated the blood
cells of some, but not all, of the persons who were positive to the
original (Rh,) antiscrum. With the usc of these serums, which have
been designated as anti-th’ and anti-rh?, together with the Rh, anti.
serum, it was possible to distinguish eight different Rh phenotypes, as
shown in Table 13 9.

Table 13.9. Rh Bwon Trres Distixauraanir Ustva Ovey Tiree
ANTINERUMS

RNeaction Witk AsTiarne s

i Trer, Greoreer
Avmefth, Aspia Aeerh
Wh, |, b T - -
0N, T 7,
Y + + -
TOIE_ T, Tov,
“H B | i + - +
poutnve”
Rh, + + +
W - s =
e - + =
“Ry u
wegatne” | g, | Lo rTr = + +
£ " - - -
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To explain the hercditary transmission of the Rh types, Wiener
proposed a series of multiple alleles, and the genotypes shown in
Table 13 g are based upon his theory. Eight alleles (Re, RY, R?, R»,
7', 1", 9, and r) are involved If we study this table we can see what
the postulated effect of each of the eight alleles1s R° 1s responsble for
the development of antigenic properties which cause the blood to
react with antiserum Rh, but not with rh’ or rh” antiserums The
presence of the gene R! results m positive reactions to both Rh, and
th’ antiserums (but not to antiserum rh”’), R* results 1n reaction with
all three antiserums, and so on, as shown below.

Presence results 1n development of
Gene antigen agglutinable by antiserum

Re Rh,

R Rh,, rh*

R Rh,, th”
R Rh,, rh',rh*
v rh’

o h"
” th’,rh”
, —_

It is easy to see from the above what phenotypes would be produced
by varous combinations of the genes, and why the phenotype Rh,
for example (cells agglutinated by rh” as well as by Rh, antiserum)
can result from either genotype R?r, Rer” or any of the others hsted
along with them 1n Table 13 9.

At this point, many students may feel that the genetics of the
Rh types is already 1y 1 d Further devel
which have increased 1ts complexity, however, have in another sense
perhaps also simplified it A number of additional antiserums have
been found, and tests with these have shown that each of the pheno-
types listed in Table 13 g can be subdivided into two or more sero-
logically distingushable types The discovery of additional antigenic
reactions 1n the Rh system has of course required the recognition of
more alleles; currently more than 14 alleles are known At the same
time, the newer serums have made it possible to tdentify many of the
genotypes which in Table 13 g are lumped together as serologically
indistinguishable Among the first of the additional antiserums to be
discovered was one which, rather surpnsingly, agglutinated the cells
of all bloods which were not agglutinated by rh’ anttserum; becanse
of its reciprocal relatign to the rh’ antiserum, 1t has been designated
as antr-hr’. Later an antiserum (anti-ht””) was found which exhibited
a similar relationship to anti-th”. An anti-Hr, serum has also been
reported, but it has not yet become available for general use.
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Table 13,10, Ith.He Biooo Trees Distinrrsiaper Usina Six Asri.

AERLAY
- Erachow wirn Axmernon
Blelle Tuer - Graomrre T A Avre Avtr Asore
| Rh, b e TRl B he”
[ (¥ od + - - - + +
SCCTNT I S e SRT-N e S
i Ty T - oo F
1, {1 + + - - + +
‘t g fie % “+ * - + - +
E— BeRe 1 & 4 = 4k *
| e 1TF o Ty =
m. | rne b+ + -+ 4
' b R ' + + + + -
»7 we ke L& I T S
[¥od + + PSR =
[ I + 2 f s
+ + o~ =+
+ o~ 4+ =~
+ + o+~ 4
+ 4+~
+ o+~ =
+ L T }
-~ T = *
—hF* )
F R
I, . S - 4
R
o+ o+ =
+ o+ o+ o+ -
A, 3 + + +
e S

!

‘The mteractions of the eight alicles histed in Table 13 9 are pre-
sented 1 Table 13.10 as they would now be distinguishable by the
use of antiserums Hr,, hr', and hr”* 1n addition to the three formerly
used, namely Rh,, th’, and rh*

The symbols we have used tn Table 13 10 and elsewhere are those
proposed by Wiener, and they have been widely adopted  Another
notation, however, that of Fisher and Race, is also {requently used.
Beeanse a laboratory report of an individual’s blood may be made in
cither the Wiener or the Fisher-Race notation, it 1s desirable that we
be acquainted with both of them; morcover, an understanding of the
relation between the two systems of notation is instryctive from the
standpoint of genctic interpretation,

The FlshcrvRace nomuon derives from a theory regarding the
genetic and 1 1 d in the Rh antigen
system which differs from that of Wiener When the discovery of the
hr' antiserum was reported, Fisher was impressed by the antithetical
nature of the reactions of different bloods with the rh’ and hr’ anti-
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serums, respectively Some bloods give a positive reaction with
anti-rh’, some with anti-hr’, and others with both, but no blood has
been found 1 which the cells are not agglutinated by either serum.
This is obviousty what we would expect 1f reactions to the rh’ and hr’
antiserums were determined by a pair of alleles (say C and ¢}, one of
which 1s responsible for the formation of an antigen agglutinated by
anti-rh’ and the other for the formation of an antigen agglutinated by
anti-ht’ The heterozygote Cc would show agglutmation by both
antiserums,

Ths, 1n fact, is what Fisher suggested was the case, assigning
the symbol C to the gene responsible for the antigen agglutinated by
anti-th’ serum (which in the Fisher-Race notation 1s called anti-C),
and ¢ to 1ts allele responsible for the antxgen agglutinated by ann hr!
(ant1<) Genes D and E are d ble for cc
reactions with anti-Rh, (ant1-D) and anu-rh" (ants-E) respectively.
Fisher considers that genes C, D, and E are situated at three adjacent
loci, and he predicted that alleles of D and E, namely d and ¢, would
be found, just as ¢ had already been reported as an allele of C

The subsequently discovered hr” antiserum 1s the predicted
anti-e, and the reported discovery of antt-Hr, will be, 1f confirmed,
Fishet’s postulated anti-d.

The Fisher-Race theory 1n its original form, therefore, 1s that the
interactions of three pairs of alleles, C,c, D,d, and E,e at immediately
adjacent loet (and hence very closely linked) account for the Rh-Hr
types shown in Table 13 10 Presence of the gene C results in the
development of an antigen, C, which 1s agglutinated by ant1-C serum,
gene ¢ produces antigen ¢, agglutinable by anti-¢ serum, and so on
Discoveries of new antigens in the Rh fanuly have necessitated the
postulation of additional alleles at the C,c tocus (C¥, ¢v, C™), and at
the D,d locus (D) Another locus F,f, m the hinked series has also
been added Tables 13 11 and 13 12 show the relation between the
Wiener and the Fisher-Race systems of notation, and make 1t possible
readily to convert from either system to the other

A basic difference between the two interpretations lies in their
differing pts of 1 to both views,
asingle gene is ble for the prod of a single
but in the Fisher-Race scheme each agglutinogen reacts with but a
single antibody, whereas according to Waener an agglutinogen may
possess several ‘‘blood factors,” each reacting to a different antibody.

The Fisher-Race theory implies, of course, that the alleles present
in any given chr areat least fall ble by crossing
over, but at the time of this writing no instance of crossing over has
been confirmed If crossing over does not occur at ail, it should be
evident that as far as genetic predictions are concerned, the two
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Table 13.11. Cowranison oF ANTIERUMS I8 yHE Tun Sremine or
Norarson s or 1036

Anvierne sa

AASTANZTS Fraurg-Race
anti-ith, anh-§)
anfi-rh’

0
anti-th (ly prithetical)
anu-Hr.
anthe’
antihe”
anti he ant-f

Table 13.12. Cowransox of GEnE Snmod ax e Two Starrue
oF NoraTion as oy 1956

Grsye Syapoa
Wigsen Franew-Raer

I eDef

R CDeF
nw CH ek
R Dok
i clIEF
i COEF
ne et
nt CDveF
nt ehupr
R CIVEF
) CdeF
e CHaeF
[ edEF

I CIEF

M edef

theories lead to identical results; indeed, each sct of linked genes in
the Fisher-Race scheme (cedf, cDef, CDeF, ete ) behaves preeisely
as an allcle in the Wiener scheme

Since predictions of the progeny which are possible from matings
between various Rh-Hr types can be made with assurance, data on
Rh-Hr types can contribute valuable information in medico-legal
cases. In a number of instances, it has been possible to decide cases of
disputed paternity or of exchanged children by the use of Rh-Hr data
when the results of A~B-0 and M-N-8 typing were inconclusive An
illustrative example, based on a report of Cotterman, is given below.

Mrs. W, suspected that a child, X, which was given to her when
she left the matermity hospital was not the one she had given birth to
Determinations of A-B-0 and M-N groups provided no evidence to
confirm her suspicion Both Mrs W, and the child were group O

192 CHAPTER THIRTEEN



Mrs W. was N, her husband M, the child NIN Tests for Rh-Hr type
were then made, using anti-Rh,, antirh’, anti-rh” and anti-hr’
serums, the only ones available Mrs W's blood gave a positive reac-
tion with all of the test.sera, while the child’s was posttive only to
anti-ht’ Thus the child’s genotype was clearly rr Byt as we may see
by referring to Table 13 10, the mother might have any of nine
genotypes (those in the Rh, block of the Table which have a + 1n
the anti-hy’ column) One of the possibilities is Rz, and if this was
her genotype, the rr child could of course be hers In an effort to
decide on this possibihity, an earlier child of Mrs W's, known cer-
tainly to be her own, was tested This child’s blood proved posttive
to anti-Rh, and anti-rh’, but negative to ants-rh” and anti-hr’ The
tests thus established that this child was erther R'R! or RY', and
this determimation reduced the number of genotypes possible for
Mrs. W to three (RUR?, R, R¥r'), ruling out the possiihity that
she was Rv The disputed child, X, whose genotype had been found
to be 7 could not, therefore, be hers

We have already mentioned briefly the relation of Rh type to
erythroblastosis, pornting out that this can occur when an *“Rh-
posttive”” fetus 1s borne by an “Rh-negattve” woman This means
that the fetus must have inhented from 1ts father an Rh-antigen
which 1s lacking in 1ts mother, hence, the father must be “Rh-
positive " Fortunately, although any of the Rh-Hr antigens can
provoke antibody formation (and often wall, if mtroduced by trans-
Juston 1nto a person who does not possess 1t), only the antigens of
cells which are agglutmated by antiserum Rh, are likely to cause
antibody formation mn a pregnant woman through maternal-fetal
i ibihty The d on, “Rh-positive™ 1n this context,
therefore, is restricted to those persons whose blood cells give a posi-
tive reaction with anti-Rh, serum, all others are “‘Rh-negative ™
We must note that this classification does not afford a completely
safe bass for screemng donors for blood transfusion For this purpose
1t 15 desirable that the donor’s blood cells should contam o antigen
which is absent from the recipient’s cells

The possibility of erythroblastosis occurning n a child of an
Rh-negative mother and an Rh-positive father has been widely pub-
licized in magazines and newspapers and has caused some unnecessary
alarm to prospective parents who have this combmation of Rh types
(found 1n ten or twelve per cent of all marriages i this country).
It 15 important therefore, to recogmze that only a small minority of
chitdren from matings of this kind actually have the disease This 1s
1n part due to the fact that more than half of the Rh-positive fathers
are heterozygous, so that about half of their children will be Rh-
negative and incur no risk
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But cven in those cases in which the fetus is Rh-positive and
mother Rh-negative, erythroblastosis almost never occurs if the
pregnancy 1s 2 first one The reason for this appears to be simply that
there has not been time for the mother’s body to build up antibodies
1n sufficient strength to damage the red cells of the fetus. Further-
more, erythroblastosis develops in only a fraction of second (and
subsequent) pregnancies mn which there 1s maternal-fetal incom-
patibility The net result 1s that erythroblastosis occurs only about
once 1n twenty-five or thirty full-term pregnancies of Rh-negative
women with Rh-positive husbands The nsk is nearly zero, as we
have atready noted, 1 a first pregnancy, but it 1s very great (almost
a certamnty, if the father 1s homozygous positive) in the case of
a mother who has already bome one or more erythroblastotic
children

Summing up this chapter we find that allelic genes are not re-
stricted to occurring m pairs, but may exist 1n sets of three, four,
or more An individual may carry any two of such a set of multiple
allefes, and a gamete may carry only one at a time Crosses mvolving
any two characters dependent upon a set of alleles will always give a

one-par, or monchybnd, ratio

PROBLEMS

13.1 Would 1t be pusuble for a cross
between two chinchilla rabbits to result
n both Himalayan and albino offspring?

13.2 A later of rabbits contains four

offspring may be all mtermediate, or 3
termediate - 1 gray Red crossed wath
ntermediate sometunes results 1n all red,
sometymes in 1 red . 1 intermediate, and

in 1 i d 2 red 1

fuil-colored animals, two and

one albine What must have been the geno-
types of the parents?

13.3 What would be the phenotype of
each parent, and what kinds of offspring
would be produced, tn each of the {ollowing
rabbit crosses” Cec 20X Ceh, obe Xeke, Cc
K, e X e, e X e,

13 4 In screech owls, the color may be
gray, red, or intermediate, Two gray owls
produce only gray offspnng When gray is
crossed with red, the results are sometimes
all red, sometimes t gray 1 red, and some-
times 1 intermedhate - 1 red Gray crossed
with intermediate produces either all inter-
mediate or else 1 intermediate : 1 gray.
TWhen both parents are intermediate, the
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gray. When both parents are red, the off-
spring may be all red, or 3 red : 1 inter-
mediate, or 3 red * 1 gray. Construct a
hypothesis to explain these results

13.6 In muce the following series of mul-
tiple aliefes 1s known AV 1s a gene resulting
1 yellow coat color, A results in agout1
{gray), a results in nonagouti (black). A*
is lethal What kinds of offspring in what
proportions wll result from the folfowing
crosses? Ava > Aa; AvaXX Ava; AAX
Ag, AvAXK Ava; AvAX Avd

13.8 Suppose a child is of blood group A
and the mother fs of group O What group
ot groups may the father belong to®

13.7 Suppose a father of group Aand a



mother of group B have 2 cluld of group O
What groups are possible m their subse-
quent children?

13 8 Suppose a father of group B and a
mother of group O have a cluld of group O
What are the chances that their next child
will be group O? Group B? Graup A?
Group AB?

13.9 Suppose a father and mother claim
that they have been given the wrong baby
at the hospital Both parents are group A
The baby they have beeq given 15 group O
What evidence bearing on the case does
this fact offer?

13.10 If the baby in the preceding prob
lem had been group B, what evidence as to
the relationship would thss fact offer?

13 11 Brown munk may transmut steel-
blu color and silverblu color as well as
brown Steelblu munk may transmit steel-
blu or silverhlu but never brown Silverblu
mnk transmut only silverblu What kind
of hereditary behavior appears to be op-
erating here?

13.12 A brown munk crossed withasilver-
blu produces a litter of two brown kits and
two silverblu kits If the same two parents
were mated agam, could they produce some
steelblu offspring?

13.13 A hitter of munk lats contams a
brown ammal, a steelblu amimal, and a
silverblu animal What were the colors of
the parents?

13.14 In Drosophsla melancgaster the
following senes of multiple alleles affecting
eye color occurs T, red, w¥, wWine; wr,
coral, w™, blood, w*, cherry; w?, apricot, w*,
eosm, wt, wvory; wh, buff; wf, tinged; w*,
ecru; and w, white, These genes are sex-
linked How many of these genes can any

Drosophila female carry? How many can
any Drosophila male carry?

13.16 What 15 the largest number of
different kinds of gametes which any -
dividual Drosophila male could produce 1n
regard to these genes? Any individual fe-
ale?

1318 A red-eyed female crossed with 2

white-eyed male produced the following
offspring 23 red-eyed males, 26 eostn-eyed
males, 25 red-eyed females, 24 eosin-eyed
females What are the genotypes of the
parents?

13 17 When one parent 1s blood gronp
AB and the other 1s group O, how many
times 1n fanmules of three would you ex-
pect one child of group A and two children
of group B?

13.18 A normal-visionied man of group
A marries a normal-visioned woman of
group A They have two children, 2 color-
blind boy of group A and a normal-visioned
gul of group O What were the geniotypes
of the parents®

1319 A color-blind man of group O
marnes a normal-visioned wornan of group
AB whose father was color-blind If they
have four sons, what will these sons most
probably be 1n regard to vision and blood
group?

13.20 If the parents m the preceding
problem had four daughters, what would
they most probably be?

13 21 In the Chmese primrose the flower
normally has a yellow eye A recessive
mutation has occurred, resulting 1n a very
large yellow eye (Primrose Queen type)
Later another mutation of this same gene
arose, this time dominant to the normal
type, resulting in a white eye (Alexandra
type) The resulting three genes, A (Alexan
dra), a» (normal), and & (Prmrose Queen),
form a series of multiple alleles What
various genotypes may be concerned mn
the Alexandra type? In the normal type?
In the Prmrose Queen type?

13.22 An Alexandra plant was crossed
with a normal plant and produced 36 Alex-
andra, 17 normal, and Iy Pnmrose Queen
offspning What were the genotypes of the
parents® Of the offspring®

13 23 Two Alexandra plants were erossed
and produced 4§ Alexandra and 16 Pnim-
rose Queen offspring. If these plants could
be crossed again, would they be expected
to produce any normal offspring?
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13.24 In ducks Jaap has demonstrated
a senes of aileles affecting the mallard
plumagepattern. M® 15 a gene for restricted
patrern, M for mallard pattern, and m for
dusky pattern. Domnance 1s 1 the order
named Ancther pair of genes includes &,
a dominant gene for color, and ¢, its re-
cesstve aliele for white How many different
genatypes in regard to these various genes
could be concerned i the White Pekin
breed?

REFERENCES

CastLe, W B, Tie Genetrcs of the Domestic
Rabbst Cambndge, Harvard Umiversity
Press (1930).

Hrusant, H B, Amer Nat. 89 223 (1955).

Jaar, R G, Genetics 19 310 (1934).

RacE, R R, and SancEr, R | Blood Groups
e Man {208 ed) Oxford, Blackwell Sci.
Publ (1034).

196 CHAPTER THIRTEEN

13.26 Ahomozygous matlard was crossed
with & White Pekin and all the offspring
were restricted pattem What were the
genotypes ol the parents? What would be
obtained in the F; from the cross?

13.28 A male with restncted pattern
was mated to a white femafe She lnd 14
eggs, which hatched out as follows 7 white,
4 restrcted, 2 matiard, and 1 dusky. What
were the genotypes of the parents?
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CHAPTER FOURTEEN

Quantitative inheritance I.
Multiple genes

A little reflection on the kinds of characters we have studied up
to this pomnt will convince us that they have been to a large extent
superficial traits Color of eyes, hair, feathers, or flowers, presence
or absence of horns, structure of eye or ear, texture of hair none of
these 15 a deep-seated fundamental character of the spectes A little
further reflection, however, will show us that the traits thus far
studied are disconfinmous, that 1s, each character may be sharply
divided into two or more clearly differentiated classes

Thus a cow either has horns or has not we are seldom 1 any
doubt as to which is the case A group of rabbits may be separated
into black, brown, red, and white ones with little difficulty But, 1f
we were asked to separate these same rabbits into large and small
ones, a difficulty would arise, for we would find that there was no
sharp dividing line between large and small. Instead the anmmals
would form a continuous series from the largest to the smallest

In the poultry yard 1t would be a sumple matter to classify the
hens as barred or nonbarred, bed birds or singl b
birds, black ones or white ones, 1t would be much more difficult 1f
not impossible to divade them f: ly into high egg-prod
and low egg-producers

A group of people could be readily separated into those with five
fingers on each hand and those with six fingers, but it would not be
so simple to classify the group into tall people and short people The
heights of people range continuously from very tall to very short, with
no fixed pomnt at which tallness ends and shortness begins

‘The fact that some ch are sharply d; 1 into rela-
tively few clearcut gralsties is the very reason why we have been
able to analyze their heredity so easily. Varations in characters of
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this nature are usually dependent upon one, or at least only 2 few,
sets of alleles, acting in the simple manners with which we have be-
come familiar The more deep-seated characters of a race, however,
such as form, yield, intelligence, speed, fertslity, strength, develop-
ment of varous parts, and so on, arc1n general characters which grade
n quaniity Such quantitative gradations are usually contrnuous from
one extreme to the other, not discontinuous and clearly defined, as
gualitatwve variations are. For this reason they are harder to study
from a hereditary standpoint, and we have postponed their discussion
until we should be thoroughly acquainted with the more simple types
of hereditary behavior.

We are now ready, however, to discuss characters which vary
quantitatively, and we shall find them to be, 1in general, the most
fundamental and important characters of the organism We shall also
find that many sets of alleles may be concerned in the variation of a
single one of these characters Moreover, there is usually no domi-
nance between the alleles, so that they are cumulative in therr effects.
When several sets of alleles produce more or less equal and cumulative
effects on the same character, we speak of them as multiple genes.

As long ago as 1760 Kolreuter, a botanist, studied the inheritance
of characters 1n tobacco Mendel's laws were, of course, unknown at
that time, and Kélreuter did not discover them for himself because
the characters were quantitative, continuous, not sharply defined
Mendel's genius lay m the choosing of sharply disti hed contrast-
ing characters

Kolreuter found what we nearly always find in the inheritance of
quantitative characters, that, when two parents which differ in such
a character are crossed, the Fy are all more or less sniermediate between
the pareuts, and the Fy show many gradations from one extreme to the
other There 15 no apparent segregation, no sharply defined classes
the F,, and hence no clear “ratio.”” Koireuter, then, was completely
unable to discover any laws for the inhentance of these characters,
although by means of reciprocal crosses he did discover the important
fact, until then unrecogmzed, that the male and the female gametes
contribute equally to the hereditary make-up of the offspring

No clear understanding of the genetic nature of quantitative
characters could be had until after simple Mendelian inhentance was
understood One hundred and fifty years after Koélreuter’s pioneer
cxperiment the same experiment was repeated by East, this ime with
knowledge of Mendel’s laws on which to base conclusions (Fig. 14 1).
From the results of this cross and others of a similar nature, the hy-
pothesis of multiple genes has grown

Let us view the problem clearly. Here is a type of heredity in
which no clear-cut classes of offspring are produced. No obvious ratios
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Pir 131 East's repetition of Kolreuter's work Top, Jeft, a flower of Niconans
panrcnlata, vight, a flower of N rustica, between them, a flower from the £, hvbnd

Battom, flowers from same £y plants There ts partaal sterility i thes cross, so that
all the possible combinations ate not reafzed Afuftisfe genes are mnvolved From
East s Genetres

may be found The F; ase not hke either parent, but are as a rufe nter-
mediate between them and fairly umform The F; are of all grades,
and if enough of them are produced they range ly from the
extreme represented by one of the ongimal parents to the extreme
represented by the other In the Fy the extremes are less abundant
than the dsate types The inh does not appear at first
glance to be Mendelan at all, and mdeed was thought for many years
nat to be. However, let us analyze such crosses a little further,
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Among the first crosses of this type which gave a clue to their
trite nature were those made with wheat by Nilsson-Ehle In a cross
between two varietics of wheat, one having very dark red kernels
and the other white kernels, the F were of an intermediate shade
In the #; the color of the grans ranged from very dark red through
various ntermedtate shades to white One out of every sixteen F;
kerncls was as dark as the dark red parent, and one out of every
sixteen was white This diately ds us of a dified two-
pair ratio, where the double dominant and the double recessive each
oceurs once out of every sixteen individuals on the average Nilsson-
Ehle proposed the hypothesis that perhaps two pairs of genes were
concerned here, each pair containing one allele which produced some
color and one which produced no color

East, on the basis of crosses 1 corn and tobacco, independently
suggested a similar bypothesis On this hypothesis of multiple genes,
the alleles producing the effect are assumed to be cumulative in therr
action, that 1s, two would produce more effect than one, three would
produce more than two, and so on

If for the color in wheat we assume two pairs of genes, 4 and a,
B and b, with the capital letters representing the color-producing
genes, acting cumulatively; we may explain the results by the diagram
on the opposite page

The F; results on this hypothes:s show one out of every sixteen
ta be wlute, the rest varying through shades of red These theoretical
results are just what was obtained n the actual cross

In a eross between a different red-kerneled strain with the same
white-kerneled vartety of wheat, Nilsson-Ehle found the Fy to be
intermediate and the F: to give vanations between red and white,
with one out of every sixty-four Fr individuals white This suggests
three pairs of alleles, where we should expect only one out of every
sixty-four to have all the recesstve genes The parents could be repre-
sented as AABBCC (red) and aabbec (white), with an Fy of the
formula AaBbCe (intermediate shade of red) Work out a diagram of
the Fr and convince yoursclf that it would give on the multiple-gene
hypothess a series of shades of red varying from very dark red to
white, with one out of every sixty-four kernels as dark as the dark
parent and one as light as the light parent.

The multiple-gene hypothests in its onginal form assumes that
when two parents produce an intermediate and umiform Fy and a
vanable Fy, the genes concerned are equal and cumulative in their
effects. The number of pairs of genes conterned 1s armved at by an
examination of the Fa. 1f one out of every sixteen 1s like each orginal
parent, two pairs of genes are concerned When only one out of sixty-
four 1s as extreme as each of the onginal parents, three pas of genes
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PARENTS B AABB  ><  aabb

very dark red white
GAMETES i)
31 2 AaBb >< AaBb

medwmred  medum red

GAMETES i)

[ oB ab
AABB | AABb AaBB AaBb

AB| very dark | garesed | dackred | medium rea

Ap| AABb AAbb AaBb

o
dark red medm red | medium red | light red

o8| AdBB AaBb @aBB aaBb
dark red medtum red | medium red light red

ab AaBb Aabb aaBb aabb

medim red | hght red hght red white

Table 141, PrororTioN OF Fy As ExtremE As Eacm Parexr ov T
Hrrotnests or MuLtteLE GENES

Ntmper oF Pates o | Proportion or Fy as EXTREVE
Geves CoNCERNED 43 Erraer Parent

1out of 4

1 out of 16

1 out of 64

1 out of 256

1 out of 1,024

1 out of 4,006

1 out of 16,354

1 out of 65,536

1 out of 262,143

1 out of 1,048,576
1 out of 1,099,511,627,776

SBSowuaamun~

=

must be postutated The more parrs of genes concerned, the smaller
will be the proportion of the F} like the parents. Table 14 1 shows the
proportion for various numbers of pairs of genes

It 15 readily seen that as the number of parrsincreases, the propor-
tion of the F, which is as extreme as either parent becomes smaller,
so that with as many as eight or ten pairs 1t is so small that 1n the
ordinary eross it would be impossible of reahization. This explains
why 1n so many crosses of this nature the parental extremes have
never been recovered in the Fy.
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Tig 142 The ex-
tremes of size varia-
tion 1n rabbits Top,
the smallest breed, the
Dolish, bottom, the
largest  breed, the
Flemish Guant  This
difference 1n size s
dependent upon mul-
tiple genes

In rabbits, for example, the large Flemish Giant race averages
nearly thirtcen pounds in weight The small Polish breed averages

only about three pounds (Fig

14 2) Crosses between these races

made by Castle produced an intermediate Fx averaging seven or eight

pounds The F, were quite vanable,
ranging from individuals nearly as
small as the Polish to those ap-

hing the Flemish Giant i size,

&
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AGE IN DAYS

Fig 143 Growth curves for Flemish
Giant rabbuts (a), Polish rabbits (b), and
their mtermediate Iy (¢) From Castle 1
the Journal of Expertmental Zoology
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but no individuals reaching the
extremes of the parental races were
obtained m a senes of severat
hundred F; mdividuals Ewvidently
several pairs of genes are concerned
here It may be assumed that if
cnough -, individuals were raised
the parental extremes would even-
tually be obtained The growthrates
of the parents and the Fy in this
cross are shown in Figure 14 3
Sometimes 1t 1s found that not
only do the parental extremes ap-
pear in the Fs, but individuals more
extreme than either parent occur.
In this case it 1s necessary to as-
sume that each parent contributed
some of the effective alleles For
example, in a cross between Sebright



Bantams and Golden Hamburgh fowls, which differ con-
siderably in size, Punnett found that the Fy were inter-
mediate, but the F; were so vartable as to exhubit extremes
beyond the parental weights While most of the F» were
more or less intermediate as would be expected, a few Fi
birds were lighter than the Bantams or heavier than the
Hamburghs Such an effect 1s known as transgressive
variation.

This 1s explained by Punnett on the basis of a four-pair
difference between the two parents, the Hamburghs being
of the formula AABBCCdS, whie the Bantams may be
considered as aabbccDD The Fi would then be AaBbCeDd,
giving an intermediate weight In the F:, however, some
mdividuals of the formula AABBCCDD could occur, and
these would be heavier than the original Hamburgh parent,
Also some F; birds could be of the formula gabbcedd, and
these would be even smaller than the Bantam parent
Thus 1n some cases the F» may show extremes beyond the
parental range

Jull and Quinn 1n studses of body-weight m fowls found
evidence that more than four pairs of genes are concerned
in crosses between Rosccomb Bantams and Barred Plym-
outh Rocks The F; birds were intermediate and fairly um-
form, and the F; were much more vartable, but none of the
F;individuals was as extreme as exther parent In this case
the Plymouth Rock parent was five times as heavy as the
Bantam parent

A clear case of multiple genes has been worked out by
Wexelsen regarding the length of the mternode of the spike
n barley (Fig 14 4) A cross between a variety having an
mmternode length of 21+ mm and one of 32 mm was
made

The F; had an intermediate length of 2 7 mm In the
F» a symmetneal curve of vanation occurred, ranging from
one parental extreme to the other, with onc plant out of
sixteen as extreme as either oniginal parent Two pas of
multiple genes are mdieated, and the symmetnical curve of
distribution 1n the Fy denotes equal and cumulative effects
of the genes If we designate the long internode parent as
AABE and the short internode parent as aabb, we may
reachly sce that they differ m two pairs of genes, that 1s,

1 four different genes each of which i the AABB parent o\ o partey gpile, par-

adds a certamn amount of length to the nternode The yally disserted

It shows

difference 1n internode length between the two parents nodes and mtemodes.
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is one matlimeter, hence we may assign to each capital letter {that
15, each length-producing gene) an effect of about a quarter of a
millimeter
It 1s not always as easy as this tv determine the number of pairs
of genes concerned m a multiple-gene cross or to assign the proper
value to eath gene Sometimes, as we have scen in the case of weight
in rabbts, the number of pairs of genes involved s so great that 1t is
a practieal impossibihity to rasse enough Fp mdividuals to obtain the
parental extremes Other genes may hinder the determimnation. The
genes may 1ot be stnctly cumulative in therr effects, they may show
partial or even complete dorminance; there may be partial sterihty
concerncd Due to these and other causes the proportion of parental
extremes m the Fr may not fit any of the ratios shown m Table
141
In a cross between Golden Glow corn, having sixteen rows to the
ear, and Black Mexican, having only eight rows to the ear, Lindstrom
found the F; to be mtermediate, averaging twelve rows The F; was
quite vanable, ranging from aight to eighteen rows, but one out
of every thirty-two mdividuals was as extreme as esther parent
(Fig 345} This 15 m between the proportions of ong out of siteen
and one ont of sixty-four It may

3
4
S

be due to partial dominance, to
partial stenlity, to fnteractions of
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the genes other than cumulative,
/ \ to linkage, or to chromaosomal ab-
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b
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that the analysis of the number

\ errations, but it iffustrates the fact
of genes concerned 1s not atways a

tans

sumple cut-and-dred  affar We
can be fairly sure in thss case, how-
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ever, that the number of genes in-
valved is small.

TrrT

/ \ An fllustration of pastial dom-

inance is seen in crosses made by

Fig. 145 The disinbution an regasd 1o number

I 12 14 16 18 Landstrom invelving fruit size in
NUMBER OF ROWS tomatoes (Fig 14 6} Here the Fyis
much nearer to the small-sized

of rows oa the ear m the 3 of & crow m com  PATENt than to the Jarge, indicating
The parentat generation consisted of Golden  partial dominance of the genes for
Glow with sixteen rows o the ear and Black  groall size.

Mexican with exght rows to the ear The F) were If the effects of the genes can-

mostly sntermedate, with tnefve rows The 73,
as may be seen, form a normal curve yanging from
eight to eighteen rows to the ear. Bused o data
Jrom Lindstront

cerned 11 a multiple-gene cross were
always equal and cumulative, we
should expect symmetnical distri-
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Fig 146 A multiple gene cross i tomatoes At Jeft a New Globe, at
right three fruits of Yellow Cherry, between them four F; hybruds, showmg
partial domunance of small size genes From Lindstroms s Research Bul.
letsn 03 of the Towa Agricultural Expersment Station

butjons in the F, abaut the mean of the parents Frequently, however,
we find skew distributions too great to be due entirely to partial domi-
nance Such distnbutions must be accounted for m other ways

Rasmussen, on the basis of results of many crosses among plants
m Sweden, considers that multiple genes probably act m a way that
is not usually cumulative He considers that many more pairs of
genes are mvolved 1 multiple-gene crosses than 1s usually beheved,
that the number s usually 100 to 200 paws These, he postulates,
nteract in such a manner that the greater the number af effective
genes concerned m producing a given phenotype the smaller will
be the added effect of an additional effective gene On this hypothesis
the combined effects of added alleles are calculated by means of a
logarithmic function or a function of a convergent geometric series.
Sinnott, on the other hand, beleves, as a result of numerous crosses
among cucurbits, that each additional effective gene has a progres-
sively greater effect, the additional gene adding a definite percentage
to what the rest of the genotype produces

Future entical research may indicate whether or not the assump-
tion of equal and cumulative effects of multiple genes 1s justsfied i
every case Be that as 1t may, we are justified at present in accepting
the hypothests that multiple genes are concerned in cases where the
Fy is more or less mtermediate, and the F; shows a continuous range
of variation grouped largely about the mean of the parents, the ex-
tremes being rare as compared with the intermediate forms.

An interesting specia] case of multiple genes occurs when such
genes produce therr effect in a character which is itself dependent for
ats mitial occurrence upon another gene. For example, the spotted
coat such as is found tn certain breeds of cattle ts due to 2 recessive
gene Letting S represent the gene for solid color and s the gene for
spotting, SS and Ss animals are solidcolored and ss ammals are
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Fig 147 Varnations n the degree
of spotting 1 cattle, due to mul-
tiple modifyng genes
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spotted Howe_ver, the spotted mdividuals vary constderably, ranging
from those which are nearly sohd-colored with a few whte patches to
t[:lose which have only a trace of color on a white background Selec-
tion for more or less color brings posttive results, showing that the
variation is hereditary (Fig 147) Apparently there are multiple
genes influencing the degree of spotting Since spotting 1tself 15 de-
pendent upon a single gene, we speak of the multiple genes which
affect 1t as modifying genes Such genes are known 1n many organisms

In man multiple genes and modifying genes are suspected in
numerous characters As we have seen before, we cannot analyze
hereditary characters in man by means of Fy and F» generations be-
cause of the impossibility of experimenting with human materal We
find, however, that many characters in man show a continuous grada-
tion from one extreme to the other In these cases we may suspect
that any hereditary characters would be determined by multiple
genes Great care must be taken in these cases to exclude the possible
effects of variations in the environment before assigning a genetic
basis to the character

‘Where, under a relatively constant environment, we find con-
tinuous variation in 2 human character, we may legitimately mvesti-
gate the possibility of multiple genes The investigation m such cases
must proceed along statistical lines If, for example, we find a positive
correlation between parents and offspring 1n the degree of expression
of the character, we are justified 1n assigning at least part of the
vanation to genes One of the earlest studies of this nature was that
of Galton, who showed that a definite correlation existed between
heights of parents and offspring That 1s, 1n the long run, tall parents
tend to have tall offspring and short parents tend to have short off-
spring Fisher later yzed stature from a statistical viewpownt and
showed that multiple genes were most probably mvolved

Intelligence 1n man 1s another character apparently dependent on
multiple genes The correfation in intelligence 1s very high between
identical twins and becomes lower and lower as we pass through
fraternal twins, brothers and sisters, parents and chuldren, cousins,
and unrelated children, finaliy b zero 1n the lated chil-
dren This correlation might mdicate an effect of the environment as
well as a hereditary effect, since related individuals tend to live in
similar environments e shall see later, in fact, that there is
evidence for the significance of both genetic and environmental
factors 1n the deterrmination of itelligence, and that it 1s very
difficult to disentangle them This matter will be dealt with m
Chapter 29, where we shall discuss at some length the “nature-
nurture” problem m relation to intelligence

The differences 1n skin color between whites and Negroes appear
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to be dependent upon multiple genes Davenport considers that tsvo
pairs of genes are responsible for the vanous grades of color between
black skin and white The offspring of a Negro-white cross ts medium
brown, “mulatts,” and the offspring of mulattoes are very vanable in
skan color 1 welet Sand 5, 7 and # represent genes for pigment con-
trol, the capital letters standing for the pigment-producmg alleles,
Davenport’s hypothests would work out as follows.

SSTT proaduces black skin
5871t
SsTT
SsTe
SStt
=TT
Sstt
573
sstt

This appears to be a reasonable explanation of the inheritance of
slan color, based on many carefully collected fapuly histories In
spite of popular behef to the contrary, 1t does not appear to be pos-
sible for 2 white woman and a light-skinned Negro to produce a black
child St other genes are concened m crosses between the white
and yellow races, and probably many minor genes as yet unrecogmzed
affect skin color

Qther characters in man thought to be dependent upon multiple
genes are shape of head, general bodily conformation, special aint-
atses, longevity, and a host of quantitatively varying traits In general
the more fundamental and deep-seated quahties of 2 race seem to
be the results of genes of this nature

} produce dark brown skin
produce medm brown skin

} produce hght brown skin

produces white skan

PROBLEMS

14.3 In a cross between @ large breed of
poultry and a small breed the # are inter-
mediateand umform Among 530 Fyindavid-
ualstwo are as large as the Jarge breed and
three are ag smalf as the small breed  How
wany pars of genes are tnvolved in the
cross, and how are they acting?

14.2 What facts would cause you to sus-
pect that a certwn charaeter sn human
beings was the result of muttiple genes?
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14.3 Upon which wounld you expect or-
dinary changes m the environment to exest
the greater effect, a character due to mul-
uple genes or a character due to 2 smgle
gene or parr of genes® Why?

14.4 In a cross between a large breed of
tabbats and a smait breed the Fy arenter-
meduate and unfarm Among a thousand
£ rabbits ratsed from many Crosses AMang
the Fy, however, na mdredual as smalt as



the small breed 1s found, nor s any mdivid-
uzl found to be as large as the large breed

‘What can you say as to the possible number
of genes concerned?

* 14.5 In human bemgs the difference 1
skin color between Negroes and whites 15
thought to be determined by two pairs of
genes with cumulative effects On this basis

length of two mches was crossed with one
having an ear-length of four inches The
F; had ears three inches long Out of 504 F;
rabbits two had ear-lengths of four mnches
and two had ear-lengths as little as two
inches How many pairs of genes are con-
cerned, and how are they acting?

14.14 How much does each effectne

five grades of pigment are 1, white,
light, mulatto, dark, and black Using the
symbols S, 5, and T, £, write out the possible
genotypes for these five shun colors,

146 Which of the shin colors may be
represented by the largest number of geno-
types® Which by the smallest?

14.7 Why 151t that the offspning of some
mulattoes are very vartable as to skan color,
while the offspring of other mulattoes are
very uniform?

14 8 1f the hypothesis presented 1 Prob-
lern 14 B 1s correct, could two ight-skanned
Negroes produce a black chuld”

149 A varety of squash bearng src-
pound fruits 15 crossed with one beanng
three-pound fruits The F, plants bear four-
and-a-half-pound fruits Among the Fy
frits there 1s considerable vanation, but
out of 200 such fruits there are three
which weigh as httle as three pounds
and three which weigh six pounds How
many paws of genes are responsible for
the difference 1n weight between the two
parent hnes, and how much does each ef-
fective allele contnbute to this difference?

- 34.10 How many different homozygous
strans beaning four-pound frats could be
developed?

., 14.11 A race of oats yrelding 10 grams
per plant was crossed with a race yreldmng
4 grams per plant The Fy plants yelded 7
grams per plant Out of 253 Fr plants four
yielded as much as 10 grams per plant and
four yielded as little as 4 grams per plant.
How 15 yield inhertted in these oats”

14.12 In the preceding problem how

atlele bute to ear-length 1n the fore-
gong cross?

14.15 Two dilferent races of corn each
averaging 68 1nches in height were crossed
The F, also averaged 68 mches 1n height
In the P, however, there was considerable
varatwon, ranging from 16 mnches to 100
mnches Out of 1942 F, plants erght reached
a height of roo mches and seven were as
short as 36 inches Explaimn these results in
terms of gencs, assumng that the environ-
ment was held similar for these plants

14.16 What 1s the type of vanation which
appeared st the F: of the preceding problem
called®

14.17 On the basis of the factonal ex-
planation worked out for Problem 1413,
explain by meansof genotypes the followng
facts Two 52-inch plants are crossed and
produce offspring 1n the following ratios:
one 68-inch plant, four 60anch plants, six
52-inch plants, four 44 mch plants, and one
36-nch plant. Two other 52-inch plants are
crossed and produce all 52-imch offspring
Two more 32-inch plants are crossed and
produce offspring 1n the proportion of one
6o-nch plant, two 52-nch plants, one 34-
inch plant.

14.18 A certain plant breeder has two
‘homozygous vaneties of corn, a green vari-
ety which grows to 36 iches in height and
a purple vanety which reaches 100 inches
n hesght The gene for purple is domunant
to that for green He wants to develop from
these a green vanety 100 inches tall, If he
crossed these two varieties and then crossed
the £ plants among themselves to obtain
an Fr what frop of the

much does each effective allele
to yield?
14.13 A breed of rabbits baving an ear-

F, plants would be 'hf type desired?
14.19 If the breeder did not have enough
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space avatlable to raise a sufficient num-
ber of F; plants to obtamn the desired indi-
viduals, what could he do to eventually
obtain them?
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CRIAPRPTER FNETEEN

Quantitative inheritance II.
Statistical considerations

In the preceding chapter on multiple genes we dealt with con-
tinuously vanable traits The vanability was particularly noted in
the F, generation, whereas we spoke of the parental lines and the Fy
as though they were not vanable For mnstance, the case was cited
of a variety of barley having an internode length of 2 r mm and
another variety having an mternode length of 3 2 mm The Fy had
an intermediate length of 2 7 mm The Fa ranged 1n a normal curve
of distribution from one parental extreme to the other

However, m stating that one parental vanety bad an internode
Iength of 2 1 mm , we do not mean that each internode in this variety
was exactly 2 t mm Jong Some vanation always occurs even among
individuals which are all alike 1n genotype Tlis 1s environmental,
or nongenetic, variation, The vanation 1n the F, was far greater than
the vanation 1n the parent hnes or 1n the Fy because m the £ a large
amount of genefic vanation due to segregation and recombimation of
genes was added to the environmental vanation,

The environmental varation may partially obscure the genetic
vartation, making 1t difficult for us to determine the number of pairs
of genes mvolved 1n a multiple-gene cross If, for example, the inter-
nodes in the parental variety of barley under discussion range from
2 06 mm to 2.16 mm., with the average, or mean, at 2 1 mm , when
shall we say an F: plant is as extreme as this parent? Must 1t have
2 06 mm internades, ar shall we use the mean, 2 x mm , or 18 1t hke
the parental variety if the internodes are as small as the largest of the
parental internodes, 2 16 mm.? Obviously only a rough estimate
of the number of pairs of genes in a cross may be made by this
method

In some instances the number of pairs of multiple gences involved
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cither parent or the Fy, ranging from g2 to 85 mm , with a concentra-
tion around 67 mm., but no flower in the Fy was as short as any
flower of the smaller parent line, nor as Jong as any flower of the
larger patent line Hence no estimate of the number of pairs of genes
concerned 1n the cross can be made by the method described in the
preceding chapter.
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Pig. 15.2 FPreq 'y polygons ing the distributi
which were shown in the form of histograms in Figure 15 1.

Note that there was some variability even in the relatively homo-
zygous parent lines and in the Fy. Figure 15 1 shows this variability
in the form of Jiistograms. A histogram is made by plotting the meas-
wrement values along the horizontal axis (abscissa) and the frequen-
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cies along the vertical axis {ordinate) and constructing a series of
rectangles in which the widths correspond to the class ranges and the
heights correspond to the frequencies of the respective classes

Another common method of recording data of this sort 1s to draw
a curve which would run through the top of each rectangle mn the
histogram Such curves are called frequency polygons, and the data of
Figure 15 1 are presented n this form mn Figure 15 2 Comparison of
the two figures will show that they are essentially the same, and it 15
only a matter of chowce which method of reproduction 1s used

Let us choose the F; from this cross as a vanable distribution to
be described 1n terms of the mean and the standard deviation The
mean 1s computed by adding the imndividual measurements and divid-
ing by the number of ndividuals which were measured To facilitate
this we may group the data That 1s, mstead of usmg each mdividual
measurement, we may collect those ranging from, let us say, 56 5 mm
to 50 5 mm , and assume that they average §8 mm This class range
is therefore assigned a class value of 58 The data are grouped this
way m column 2 of Table 15 1

The number of mndividuals m any class value is called the fre-
quency (f) For example, there were 1o individuals having the class
value 58 We may, therefore, sumply multiply §8 by 1o, instead of
adding 58 ten times This 15 done n column 3 of Table 151, the
column headed fV

Adding up this column we get the sum of the measurements.
Dividing this by the number of mdividuals measured (), we have
the average, or mean We designate the mean by a bar over the letter
used to stand for the mdividual measurements Here we used V for
the value of a measurement, so that the average or mean of the V's
would be V' (We read this as V-bar)

Table 15 1. MeaN Anp Stanparp Deviarron or Cororra LENGTH 1N
THE Fy of o Cross v Tosacco

Devattox oF
Cr. Escnt Crass .
Crass ange  Vaioe  Frrquener  fV prou e J(V =Ty
] 4] Mesy
*F-N
535-565 55 4 220 ~853 201 0438
56.5-50 5 33 10 580 —5.53
595625 61 41 2501 -2 53 202 4369
625655 64 75 4800 40 57 16 5675
655685 67 40 20680 43847 431 536?
88 5-71.5 g 3 210 +647 125 5K
Totals 78 10991 1433 0757
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We use the symbol Z to mean “the sum of *; hence the formula
for the mean is written Ve ZfV_ The mean for this distribution is
"

63.53 mm, -
oIV oot _
V- 173 0853

)2
o=y 2}'(’? = V86225 = & 2.04

Now let us obtain the standard deviation of this distnbution. It
is computed by squaring the deviation of each individual from the
mean (¥ ~ T}, adding all the squared deviations, dividing by »n - 1,
and extracting the square root. This may be done efficiently by agan
making use of the class frequencies Reference to Table 15.1 will
show that the operation is expressed by the formula

The standard deviation for this Fy distribution turns out to be
2 94 mm. This figure can be used in various ways. One way is in com-
paring the varability of two distnbutions The distribution with
the larger standard deviation 1s the more vanable The value of o for
the F; in the cross under discussion was 5.93, indicating more van-
ability in the F; than in the F; We shall use thesc values of ¢ more
specifically a little farther on

In companing the vanabiity of two distnbutions by means of
standard deviations, it should be kept in mind that the values of the
two sigmas must be expressed m the same units, that is, both must he
in terms of millimeters, pounds, or some other unit of measurement
When we wish to compare the variability of two groups measured in
different units, such as when we ask the question ““Are the flowers
more vanable in length than in color®”, we must express the standard
deviation as a per cent of the mean We eall this expression the
coefficient of variation (C.V.), and 1t is obtained by the formula

CV.= % X 100, The coefficients of variation may be directly com-

pared for two sets of data, even though one be expressed $n milli-
meters, the other in shades of color.

A further importance of the standard deviation lies in the possi-
bility of determining from 1t the chances that the mean of the sample
which was measured lies within a given range of the true mean of the
population This is usually done through the medium of the standard
error, which we shall now discuss.
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Fig 153 A normal curve The proportional areas mcluded between
successive standard deviations from the mean are shown

Let us consider a perfect normal curve, such as is shown 1n
Figure 15 3 The center vertical line 1s erected at the mean It divides
the area under the curve into two equal parts A vertical line which
does this 1s called 2 median In a perfect normal curve the median
meets the abscissa at the mean In a curve made up of a fimite series
of measurements the median may not be exactly at the mean, but 1t
will usually be close to 1t

Now let us erect lines on either side of the mean at the distance
represented by the standard deviation, again at the distance repre-
sented by twsce the standard deviation, and yet again at the distance
represented by three times the standard deviation.

In normal or near-normal curves we may predict quite accurately

what percentages of the mmdividuals concerned may be ew(pected to
fall between plus and mius one dard , two
deviations, and so on It can be seen from Figure 15.3 that about
68 per cent of all the individuals are mcluded between plus one
standard deviation and minus one standard devaation from the mean
1n other words, about 68 per cent of a normal distribution will deviate
from the mean by less than the standard deviation. The chance of
an mdividual deviating from the mean by more than =+ ¢ would then
be 3z per cent. About 95 per cent of the 1ndividuals will deviate from
the mean by less than twice the standard deviation In other words,
the chance that any individual hes outside the interval marked by
=+ 2015 only § per cent Since in statistics we often want to know the
limits beyond which an individual has only a s per cent chance of
occurring, this interval has been marked off on Figure 13.3. It oceurs
between & 2 60

Now et us see how we might use these facts. Returning to the
frequency distnbution of flower lengths, suppose we wanted to guess

QUANTITATIVE INHERITANCE II. STATISTICAL CONSIDERATIONS 217



the length of a particular flower from the F; which had not yet been
measured. The best guess would be the mean of the group already
measured, that 1s, 63 53 mm. But suppose we wanted to include with
our guess a statement of the chances that it was correct. We could
do so by giving the length as 63 53 % ¢, or 1n this case 63.53 = 2 94
This would give us a 68 per cent chance of being correct, as can be
seen by referring to Figure 15 3 If we gave the length as 63 53 == 20,
or 63 53 =+ 5 88, we would be night 1n 95 cascs out of a hundred If we
were betting on the correctness of our guess, and wanted only one
chance 1n 100 of being wrong, we could state that the length of an
umdentified flower of the F; was 63 53 = 2.60, or 63.53 % 7 64.

Now it would, of course, seldom be necessary to guess the length
of any individual flower We would simply measure it and not bave
to guess But there 1s something at which we do have to guess We
have to guess at the results we would obtam if we should measure an
mfinite number of F, flowers from the cross of line 383 with line 330.
It never happens that we are able to measure the total theoretical
population m regard to any character. We are seldom even able to
measure the total population existing at any one time We must
usually be content with measuring a small sample of the population
It 1s important to know how near our figures come to representing
the true figures for the total population,

Here 15 where the guessing comes in When we make a guess in
science, however, we want it to be based on a firm foundation of fact,
and we want to be able to designate how much chance there is of our
guess being correct. How near 1s the mean of 63 53, which we cal-
culated from our sample of 173 F; flowers, to the true mean of an
nfinite number of such Fy flowers? If we state that the mean length
of F, flowers from the cross of line 383 with hine 330 15 63 53 mm ,
we are guessing at the true mean on the basis of the sample of 173
flowers which were measured How may we estimate the true mean
of such F; flowers in such a way as to indicate our chances of being
correct ?

If we should measure successive samples of such flowers, we
would probably obtain a shghtly different mean each time The means
of the various samples, however, would fluctuate about a mean of
their own, in a typical normal curve distmbution. Hence we may
obtain a standard deviation for the normal distribution of means of
F, flower lengths From the standard deviation of 2 distnbution we
may estimate the standard deviation of the normal curve of means
by dividing o of the distribution by the square root of the number of
items in the distnbution. We call this estimate the standard error

(S.E.) of the mean. In other words, S.E, of a mean = %.
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We may say, then, that the mean length for Fy flowers from the

eross under discussion 1s 63 53 == —"—,, which 1s 63 53 &= z23. That
n

15 to say, if we measured an infinite number of such flowers, there

would be only 32 chances in 100 that the true mean would be found

beyond 63 53 &= 223 There would be only 5 chances 1n 100 that
it would be found beyond 63 53 = 2 L, or 63 53 = 446 There
(]

would be only one chance 1n 100 that 1t would be found beyond 63 53
[

+26

, 0T 63 53 = 5708 Thus our “guess" at the true mean of
3

an infinite number of F; flowers from the cross 1s made quite accurate
after all

An important standard error is that of a difference between the
means of two samples If the means have been independently de-
r1ved or are otherwise uncorrelated, the standard error of a difference 1s
computed by the formula, S E of a difference = V(SE )*+ (S E 2%
where SE 15 the SE of the mean of the first sample and SE s 1s
the SE of the mean of the second sample. In practice a difference
must be at least as great as twice 1its standard error before we
accept it as a true difference, that 15, a difference not due to chance
samphng

Sometimes the limits within which certain proportions of the dis-
tribution occur are given 1n terms of probable error (P E ) mstead of
standard error Where the standard error grves imits withun which
68 per cent of the distribution occurs, the probable error gives imits
within which so per cent of the distribution occurs Probable errors
are directly derived from standard errors by multiplying the standard
error by the constant 6745 It 1simportant to state in using hrmting
values whether PE or SE is being used

We have digressed considerably from the problem with which we
started this chapter, namely the determmation of the number of pairs
of genes concerned 1 a multiple-gene cross However, we were faced
with the problem of describing variable distributions, and our digres-
ston has given us an msight into descriptive methods for such dis-
tnbutions Let us return to the problem of analyzing multiple-gene
crosses It will be recalled that such analyses are often complhicated by
the fact that the parental extremes did not occur 1n the F; and that
environmental vanations in the character somewhat obscure the
genetic differences In such cases we may make an estimate of the
number of genes concerned by using means and standard deviations

In the tobacco cross which we have been discussing there was
some varation wathin each of the two parent lines, and within the Fi,
and considerable varration within the Fy These variations are pre-
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cisely expressed by the statistics of the distributions. The mean of
line 383 was 40 37 = .120, that of lime 330 was 93 11 = .183. The F,
mean was 63 53 & 223, while the F; mean was 67.52 = .408, The
greater vanabihty in the F, is indicated even more strikingly by the
standard deviations of the distributions themselves. The standard
dewviations of the Py, Py, and F, are all about the same (1.74, 2 37, and
2 94), while that of the F; is defimtely larger (s.93).

Since the mdividuals within each parent line were ahke or nearly
alike genetically, the vanation that did occur within these lines must
have been largely environmental The F) generation would be com-
posed of mdividuals which were genetically similar, so that the var-
iation that occurred within this generation would also be largely
nongenetic. In the F, however, the variability was much larger be-
cause it was made up of nongenetic variability plus genetic variabihty
which resulted from the segregation and recombimnation of the genes
concerned in the cross

It 35 fair to assume that the nongenetic variation of the F; 1s ap-
proximately the same as the nongenetic variation in the Fy. The
genetic vanation 1n the Fy, then, will be the excess vanation over that
of the Fy, that is, genetic g?F, = total ¢?F, — ¢?F; Mathematically

the genetic variation in the Fy can be shown tobe 6 = il ez, where
2

N represents the number of pairs of genes concerned and e represents
the contribution of each effective allele An estimate of ¢ 1s made by

the formula e = %, where D is the difference between the mean of

one parent line and the mean of the other parent line, Substituting
these 1n the formula genetic o?F, = total oF,; — ¢?F, we have the
2

final formula N = o F~ Ty

To estimate the number of pairs of multiple genes concerned in
corolla length in the cross between the two strains of tobacco, we
substitute the means and standard deviations m the formula as
follows:

N = {9331 —g037)2
8[(5.93) ~ (2 94)%]
2781.7084
= 2121139
= 13,113 or approximately 13 pairs.

In these estimations we assume equal and additive effects, no
dominance, no epistasis, and no linkage. The occurrence of any of
these phenomena would, of course, make added corrections necessary.
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PROBLEMS

15.1 In Black Mexican com the ears
average 16.8 % 012 cm. in leagth, In 2
varjety of poprorn the ears average 66 3=
007 cm, in length East found the F, from
a cross between these two varieties to be
distributed as follaws-

Ear Lexom
1N CENTIMETERS Fazouancy
9 1
10 52
11 1z
12 4
13 17
14 9
15 4
BEFERENCES

East, £, M, Genetics 1163 (1016].

FisHER, R. A, Statistrcal Methods for Re-
searck Workers, 7th Ed Edmburgh,
Ofiver and Boyd (1938).

Swite, H, M, Genetics 22227 (1043); Bo-
tancal Reviewe 10 349 (50443,

Compute the mean and the standard devia-
tion of the distnbution and the standard
error of the mean

15.2 In rabbuts the Flemsh race has a
mean weight of 3600 grams, while the
Humaleyan race averages 1875 grams. In
2 cross between these two races, Castle
found the standard deviation of the Fy
distribution to be &= 162 grams and the
standard deviation of the Fe distnbution
to be = 230 grams Compute the sumber
of pairs of genes probably nvelved i the
cross.

Sxeoecor, G. W., Statustical Methods.
Ames, Towa, Collegiate Press {5938).
WrioHt, S, Genetres 13 537 (1034).
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CERIAPTER SIXTEEN

222

Selection and methods of breeding

One of the most powerful tools in the hands of the breeder of
animals and plants 1s selection. The use of sclection extends as far
back as records go in the history of breeding Long before the genetic
basis for selection was known, breeders picked out the animals or
plants most nearly approaching the 1deal they had in mind, and from
them rassed the next generation From such selections have come
the many 1mproved breeds of livestock, poultry, pets, and cultivated
plants. Nearly every attempt at selection has resulted 1n some success

From such successful attempts there grew a belief that selection
could improve a race indefinitely. The method by which selection
operated was not understood until after Mendelian mheritance was
understood, but was thought of as a more or less mysterious process
which could be effectively continued as long as desired With the ad-
vent of the scientific knowledge of genetics, however, came the
understanding that selection 1s actually a sorting out and preserving
of certain combinations of genes to the exclusion of others A selected
group of ammals or plants thus represents a restricted portion of the
total possible range of variation in the species.

Selection is of two general kinds, which m principle are really the
same The two kinds referred to arc natural selection and artificral
sclection. In natural selection certamn genetic combinations are pre-
served because the mdividuals possessing them are better able to
survive through the reproductive penod, better able to secure food,
more adept at escaping enemies, or better able to procure mates;
or perhaps merely because they are biologically or geographically
isolated In artificial sclection certain combinations of mheritable
charactenstics are preserved because they please man’s fancy or
contnbute to his well-being.

Tt is useless to select individuals on the basis of variation resulting
from differences 1n environment. Such vanations, which are spoken
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of as fluctuations, are not tr 1 to the off: Sel

then, must be based on hereditary vanations Furthermore, the race
must be heterogeneous as to the character or characters to be selected
When a race becomes homogeneous as to certamn characters, selec-
tion cannot change the genetic composition 1 regard to these char-
acters

These two fundamental points were first proved by the classic
experiments of Johannsen, 2 Danish botanist Johannsen chose gar-
den beans as the materzal for his study, since they were self-fertihized,
thus making groups of related mdividuals genetically srmular, and
smnce each seed could produce relatively large numbers of offspring

When a muxed population of seeds from the Princess bean was
planted, the plants which grew from the larger seeds produced seeds
of large size, and the plants that grew from the smaller seeds pro-
duced seeds of small average size The seeds on any one plant varied
conswderably mn size, but the seeds on plants from large seeds were
larger on the average than the seeds on plants from small seeds Thus
the first effect of selection was positive, that 15, effective Since the
seeds on any plant vaned somewhat 1n size, due to their number and
position 1n the pod and the time of flowering, Johannsen mnvestigated
this vanation

Here for instance 1s plant A, raised from a large seed from the
original muxed population Its seeds vary somewhat 1n size, but their
average size 1s large Choosmg the largest and smallest seeds of those
on the plant and planting them, the results are surpnsing The aver-
age size of the beans from both seeds 1s the same This happens gener-
ation after llowing the first sel which alone was
effective.

As another example plant B, raised from a small seed from the
original mixed population, produces beans which are 1n general small
as compared with those of plant A Selection here 15 effective How-
ever, when the largest and smallest of these seeds are selected and
planted, the average of the offspring produced by each 1s the same.
Selection is no longer efiective.

In all these experiments the beans were self-fertilized and eare
was taken to prevent contamination. It is apparent that the original
population which Johannsen used was a mixture of various true-
brecding (homozygous) lines, The first generation selection sorted
out these various lines, which thercafter produced simular progeny
within the line because of homozygosity, which was the result of the
fact that beans do not normally cross-fertilize

From the onginal pepulation Johannsen isolated, by one genera-
tion of selection, nineteen such homozygous true-breeding lines, which
he called pure lines The variation within a pure line 1s environmental
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in nature, and selection in regard to variation within a pure Eze can-
oot 2Zect the genetic make-wp of the next generation.

Tre zctual resulis of selection in two of these pure Enes are
shown in Tzble 16.1 where size is expressed in terms of weight. Iz will
be seen that in 2 kne of beans averaging 35.8 cextigrams the oSk
of beans of so. 30, 62, 2nd ;o centizrams, respectively, all averaged

roximately the same, this average being essentially that of the
pre Ene freelf, The same thing is troe in the ¥ine averaging 4.8 centi-
grams m weight; and sirdler results were found in the other seventeen
Lines rot Ested in the table.

Table 161. Averecz Woery or Orrsren reou Sorer Sprps or
Variors Spzes gy a Pree Lise woa Laece Sorps (\) axp Ove woon
Suarr, Sexos (B). (From dota of Jokannsen)

f Anzwer Wreer or Wesaer or Moraza Bess
Pres Lex Pree Les o ————e
CeTcesws ¢ 2 “ j-4 «©0 o
4 58 T2 349 365 5335
B ns 410 £37 98

ATl t¥3s mears that in order to have selection eSective, e st

deal with hereditary chazm, rot exviro 1 flncte: and
the grozp of individrals must be b as to the
to be selected. Given a group of mdividrals which ave heterozygons

for a rrznber of characters, it is possible by selection to obtain one or
more pure Bzes, homozygoss for certain commbinations of these char-
acters. After pure Erzes are obtzized selection can make po further
progress. >

The number of pure Eres which can be developed in regard to
any charecter depends tpon the rumber of pairs of geves concerned.
If one peir of genes, A axd a, is involved, obviously two pure lines
c2n occxr, AA and c2. With two peirs of genes, A and g, Bard b,
fomr pure Boes are possib'e, AAEB, Ak, caBB, and c2kh. A gen-
erz! formula for the rumber of prre Exnes possible when dealing with
7 pairs of genes is 2% Thzs, with twelve pairs of genes concerned,
4595 different pure Iines zre possible, and with twenty pairs, more
thzn 2 milBon pure Enes may be formed. .

Fregrently It is desirable in selection to produce a certain very
definite w:nbiz:a.i’n of characters Hence perhaps only oze of the
maay e pure Boes is the one Gesired, all others being elirzinated
b\‘p”"p(SEfJQe_‘ec‘ oa. Thzs, in the case of dairy cattle, breeders are
constantly striviag to obiain animals which are bomozygous for all
the genes for Kigh milk production. Sinee it is by ro means inprobable
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that there are twenty or more pairs of genes concerned 1n milk produc-

tion, 1t may be seen that the pure line destred is only one out of more

than a mxlhon possible pure lines for these genes, to say nothing of the
gous b that may occur

It is evident that the amount of continued progress which may
be made by selectton 15 dependent upon the number of gene pairs con-
cerned In the case of a single pair of genes, the effects of selection are
very quickly exhausted Thus in poultry rose comb is dominant to
single comb In Leghorns single combs are desired Letting R repre-
sent the gene for tose comb and r the gene for single comb, 1t 1s seen
that the mere choosing of single-combed birds will produce a Iine
of fowls breeding true for this trait, since alf single-combed birds are
of the formula rr.

In White Wyandottes rose combs are desired Here the selective
process is somewhat more difficult. A pure line of rose-combed birds
must be of the formula RR The mere selection of rose-combed brrds
from a mxed group of rose-combed and single-combed individuals
will not 1nsure such a pure line, however, as some of them will be RR
while others are Rr These two kinds can be distinguished only on
the basis of their progeny

Even 1 the case of a single pair of genes such as this, however,
there may be concerned a set of multiple modifying genes Vanattons
occur 1n the type and form of rose combs These vanations are due
to multiple modifying genes, and the development of a particular
form of rose comb requires selection for particular combmations of
these modfiers,

The greatest room for improvement, however, occurs in those
characters which are themselves directly dependent upon multiple
genes As we have seen mn Chapter 14, such characters as egg produc-
tion, milk prod size, weight, , speed, yeld m
plants, and other variable traits are apparently dependent upon
multiple genes Moreover, a great deal of heterozygosity still exists
in nearly all domestic animals and cross-fertilized plants in regard to
these characters, tn spite of the selection already practiced The reason
for the great degree of heterozygosity still existing 1s the fact that the
methods of selection commonly used 1n the past have not been
genetically the best

The earliest method of selection used was p! ypi
That is, selection was based on the appearance of the trait in the
individual Those individuals which most nearly approached the ideal
were sclected. Although gradual progress was made in this way, there

were many individual failures Many fine-lookmg animals have failed
toimprove the race at all Particularly is this true in the **productson ™
characters, such as egg production and milk production The reason
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for this is of course that the phenotype is not always an indication of
the genotype.

The practice of “‘judging” dairy cows, dairy bulls, poultry, and
other ammals has grown around the behéf that the appearance of the
individual is a guide to its transmitting ability. This is not necessarily
true Even the ammal’s own production record 1s not always a valid
cnterion Milk production, for example, is inherited on a multiple-
gene basis, and many different genotypes may result in the same
phenotype, especially among individuals with average records. Par-
ticularly m darry bulls has phenotypic selection proved valueless
Here the actual mulk production does not occur in the male, and selec-
tion has been based on the appearance and “show pomts™ of the
anmals An example shows the lack of value of this type of selection.

A certam large dairy company purchased a young dairy bufl calf
for the herd. The calf was a show-ring prize winner and had a good
pedigree The price paid was in excess of S100,000 Yet, when it grew
up and produced offspring, it consistently lowered the milk production
of its daughters below that of therr dams.

Another type of selection that became popular was the method
of choosing individuals on the strength of the pedigree. This was based
on ancestry and was perhaps an improvement over phenotypic selec-
tion, especially when the two were used together. Even here, how-
ever, practically all the offspring of good ancestors were raised be-
cause of therr fine ancestry They were not always an improvement,
however, nor even always as good as the line from which they came
This, of course, 1s due to segregation and recombination of genes.
One of the oldest fallacies of heredity and one of the hardest to
eradicate is the belief that “hke produces like * Our previous study
of genetics has shown us that heterozygous anmmals produce rarred
offspring The statement may be made correct by changing it to read
“like genes produce hike genes ™ It is the genes, then, not their pheno-
typic expressions, which must be the basis of selection.

‘The modern genetic type of selection does not place the emphasis
on the appearance of the individual or on the ancestry, although both
may be taken mto consideration Instead, the emphasis is placed on
the progeiry. In this way the genotype becomes the basis of selection
Individuals are selected for breeders only if they produce offspring of
the desired type This type of selection 1s known as progeny selection
or the progeny test.

An example will show the value of this method. At the Maine
Experiment Station eight years of phenotypic selection had failed
to increase egg production. At the end of this time progeny selection
was begun Both males and females were selected for breeding based
on the egg production of their daughters. Striking results were ob-
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tained. In two years egg production 1 this flock was nearly double
and remained at this high level

Hays and Sanborn have reported the results of an expersment
at the Massachusetts Experiment Station 1n which the average annual
egg production was rased from 145 eggs to 235 eggs by a system of
progeny selection In this experiment attention was pard to the
various genes for early sexual maturity, high mtensity, lack of winter
pause, nonbroodiness, persistency, egg size, and hatchability

In dairy cattle similar striking results have been obtaned Vani-

ous methods have been
worked out for determining
the transmutting ability or
“index” of swwes and dams,
particularly sires. The work
of Heizer 1s outstanding
this respect Working with a
large herd of Ayrshires, where
the same methods of handling
and rearing have been used
for a quarter of a century,
and where careful ndividual
hfetime records have been
kept, Heizer was able to de-
velop a mathematical for-
mula for determiming the
transmitting ability of ndi-
vidual bulls m regard to milk
production The method 1s
based on progeny selection,
m this case on the records
of the first six daughters
Thus an index 15 available
while the prospective sire 15
still young In the course
of this work numerous in-
stances  appeared  which
proved the mabihty of even
an expert judge to select, on
the basis of appearance
and show points, stres which
transmut genes for high milk

production  Figures  t6.x
and 162 illustrate this
very well. The progeny

a%

‘ s MW

1,-3,'%, LA
BTy A N N A

This bull 15 2 very superior sire by acc epted

Fig 161
show-ring standards Yet he consistently lowered the
average milk production of his daughters below that
of their dams Only by the progenv test could the true
transmitting value of this bull have been determined

Fig. 162 A very mfersar sire by accepted show-ring
standards Yet he consistently raised the milk pro-
duction of his daughters far above that of their dams
Only a progeny test could show the true transoutting
value of this bull
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Fig 163 A chart for determining the transmitting value of a bull in regard to
milk production The formula 1s based on progeny tests To use the chart, locate
the daughter’s average productson at the left, follow honizontally to the right unti]
the diagonal s intersected, then follow vertically down and read the figure on the
horizontal axis Subtract from this figure the dam's average production. The
result 1s the sire’s transmutting ability (index},

test formula for determining the index of sires is shown in Figure
163

Certain ch are more ible to phenotypic selection
than others Characters which are readily visible 1n both sexes, such
as size, conformation, and the like, may be selected phenotypically,
by “judging" or.otherwise, with some success Even here, however,
progeny selection will increase the effectiveness of selection greatly

An interesting example of the practical value of genetic selection
is furnished by the work of East and Jones tn producing a new kind of
tobacco to order. In the Connecticut Valley a great deal of tobacco is
grown, producing the finest cigar wrappers in the United States. Two
of the popular varieties of tobacco formerly grown there in abundance
were Broadleaf and Sumatra Both of these, unfortunately, had cer-
tain defects which were a source of dissatisfaction to the farmer, the
manufacturer, or the consumer

The farmer desires 2 many-leaved plant with no lateral branches,
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resistant to discase, standing up well 1 the face of sind and rain,
and matunng quickly The manufacturer desires a thuin leaf, covenng
as many cigars as possible per pound of matenal, a broadly rounded
leaf, since the finest portion is near the t1p, a strong leaf which wall not
tear, at least until after the consumer has obtamed the cigar. The con-
sumer himself demands tobacco which burns frecly — but not too
freely — and leaves a gray-white ash which does not flake off at cach
puffl The flavor must be of the character which 15 acceptable to the
connoisseur, and the aroma must be agreeable The texture must be
velvety and the color must be umiform and intermediate 1n shade,
showing no coarse veins or white markings

With these facts i mind a new vanety of tobacco was made to
order, embodying all the desired qualities Broadleaf and Sumatra
tobaccos, which possessed between them most of the requiremnents,
were crossed The Fy was intermediate, as would be expected, and the
F; was quite vanable From subsequent generations, by the use of
progeny selection, there was eventually obtained a true-breeding
variety which was named Round Tip Reference to Table 16 2 will
show its characters as compared with those of the parental forms
In some of 1ts characters Round Tip exceeded either parent, particu-
larly in its leaf number, its excellent root system, and its resistance to
disease The yreld 1s very hugh, having reached under favorable conds-
tions 2800 pounds per acre Leaves of the three vaneties are shown
in Figure 16 4 .
Table 16.2, Cuarscrers oF mite Nw Variery oF Brosouear Topacco
Mabe ro OrpErR BY Tue GENericist, Cowparen witn Tuose oF Tue
.l"ml:;':r Vamenes Froy Wiienr It YWas Devewoeen, (From Last and

ones;

r F— S Naw Vaere )
Targe leal small Luat Large fal
narrow ty rouni ||r round tip
drooping Teat upright feat upnght feaf
leaves close leaves apart Tenves close
texture coarse texture fine texture intermediate
leaves thick leaves thin feaves intermediate
flavor good but strong favor none flavor intermediate
yield bugh yteld fow Jeld ngh
18 leaves per plant 20 leaves per plant 26 Tenves pet plv
fatr roat aystem fair oot system wonderful raot 8y !ltm

Hand in hand with the problem of selection goes the problem of
inbreeding. By wnbreeding 15 meant the mating of closely related
mdmduals It is plain that there may be various grades of inbreeding

ding on the of the relationst varying from seif-
Iert\hzauon in many plants and a few animals, through brother-
sister matings, to the mating of distant cousms.
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Fig. 16 4 Representative
leaves of Sumatra tobacco
(top), Broadleaf (center),
and the new varety
Round Tip  (bottom).
From East and Jones i
the Journal of Heredsty
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Popular belief has st that inbreeding 1s d; Breeders fre-
quently hesitate to inbreed therr stock, feaning that st will degenerate.
Human laws nearly everywhere forbid brother-sister marriages and
even cousin marnages These beliefs have some basis 1n fact, as
popular belefs usually do, but they do not represent the whole truth
Agam, as in selection, the truth has had to await the development of
the scientific knowledge of the facts and prnciples of heredity.

The facts are that mbreeding does not create any weaknesses or
defects. In itself 1t 1s not harmful What inbreeding does 1s to tncrease
rapidly the homozygosity of the population, to 1solate pure lines, to
bring to light in the homozygous condition any recessive genes which
may have been carried 1n the heterozygous state mn the stock We now
know that most mutations are recesstves and that most are harmful
It follows that, because of natural selection, the individuals having the
harmful genes in the homozygous state will be ehminated Ths leaves,
however, many individuals in the population carrying one or more of
these recessive deleterious genes m the heterozygous state Under a
system of random mating, these are to a large extent carnied along, 1n
the yE d: from to Under any
system of tnbreeding, however, the heterozygotes 1n the population
rapidly become less frequent and the homozygotes more frequent
Since many of the recessive genes affect vigor, fertility, and viability,
the race as a whole tends to degenerate under inbreeding

Not anly are deleterious characters brought to light, however, but
other genetic characters of the race become apparent through mcreas-
1ng homozygosity Some of these characters may be benefictal, or at
least not harmful Thus, if ngid sel breed 1t
is usually possible to preserve certan of the desirable combtnations
1n more or less homozygous form Large numbers of individuals must
usually be discarded 1n the process, however Moderate mbreeding,
with careful selection, has been the basis of the bulding up and im-
proving of most of the modern breeds and vaneties of livestock and
cultivated plants

In any group of individuals with which man 1s concerned, 1t 15
desirable to know what hereditary traits are carned Inbreeding
quickly tells this by bringing to hght all ndden recessives Pure lines
are rapidly formed and from these the desired ones may be selected
and the rest discarded (Fig 16 5). Pure lines are of considerable value

in many ways. They may be, because of selection, free from defects,
particularly hidden defects They will breed true for all their char-
acters Certamn of the best varieties of wheat, cotton, and other crop
plants are pure Lines, in some cases tracing back to a single mdividual.
Thus the billions of Kanred wheat plants which for many years were
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Fig 165 A number of pure lines of wheat planted m adjoining plots, showing
differences between the lines in resistance to winter killing

grown annually on millions of acres were direct descendants of a
single seed selected at the Kansas Expenment Station 1n 1913,

A better and more recent variety 1s Concho, developed by the
Oklahoma Agncultural Experiment Statton, sced of which was first
released m 1953 It will probably soon be the most widely grown
vanety of hard red winter wheat The pedigrees of Concho and other
varneties are shown 1n Figure 16 6

‘These wheats, however, are quite susceptible to such diseases
as leaf rust To overcome this susceptibility, more than selection and
inbreeding 1s required At this pomnt we may sec the advantage of the
other cornerstone of genetic improvement, hybnidization. Certain
grasses, such as Agropyron, are resistant to leaf rust and have better
straw than wheat, although their seeds do not have the valuable
qualities of wheat By careful hand pollmation, it 1s possible to achieve
an occasional cross between Agropyron and Triticun: (wheat), and
then, by repeated crossing of the hybnds back to wheat, to combine
the desirable qualities of the grass with the commercial characteristics
already developed in Concho and other varieties of wheat,

‘The results of one set of experiments in hybridization, back-
crossing, and selection are shown in Figure 16 7 The selected plants
resulting from several generations of back-crossing are practically
indistinguishable from wheat, but have better straw and are highly
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Fig 167 Wheatgrass, wheat, and a commercially valuable hybrid. Left, wheat-
grass (Agropyron), which is highly resistant to leaf rust but tacks the economic
characteristics of wheat Right, wheat (Triticum), which is highly selected for
commercial value but 1s very susceptible to leaf rust Center, a plant developed
by erossing wheatgrass with wheat, then back-crossing the hybrid to wheat until
the result 15 a vanety having the fine characteristics of wheat plus & high degree
of leaf rust resistance. Conrtesy of Dr A, M Schlehuber

resistant to leaf rust Continued selection, together with the self-
pollination which 1s characteristic of wheat, will preserve this com-
bination of genes in the new variety

Tt must always be remembered, however, that a breed or variety
selected for yield or performance in one locahty at a certain time may
not be as well adapted to another locality or at another period En-
vironmental circumstances are v:mnblc from pluce to place and from
time to time Among the ct env ies are the
climate, the soil, the art of husbandry, and the infectious organisms
and parasites which may attack the breed or variety.
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Leaf rusts, for example, occur 1n several genetically different
races A varjety of wheat may be resistant to the more common races
of rust found m its growing area, but over the years, due to the re-
ststance, these more commeon races will tend to diminish, and others,
to which the wheat vanety 15 susceptible, wiil tend to mncrease until
they become a real threat A continuing battle must be waged be-
tween the develop of resistance to and the
of virulent races of the parasite Moreover, as will be seen 1n Chap-
ter 27, the ;nvaders may develop increased virulence by mutation as
well as by expansion i numbers

Hawaiian pineapples have been bred to a high degree of perfec-
tion by careful selection Size, shape, taste, and canning qualities
are all important to the mdustry The commercial vanety has one
characteristic, however, which lowers its efficiency it 1s susceptible
to heart rot and root rot, In an effort to overcome this defect, the
Pineapple Research Institute has crossed the cultivated vartety with
wild relatives which, although lacking marketable frmts, are immune
to these diseases In the segregating generations following the original
crosses, many bizatre phenotypes occur 2s a result of recombmation
of genes (Fig 16 8) There s httle reason to doubt, however, that
the desired combinations of quality and immunity will eventually
be obtained from the crosses.

Fig 168  Segregatng
pineapple fruits following
crosses between the cul-
tivated variety and wild
relatives The frnt in the
upper right-hand comer
has the desired outwnard
charactersstics On being
cut 1t was found to possess
good qualities of tasteand
texture, but to be full of
seeds
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Hybridization, followed by selection and inbreeding, is of prac-
tical value in animal breeding as well as 1 plant breeding Along the
Gulf Coast of southern United States the standard breeds of beef
cattle (Bos tairus) do not fare as svell as they do 1n the north because
of the heat. The Zebu (Bos andicus), which 1s native to Inda, 1s much
more heat-tolerant The Umited States Department of Agnculture
has for some years experimented with Zebu-Angus crosses, and has
selected superior strains combimning the best traits of both species
Zebu-Hereford crosses have also been made by breeders, and some
excellent strams have been selected and developed An entirely new
breed, the Santa Gertrudis, has been developed by the King Ranch
of Texas, combining Zebu and Shorthorn charactenstics This 1s the
first distinctively North American breed of beef cattle

‘When the various breeds of imported Zebu were first used tn
America, about 1910, exploratory crosses with our beef breeds were
witiated. From these there was developed the American Brahman,
about seven-eighths Bos wndicus and one-exghth Bos taurus. The
Santa Gertrudis breed resulted from a Brahman-Shorthorn cross,
followed by more than thirty years of back-crossing, careful genetic
selection, and mbreeding The result 15 a valuable new breed for the
south, comparing favorably 1 homozygosity to the older breeds, and
superior to them 1n many ways (Figure 16 9)

In addition to the practical value of pure lines in agriculture be-
cause of their possession of highly selected, true-breeding qualittes,
pure hines may also be of scientific value Since the individuals of a
pure line are genetically alike, the modifying effects of the environ-
ment may be studied Variations within a pure line are seldom genetic
Of course an occasional mutation may occur which will be genetic, but
this very fact 1s of value, since the frequency of mutation may
profitably be studied in a pure line, Such occasional hereditary vana-
tions are true mutations and not the result of recombinations which
often cannot be distinguwished phenotypically from mutations in
heterozygous populations Pure lies are valuable in controlled experi-
mental work because they have a low standard deviation, a fact the
importance of which will be iated from the ion of
biometry in the preceding chapter.

The rapidity with which homozygosity is reached will depend
upon the degree of inbreeding and the number of pairs of genes con-
cerned Self-fertilization will bring about a condition of homozygosity
most rapidly, eght or ten generations of self-fertilization resulting in
an almost complete homozygous condition of even a large pumber of
allelic pairs Brother-sister mating is next most effective, followed * B
double first cousins, half brothers and sisters, and single first
When the inbreeding is as far removed as second cousins the |
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In both the experiments cited above, nbreeding with careful
selection has resulted 1n living, vigorous, fertile races even after many
generations of brother-sister matings In plants such results are more
readily obtained. Peas, beans, wheat, oats, barley, tabacca, rice, and
some other cultivated plants are normally self-fert:hized, swhich 15 the
very strictest type of mbreeding. Yet none of these species 1s lacking
in wigor or fertility.

Tt is obvious that pure hines may be most efficiently established
by raising the offspring of a single individual, which can be done
successfully only in self-fertilizing species such as wheat In ammals,
where self-fertilization ts not usyally possible, some form of mbreeding
is required. At what point may the mating of related mdviduals be
considered inbreeding? In practice, inbreeding 15 usually defined ag
the mating of individuals that are more closely related than the aver-
age relationship 1n the population concerned Thus the precise mean-
ing of inbreeding may vary from species to spectes, from breed to
breed, and even from herd to herd

One form of mbreeding commonly used by antmal breeders is
““linebreeding ** By lmebreeding 1s meant the mating of anmals in
such a way that the descendants will be kept continually related to
some individual whose characteristics are admired Thus m any
mating the parents will be chosen because of their descent from the
admured ancestor, although they need not be themselves closely re-
lated to each other With judicrous selection, hinebreeding may often
result 1n improvement

Another way 1n which mbreedmng 15 commonly used 1s tn *grad-
ing " Numerous expeniments, particularly with dairy cattle, beef
cattle, and hogs, have demnonstrated the value of grading a herd By
grading 15 usually meant the crossing of medocre or *grade” females
to a sclected pure-bred sire, then continuing the process by breeding
the hybnd female offspring to the same sire or une from the same pure-
bred strain Rapid mmprovement has been brought about by this
method 1n such 15tics as milk prods meat producti
fecundity, and efficient use of feed In genetic terms the method is one

of continued back-crossing (often called by the animal breeder **top-
crossimg”). From the genetic viewpomt it is readily perceived that
the progress 1s likely to be rapid 1n the first few back-crosses, where
the percentage of troduced genes from the pure-bred strain 1s ngh,
and to slow down it later generations as fewer and fener genes from
the pure-bred strain are lacking in the herd R
Through the use of genetic princtples and of the advances in
husbandry, geneticists and plant and animal breeders have cooperated
to increase the commercial value of many kinds of crops and livestock.
The yields of wheat, oats, barley, rye, and clover have been increased
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by 15 to 25 per cent, The average annual production of eggs per hen
has ncreased m the last 23 years from about 30 to about 163, and
of pounds of butterfat per cow from about 270 to about 350. Better
methods of feeding and rearing, together with an understandmng and
appheation of the genetie prnciples of hybriduzation, selection, and
mbreedmg, have accounted for the advances

Closely correlated with the problem of ibreeding 1s the phenome-
nron of heterosis. By thus 15 meant the excess vigor which so often oe-
curs in hybrids It ss frequently spoken of as hybrid vigos. The word
heterosts was comed by Shull 1 1914 as & result of z long senes of

experunents on the effects of in-
breedimg and subsequent crossing
Many mamfestations of heterosss
are avadable in plants and live-
stock Whenever crosses between
ndividuals of two races winch differ
one from the other in a number of
genes are made, the bybnd w apt
to differ from both parents by
greater vitality, sturdiness, and re-
sistance to unfavorable environ-
mental conditions Thus the cross
between Poland China and Duroc
Jersey pigs produces an ammal
targer and more vagorous than either
parent The same 33 true of the
Duroc Jersey-Berkshire cross Many
such cases are known m both am-
mals and plants

Advantage of this fact may be
taken sn connection with the loss
m wvigor which frequently cccurs
m pbred fines Thus Shull and,
wndependently, East and Jones have
shown that whbreeding wm com
results im vanous pure lines which

Fig 1612 Heterosis in corn. At the top are
shown two mbred hnes, free from afl abaor-
malitres but fackeng in vigor In the center ss
the type of ear which results when polien from
the right-hand inbiced fine 1s placed on the siths
of the left-hand lLine. At the bottom ace the
ears from plants shch grow from the seed of
the center ear
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by scl may be free from all
recessive barmful genes, but which
nevertheless, 1 spite of the best
selection, lack vigor. When, how-
ever, two different mbred lhnes are
crossed, the hybrid offspnng are
more vigorous than etther of the orig-
inal stocks from which the inbred



lines were desived, in addition to being free from genetic defects
Such “hybrid corn” 15 of considerable value because of the great
increase 1 yteld and umformuty and the freedom from abnormalities
(Fig. 16 12)

‘The large and umform ears produced as a result of heterosis must
not be used for secd, however, as the hybrid vigor declines rapidly
in later generations Instead, the bred defect-free lnes must be con-
tinued and re-crossed every year in order to produce the hybnd seed
from which the plants showing heterosis are derved

One good explanation of hybrid vigor seems to he that there exist
numerous genes for growth and vigor, each one donunant to its allele
for lack of vigorous growth These dominant vigor genes are scattered
on various chromosomes and thus exist 1n hinkage groups Any mnbred
line ts apt to have some of these dommant genes mn homozygous con-
dition, but also to have some of the recessive genes m homozygous
form Crosses between inbred hines may bring all the dommant genes
together 1in the hybnd, if each mbred e carries the vigor genes
which the other one lacks. Thus all crosses between mbred stramns
da nat result 1 the same degree of heterosis

On the bass of this explanation 1t should be theoretically possible
to obtain vaneties homozygous for all the dominant vigor genes, so
that the heterosis would “breed true ” Swnce, however, there are
many such genes, some 1 one hinkage group and some 1n another, it
would not be easy to obtain them all :n homozygous form n one
vantety because of the difficulty of recombmmng, through crossing
over, so many linked genes, none of which 15 individually recognizable
The best indication that vaneties of cross-poflinated species like corn
may some day be made homozygous for vigor lies m the fact that
varieties of self-pollinated species hke wheat and oats are found m
nature in a vigorous condition even though they are undoubtedly
highly inbred If natural selection can accomplish this result m self-
pollnated spectes, man should be able to duplicate 1t by careful
genetic technique 1n cross-pollinated species

Another suggested explanation of heterosis which has received
much support 1s that certain genes in the heterozygous state result 1n
the production of greater vigor than either allele produces when homo-
zygous Crow has demonstrated on statistical grounds that the dom-
nance hypothests eannot account for all the observable ncrease 1n
vigor. Perhaps both hypotheses are correct, and heterosis 1s the result
of a combination of domumant vigor genes and vigor resulting from
heterozygosis

The mule 1s 2 good example of heterosis. Although the two
parents, the mare and the jack, are not particularly homozy.gous'in
regard to the genes of their own breeds, nevertheless the various in-
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dividuals of each breed are relatively similar as compared to the
differences between breeds The mule apparently receives different
genes for vigor from the two parents, and is more sturdy than either
and better able to withstand hardships Mules are usually sterile, due
to the fact that the chromosome numbers and kands are different in
the two parent spectes When maturation starts there are no homolo-
gousch to undergo synapsis, and almost no vable gametes
are produced. There are on record oceasional cases of fertile mare
mules, 10 which apparently the entire chromosome complement char-
actenstic of the mare is segregated mnto the germ cells Curiously
enough there 1s no evidence that viable eggs produced by mules ever
contan any of the chromosomes which the mule recetved from the
jack.

‘Thus, 1if a fertile mare mule 15 bred to a stalhon, the colt is a
typical horse colt, with no evidence of its donkey ancestry Con-
versely, when a fertile mare mule is bred to a jack, the colt 15 2
perfectly tymeal mule Obviously the eggs contam only harse chromao-
somes in these instances This is not too surpnising when 16 15 con-
stdered that the cytoplasm of a mule, as oniginally recesved through
the egg from which 1t developed, 1s horse eytoplasm. Horse chromo-
somes, then, might be expected to be functionally “'at home,” so to
speak, in horse cytoplasm during maturation Anderson has collected
and discussed m an informative article the known cases of fertile
mare mules

The advantages of heterosis are now being used in practical
ammal breedmg By obtaining homozygous or nearly homozygous
lines through inbreeding, and then crossing the mbred hnes, hybnd
wigor 1s beng exploited 1 a number of domestic animals Milhons of
hybrid chicks are now produced each year, and thousands of hybnd
pigs. A start has been made 1 sheep and dairy cattle, but the slow-
ness of reproduction in these anunals makes the production of the
requisite pure lines somewhat less practicable,

General conclusions

We may briefly delneate the principles and practices of selection
and inbreeding as follows. Selection, to be effective, must deal with
heterageneous or heterozygous populations M the environment is kept
fairly constant, the bulk of the observed variation may reasonably be
constdered to be genetic in nature. Scloction must be applied to the
sndividual, not the mass It must be based on the genotype of the
individual, not the phenotype A defimte genotype must be the end
in view, usually a homozygous genotype, that is, a pure line, This is
most efficiently reached by some system of inhreeding in connection
with vigorous progeny selection. After the race is homozygous, selee-
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tion can bring about no further advance Even in homozygous lines,
however, selection may serve a purpose, since mutations, chromo-
somal aberrations, and aceidental crossing occastonally occur, pro-
ducing individuals which are subject to selective elimination

Selection does not create anything new It merely sorts out,
isolates, recombines, and differentially preserves the genes responstble
for the characters selected Even after a race 1s homozygous so that
further selection 15 meffectrve, however, there may still be room for
improvement. New mutations may oceur, especially now that the
artificial production of mutations 15 possible, and some of these may
be desirable v: Impr m the env. particu-
larly in feeding and rearing, may be feasible Qutcrossing with another
Tace so as to mtroduce new desirable genes for further selection may
be advisable. Finally, heterosts may be utilized m certamn cases for
increased vigor

‘The inbreeding which must so often accompany selection does not
create weakness or defects 1t merely brings them to ight Crossbreed-
ing, on the other hand, does not ehminate them, st merely covers them
up, while st1ll carrying them along Inbreeding 1n connection with
ngid selection, however, may result in the complete elmnination of
undesirable genes

These same pnnciples apply to man as well as to domestic am-
mals and plants Thus when two first cousins marry and produce, let
us say, a feeble-minded child, 1t 15 not because they were first cousins,
but because they both carried the gene or genes necessary for the
production of feeble-mindedness Two unrelated parents who carned
similar genes could also produce such a child If, however, a certain
man does carry the recesstve gene or genes responsible for this con-
dition, 1t 15 more probable that a close relative will also carry these
particular recessives than that an unrelated woman chosen at random
would happen to carry them Therefore, 1t frequently happens that
inbreeding 1n man results 1n ble traits If no bl
Tecessive genes are present, however, first cousmns could and fre-
quently do produce normal and even superior children

Selcctive agents are constantly at work m the human race just
as in any other species Such agents will be considered in detail m
a later chapter, but some of them may be indicated at this time as
a basis for thought and study. Immugration, emgration, disease, war,
assortative mating, medical attention, charity, higher education, and
many other { cond of the en are inually
tending to preserve or elimnate certamn genetic components of the
population The problems evolved from these facts are of sufficrent
1mportance to wattant their separate treatment, and they will there-
fore be rescrved for the chapter on eugemcs (Chapter 29).
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CHRAPTER SEVENTEEN

The genetics of domestic animals 1.
Genic interaction as illustrated
in the coat of the rabbit

Among man's requirements are food, shelter, clothing, transpor-
tation, recreation, and aid in domng heavy work. Throughout the ages
these requirements have been met largely by the animals and plants
which man has domesticated The development of breeds and vaneties
for vanous uses has depended largcly upon selection from generation
to generation, a fact which implies a faith in heredity that existed
long before the speesfic principles of genetses were known The results
of selection in the past have been remarkably successful 1n spite of the
fact that the selection was not always carrted out according to the best
genetic methods known today

Our present-day knowledge of heredity allows us to explain the
results of the past on a scientafic basis and to predict more accurately
what may be expected in particular crosses m the future, but it does
not give us any great mysterious power to unprove suddenly every
hiving thing We may leam from geneties how to make more efficsent
use of new vanations as they appear, by better methods of sclection,
by an understanding of the more complicated rateractions of genes,
and by the proper evaluation of the hereditary and cnv
influences 1 the development of characters. And we may learn how
efticiently to nid a stram of its undesirable traits,

The recent demonstration that mutations and chromosomal aber~
rations may be greatly increased by irradiation adds another possi-
Dility. Instead of waiting for new mutations to appear of themselves,
man can now produce them artificially, and among great numbers
of such induced mutattons some advantageous new ones may be ex-
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pected to appear. These may then be incorporated 1nto the race 1n
desired combinations by proper genetic methods

Mutations have appeared from time to time in all domestic ani-
mals Certan of these have been chosen by man as adding to the
desirable qualities of the ammals concerned and have been made the
basis of breeds and varieties Mutations 1n domestic animals, as in
other orgamsms, have been of three mamn kinds mutations with
visible effects, mutations with such slight effects that only the cumula-
tive effects of many similar ones are recogrizable, and lethal muta-
tions All these have played parts in the development of the various
breeds of hvestock and pets

The mutations with gross visihle effects are usually of rmportance
only 1n developing **trade-marks"’ for breeds. Such are the numerous
color genes, spotting and pattern genes, harr-form and hair-length
genes, and so on The mutations with slight effects, on the other hand,
are usually at the basis of the ‘‘economic” characters. Multiple genes
for size, conformation, speed, milk production, egg production, wool
production, meat production, and so forth are examples. Lethal genes
are of course always undestrable from the economic standpoint except
1n the rare cases of balanced lethals which may preserve a desired het-
erozygous character while killing the unwanted homozygotes

A “breed”’ of ammals, therefore, consists of a group of indi-
viduals which have certain striking characters in common, such as
color or structure of hair or feathers, and which have mn addition
certamn well loped ct it d upon multiple genes
The study of breeds within a spectes may help tn understanding some-
thing of the interactions of genes, particularly the modern iwdea of
genic balance Let us investigate some of the known genes in domestic
ammals We may start with a species which has been very extensively
studied the domestic rabbit

Rabbits are raised for food, for fur, and for pleasure as pets They
are also extensively used 1n laberatones, for the study of immumty
and suscepttbiity to disease, the production of serums and anti-
bodies, and the expenmental analysis of genetic problems. The
genetics of rabbits has been extenstvely stuched by Castle and Sawin
i Amenca and by Punnett, Pease, Nachtsheim, and others in
Europe. More than thirty sets of alleles with wisible effects are
known, some of these sets having several members (multiple atleles).
In addition there are many multiple genes which have been -
vestigated

1Vild rabbits have a gray coat As long as all the rabbits we ex-
amune have gray coats, we can know nothing of the genes responsible
for coat color It 15 only when we discover mutations and study their
behavior in crosses that we learn anything of the genetic basis for
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any character If we examine the gray coat of 2 rabbit, we find thaz
each hair is dark at the base, then has a band of light ¢olor, and finally
adarktip This banded pattern of the hairs is known as the “agout:™-
pattern Wild animals of many kinds have agouti coats The under
surface of agouti animals 1s highter, the hairs having no dark tips, but
whitish tips instead

A mutation 1s known in rabbits mn which the hairs are dark all
over, the hght bands being entirely obliterated by the dark pigment
Such ammals are “ nonagouti *’ The nonagouti coat is dependent upon
a single recessive gene We call the genes concerned A and @ There
is a third allele 1n the series, af, which produces the so-called black-
and-tan coat, nonagouts above and light below

‘The dark color of the hairs of wild rabbats 1s black, and the light
color 15 yeflow Thus wild rabbits have each hair banded black-yellow-
black, while the nonagout: mutation produces animals which are black
all over A homozygous wild rabbit 1s thus of the formula AA, while a
black rabbit 15 ag

Another mutation is known which changes the dark color from
black to brown, It 1s a recessive mutation, and the genes concerned
are known as Band b A rabbit may have the agouti pattern wath the
dark color black, so that each hair 1s banded black-yellow-black, or
1t may have the agout1 pattern with the dark color brown, so that
each hair is banded brown-yellow-brown Nonagoutt ammals may of
course be either sohd black or solid brown The genes interact as
follows

A-B- results 1 agout: black or “wild-type gray"
A-bb results 1 agouts brown or *‘cinnamon’
aaB- results 1t nonagouts, or plan *“black™

aabb results 1 nonagouts brown, or ‘‘chocolate””

Although when we started we knew nothing of the genetic for-
mula of wild rabbsts, it may now he seen that they contain the genes
AABB The mutation of B to b 1s a recent one, having occurred m
Holland about 1900

Still another mutation in rabbits involves the very production of
color. Pure white rabbits with pink eves (albinos) are known Al-
bimsm is recessive to full color, the genes being known as € and ¢
This mutation has been known for ‘a very long time, It will be re-
called from Chapter 13 that two other alleles of the gene € occur
One of these is a gene for chinchilla, ¢**. In this mutation all the
yellow 1s removed from the fur, Wild rabbits having this mutation
would then have cach hair banded black-white-black. The other allele
is ¢*, a gene producmg white rabbits with dark extremities, the so~
called Himalayan, The order of dominance of these alleles is C, ¢*,
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¢*, c. Any rabbit having the genes cc is an albino, regardless of the
other color genes 1t may carry On the other hand we must now extend
the formula of wild rabbats to read AABBCC

Another mutation 1s one which causes the normal intense pigment
to become dilute The recessive gene responsible for the dilution has
been designated d The pigment granules become clumped n the hair
cells, and the color is thus diluted Fur which would otherwise be
black becomes blue under the influence of this mutation, other colors
are correspondingly paler Another pair of genes 1s thus found to occur
1n rabbits, and a wild rabbit may now be seen to have the formula
AABBCCDD

We have said that m wild rabbits the hairs are banded black-
yellow-black This 1s because 1n wild rabbits, as 1n most wild ammals,
there 1s an underlymng layer of yellowish or reddish pigment, overlaid
by a darker pigment (black or brown) which may completely hide the
yellow, as 11 nonagouti animals, or expose 1t i bands, as i agouts
ammals A mutation 1s known, however, which removes the dark
overlying pigment from the fur, restricting 1t to the eyes The coat
15 then yellowish because the underlymng yellowish pigment layer 15
thus exposed The genes concerned were first named E, a gene for
extension of dark pigment, and e, a gene for 1ts restniction

Two other alleles have been found m this set One produces a
“*steel-gray " color, the other produces a mosaic of black and yellow,
called * Japanese " While the Japanese coat 1s recessive to the wild-
type extension, the steel-gray 1s donunant Steel-gray thus recetves
the capital letter E as a designation, while the wild-type gene must
be given a small letter with a superscript, e The gene tor Japanese
1s called ¢/ The order of domunance 1s E, ¢, ¢/, ¢ Here one of the
mutant alleles 1s dominant to the onginal wild-type gene, while the
other two are recessive

Wild-type rabbits thus become A A BBCCDDese? As we discover
more and more mutations and study their inhentance, we learn more
and more about the genes necessary to produce the wild-type coat

1t will be recalled that the chinchilla mutation (c*) removes the
yellow from the fur We now see that the restriction mutation re-
moves the black or brown, leaving 1t only in the eyes A rabbit with
both these mutations, of the formula ¢**ceee, should then have all
pigment removed from the fur We find this to be so, such rabhits
being white, with pigmented eyes

In addition to the solid-color types of rabbats, there are some
which have spotted coats One such mutation produces irregularly
arranged colored spots on a white background It is the so-called
“Englsh” spotting, and behaves as a dominant to sohd color. We
may call the genes En and en. Wild rabbits, having sohd-colored
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coats, have the homozygous recesstve condition of this pair of genes
‘We must therefore include them 1n the formula of wild rabbits, which
must now read AABBCCDDevevenen.

Another type of spotung is the white-belted or “Dutch” type.
This 1s duc to a recessive mutation, du It produces a white belt on
a colored background, the color of the background depending on the
other color genes of the animal. It scems probable that there are
other alleles 1n this series forming vanous grades of the Dutch pattern
Wild rabbits do not have this white belt, hence have the dommmant
allele of this pair Agamn we must extend the formula of wild rabbits,
which now must be made to read AABBCCDDete%enenn DuDi.

One last color mutation 1s known In Vienna about 1999 there
was observed a white rabbit with blue eyes The gene responsible
for this “Vienna White” 15 a recesstive gene, which we name v.
We have thus found three kinds of white rabbits: first, albinos;
second, restriction chinchillas, and third, Vienna Whites. Crosses
between any two of these produce colored offspring, since each
parent contmbutes the dominant which the other one lacks. Be-
cause of the discovery of Vienna White rabbits, we have knowledge
of another par of genes in rabbits. Wild rabbits then carry the domu-
nant of this par, so that their complete formula thus far must be
AABBCCDDevevenenDuDuVV It 15 thus obviously impossible to
consider any one gene or pair of genes as producing the wild-type
coat color

In addition to the color mutations, genes affecting the form of
the hair are known Wild rabbits have typical short hawr A reces-
stve mutation 15 known 1n which the hair 1s several times as long as
that of wild rabbits. Rabbits with this type of long woolly hair are
known as angoras The genes concerned are known as L and !

Another recesstve mutation affects the hair 1in an opposite man-~
ner, producing a very short plush-like coat, “rex” Either rex or
angora may occur m any color, depending on the particular color
genes the rabbit carnes Actually three dfferent recessive mutations
for rex have been found, any one of which 1n the homozygous state
will produce the short coat The genes are named ry, 13, and 73

A recesstve gene sa is known which in homozygous condition
results i smooth, glossy hartr, referred to as “satin’”” The trait may
oceur in any of the known colors Another recessive gene br causes the
production of an abnormality of the toes, brachydactyly A recessive
Jethal gene dw results in dwarf rabbits which die soon after birth
Another recessive gene f prevents any development of fur except at
the extremities. The gene is semilethal, the wiability of furless ani-
mals being very low. Since wild rabbits normally do not contain any

of the eight recessive genes just described, we may extend the known
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genetic farmula of a wild ratibut to read A A BBCC D Desetgnen DD
VVLLR R RyRyRaRaSaSaDwDwBr BrFE

The fat under the skin of wild rabbuts 15 white This 18 becanse
the xanthophyl from green food 1s broken down in the liver by an
enzyme, and thus does not reach the fat deposits A recessive muta~
tion has beer desersbed, however, tn which the hver enzyme 18 fack-
ing, so that the yellow coloring matter is depostted 1 the fat Vellaw
fat 15 thus dependent upon a recessive gene, 3

Another set of alleles with recogmzable effects has been described
in rabbits This set includes genes for agglutinogens, simifar to those
produeing the four blood gm{:ps m man {Chapter 13) In rabbits we
bkewse find four blood groups, dependent upon three allehe genes
H, h®, and h Genes / and ## each produce an antigen, wiule i pro-
duces notte It 1s nos known which of these alleles 15 found 1w wid
rabbsts

Thus we now know a senes of defimte genes in rabbits due to mu-
tation The complete genotype for a wild rabbit as far as we know
st 15 AABBCCD Desgtenen DuDnV VLLER R Ry R Re RoSoSa DwDw Br-
BrFFYY Undoubtedly many thousands of other genes also occur i
the wild rabbit, but since they have not produced observed wisible
mutations, we cannot list them It must be reahzed that no gene or
pair of genes exists by stsclf m any orgamsm, but alvays ocours in
company with alf the other genes of the species Hence we ¢annot say
that any single gene produces any particular charaeter A gene always
exerts its effect m the presence of other genes, hence has ansen the
wdea of gemic bafance, by winch 1s meant that any character 1s the re-
sult of the entire gene complex acting i a gven envuonment  Varda-
tions 11 a ok may be produced by v m a single gene,
but always m the presence of the rest of the genes

Returning to rabuts, 1 addition to the speaific genes which may
be wsolated because of visible effects, many genes ase known i the ag-
gregate because of therr cumulative effects Thus stee, ear Jength,
amount of siivering i the hais, and other varrable characters have
been shown to be dependent npon multiple genes Some of these were
discussed 1 detas) sn Chapter 14

A begmnsmg has been made m the mappmg of the chromosomes
of the rabbit The genes en and Du are very closely finked indeed,
with only about one per cent crossing over between them The gene L
s also on ths chromosome, gving about 14 per cept crossing over
with Enghsh and Dutch Another finkage group consists of the genes
C,Y,and B Cand Y are hnked with 14 per tent crossing over, and
€ and B with about 33 per cent The order1s CY B The genes A,
Duw, and 11’ are arrauged 1n that order i stilf another knkage group,
with about 13 per cent crossing over between A and Dw and about
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Tig. 171 Four breeds of rabbits From top ta bottom
Belgian Hare, Black Flemush Gunt, Sitver Marten,
Himalayan.

30 per cent between 4 and
W. A fourth linkage group
contains two of the rex genes
R, and R,, with 17 per cent
crossing over hetween them,
while a fifth group consists
of the genes F and Br, with
a erossover value of 28 per
cent

Domestic  rabbits  are
descended from the wild
Luropean rabbit (Lepus cuni-
cudus), which exssted through-
out southern Europe, and
still qceurs there n certain
parts They were domesti-
cated as early as AD 1000,
The culture and development
of rabbuts spread northward,
reaching a high degree of
perfection m England, and in
recent times has encompassed
nearly all civilized countnies
As mutations have arisen
they have been preserved,
new combinations of the var-
1us genes have been pro-
duced by crossing, and the
various breeds developed It
is possible to produce any
combination of the different
genes, and the number of such
combinations is very large
Nevertheless only certain
combinations have proved
pleasing to fancters and

have become recognized as standard “breeds’ The present-day
breeds, each having a certain combination of the multiple genes for
size, proportions, and so on, are as follows

Breeds having none of the visible mulations

The Belgian Hare and the Flermsh Giant are the only breeds
which are built around the original wild type, They differ from each
other and from the wild type, however, in certain multiple genes,
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The Flemish Giant has been selected for large size, while the Belgian
Hare (Fig 17 1) has been selected for a reddish tinge of the yellow
bands. Both of these breeds, however, have the more-or-less typical
wild-type coat

Breeds built around the nonagouts muiation

There are several breeds which differ from the wild type in having
the recessive aa mstead of A4 Among these breeds are the Black
Flemmish (Fig 17 1), the Black Sibeman, the Alaska, the Nubian, the
Sitka, the Black Bevern, and the Black Vienna While these breeds
are alike 1n having all the wild-type genes except AA, they differ mn
multiple genes for size and relative proportions of various parts,

Breeds bult around the brown mutation

Curiously enough there is no recogmzed breed which differs from
the wild type only in having bb nstead of BB. There 1s, however,
one breed which has two recessive mutations, being of the formula
aabb (To save space only those genes of a breed which differ from
the wild-type genes are hsted in the formula The genes not lsted
will be understood to be the same as in the wild type ) The breed
having the formula aabb 1s the Havana (Fig 17 2), one of the best
known breeds of rabbits
Another breed, having the
dilute mutation i addition
to the nonagout1 brown, 1s
the Gouda, of the formula
aabbdd

Fig. 17.2  Two color mutations
in rabbits Upper figure, a brown,
or Havana rabbit Lower figure,
a ditute black, or American Blue
rabbit,
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Breeds built around the albino mutation

White rabbits with pink eyes have always been favorites, and
several breeds have been based on this character All of them have
the formula cc, but may carry any other combination of color genes,
which of course will not show up 1n the presence of the albino genes,
The White Flemush, the Pohish, the Amencan White, and the New
Zealand White are examples of the albino breeds Nowhere is selec-
tion for multiple genes shown better than among these breeds, the
Pohish being very small, the White Flemish very large, and the others
more or less intermediate,

Breeds built around the Himalayan mutation

One popular breed 1s based on the ¢* gene, the Himalayan or
Russian rabbit (Fig 17 1) The nose, ears, feet, and tail are colored,
the rest of the animal bemg white The eyes are pmk like those of
an albino The colored extremities are black in the standard Hima-
layans, so that these anmmals are really nonagout: blacks m addition
to bemng Himalayan The genetic formula of the breed 1s thus aacch.
1t 1s possible, however, to produce Himalayans in which the extremi-
ties are gray, brown, blue, or other colors.

Breeds bult aronnd the chnchilla mutation

The ¢ gene has been the basis of many fancy varieties Chief
among them is the chinchilla 1tself, c*c, a very popular breed Other
types mnclude “blue squirrel,” ccidd, “‘silver marten,” glatcshct
(Fig 17 1), “silver beaver,” a'a'bbcc*, and “'sable” aacchesh,

Breeds built around the dilute mutation

The dilution gene, d, has been used principally in the develop-
ment of the “*blue”” breeds To form blue fur the rabbit must be non-
agouti dilute, aadd Breeds of this formula include the American
Blue (Fig. 17 2), the Vienna Blue, the Imperial Blue, and the Blue
Bevern, differing one from the other only in multiple genes for con-
formation One other dilute breed, the Gouda, or Lilac, aabbdd, has
already been mentioned

Breeds bualt around the restriclion mutation

One of the most popular of all breeds of rabbits, the New Zealand
Red (Fig 17 3), has the formula ee, differing from the wild type in
this one pair of genes In addition the yellow has been selected for
dark shades, reaching almost a “‘red.” The Tortoise-shell is another
restriction form in the nonagouti pattern, having the formula aace.
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Breeds built around the blue-eyed white mutation

The Vienna White (Fig 17 3), the Saxony White, and the Blue-
eyed White Bevern are white breeds with blue eyes, all having the
formula 12

Iig 173 Trno mutations restrict-
1ng color n the rabint Upper figure,
Vienna Whte, w whrh color s
restricted 10 the postenior Taver of
the s, making the fur white ani
the eyes blue Lower figure, New
Zealand Red, in which the black
{or brown) 1s restricted to the eye,
leaving the fur yellowssh-red.

Breeds buslt around the donunant spotting mutation

The domnant gene £n produces a striking effect of spotting,
particularly in the heterozygous condition, and has been incarporated
mto various breeds, among
which are the Checkered
Guants and the Butterflies
(Fig 174) Both of these
breeds have been sclected for
large s1ize The usual color of
the spots 1s black, so that the
animals are nonagouti, but
blue, gray, red, and other
colors are found

Fig. 174 Two types of spotting
i rabbuts Upper figure, Dutch pat.
tern, dependent on a recessive gene,
Lower figure, Englush pattern, de.
pendent on the dominant gene of
another pair. The two paws of
genes concerned are closely hnbed,
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Breeds bult around the recessive spotting mutation

One chief breed, the Dutch Belted, or simply ** Dutch,” has been
developed on the basis of the gene du. Dutch rabbits vary consider-
ably, 1n both the extent of the white and the color of the background,
the former probably being due to alleles of the du gene, and the latter
dependent upon the other color genes of the animal Dutch rabbits
are typically white-belted black, but may be 1n blue, red, or other
colors (Fig 17 4) The “Dutch’” rabbits are small and trim, in con-
trast to the large * English”” breeds

Breeds bilt around the harr-length mutations

The recessive gene, I, responsible for long hair has been used
in forming the well-known Angora breed, sometimes known as
““Woolers "’ Angoras are usually albinos, ecl! (Fig 17 3), but may be
found 1n almost any color The more recent mutation r, producing
short plush-like fur, 1s rapidly bemng made the basis of definite vane-
ties, which may eventually
obtain the status of recognized
breeds Among those which
appear to be most popular are
the castorrex, diffening from the
wild rabbit only in having rr
mstead of RR (Fig 17 5), the
chinchillarex, ¢**¢t*rr, and the
blue rex, aaddrr

In addition to the breeds
listed above, based largely on
smgle-pair vanations plus mul-

a7 PR PRI
Fiz. 17.5 Two recessive mutations for length of
hair. Upper figure, a Rex rabbst, with very short
velvethle fur. Lower figure, an Angora rablat, with
long woolly fur,

tiple gene selections, one breed
1s based strictly on a group of
multiple genes This group con-
sists of the genes affecting the
proportion of white hairs in the
coat. When the proportion
reaches a certain amount, the
rabbits are known as Silver
The French Argente de Cham-
pagne 15 a breed in which
selection for silvering has been
carried to a very high degree
Silver animals are usually nona-
gout: black, so their single-pair
formula is ga.

Inthe light of the foregoing
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discusston of breeds of rabbits, we may repeat what was stated at the
begimning of the chapter. A breed of amimals 15 a group of mdividuals
having m common a small number of distinguishing qualitative char-
acters, and in addition a defimte degree of development of some
quantitative character or characters This apphes equally well to afl
domestic animals, and we may now turn our attention to some of
the other spectes which man has domesticated.

PROBLEMS

17.1 Whach breed of rabbits could be the
more heterozygous for color genes, the
Gouda or the Polish?

17.2 What kind of offspring would be
expected 111 a cross between the American
White and the Vienna White? What would
be expected 1 the £,

17.3 Suppose you had a male blue Dateh
rabbit and a homozygous female Himalayan
with agoutt extremties Starting with these
two animals, could you obtam a homozy-
gous race nf Himalayan rabbits with blee
extremsties? What proportion, if any, of the
F would be of the desiced phenotype?
‘What proportion of the F; would be of the
destred homozygous genotype?

174 In 3 cross between a homozygous
red spotted Enghsh rabbit and a homozy-
gous blue Dutch rabht, what proportion
of the 7 would resemble the wild-type
rabbits?

17.5 In a cross between a chinchulla and
2 New Zeatand Red, what proportion of Fy
would be expected to be dark-eyed white?

17.6 Two wild-type agoutr rabbits are
crossed and produce the following offspring
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3 wild-type agouts, 1 black, 1 chocolate, 1
llac, and 2 allinos What were the geno-
types of the parents’

17.7 A wild-type agouti male 15 bred to
anatbino female In a total of several litters
they produce the follomng offspring 12 al-
bino, 3 wild-type agouts, 2 brown agoutr
(cinnamon), 4 black, and 3 chocolate What
were the genotypes of the parents?

17.8 Suppose you had a stran of hlac
rabbits and a stramn of black Duteh and
wanted to produce a homrozygous stram of
blue Dutch rabbits from them Outline the
breeding pracedure

17.9 Suppose you had a homozygous
Englsh male rabbit with black spots and
an albino female whese mother was New
Zealand Red How would you go about
developing a homozygous red-spotted Eng-
lish variety?

17 10 Name some combinattons of char-
acters due to single gene pairs i rabbits
which could be produced, but which arc
nnt recognized as breeds Why do you
suppose these have not been recognized as
breeds?
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PessE, M S, Zetschr f tad Abstamm - 1t.
Vererbungs! Supph 2 (1928)
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The genetics of domestic animals II.
Other farm and ranch animals

Let us consider briefly the interactions of Mendelian genes in
some of the more tmportant domestic animals In recent years the
commercial breeding of ranch mink has become popular Many pig-
ment mutations have occurred under domestication, and some of
them, singly and 1n combination, have resulted in colors which are
highly prized About eighteen sets of alleles are recogmzed, some sets
having two known alleles, others three

The standard wild-type mink 1s dark black-brown Some of the
more significant mutations are as follows A recessive gene a results
in blueish underfur with dark guard hairs An allele, ai, makes the
entire fur blueish Another recessive gene, b, results i hight brown
fur (pastel) A gene g produces pastel with green eyes The mutant
gene p results 1n blue-gray color (silverblu, or platinum), and its
allele p* produces a duller darker blue-gray (steelblu). A recessive
mutation pl gives nise to the beautiful golden palomino A lethal
gene S results 1n a hghtening of the color plus some small white
markings, or “ticking,” (blufrost)

Combinations of some of the mutations result in colors which
are much sought after Commercial varieties have been built around
the mutations and their combinations, and some of the more valuable
ones are shown in Table 18 1 and Figure 18 1

Turning now to horses it 1s found that color variations depend
upon several recogmzed gene pairs, A dominant gene, A, 1s respon-
sible for a color pattern on the hair, similar to the agouti pattern in
rabbits discussed 1n the preceding chapter This gene tends to restriet
the dark pigment to the mane and tail The recessive allele, a, does
not produce this color pattern. A domnant gene, B, is responsible
for the production of black pigment in the hair, skin, and eyes, while
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‘Table 18.1. Variries or Rawcn Mg

Geves
Vamtery
40,0 Bb Gg Popp PLp S

i Type

Standard (brown) 41 BB GG PP PIPL e
Ore Mutation

Blue Iris @a BB GG PP PIPL s

Alenhian (Gunmetal) ou BB CG PP PIPL

Pastel Ad GG PP FIPL %

Green-cyed Pastel A BB g PP PIPL ¢

Steelbl EE BE GG pp PPl s

Silverbly (Platmum) A4 BB GG P PIPL ar

TPalomno A4 BB GG P plpl  m

Blufrost A4 BB (G PP PIPL  §t
Tuwo Mutations

Sapphure aa BB GG pp PIPL s

Steabln Sapphire aa BB GG PPl o

Topaz Ad ) P PIPL e

Platinum Blond A4 B G6  pp PIPL  as

Pastel Palomino 44 B GG PP plpl xe

Breath of Spring A4 bb [+ FP PLPL Ss

Pearl Ad BE GG pp piol s

Three Mutations
Winterblu
Paraduse

b, results m brown pigment, vatiously called by
sorrel, or liver The basic colors of horses

its recessive allele,
horsemen brown, chestnut,
depend upon the mteractions of these genes, as foflows

A-B- results 1 bay

gaB- results m black

A-bb results m chestnut, sorrel or “brown™
aabb  results m hver

A recesuve gene, f, reduces the ntensity of the dark pigments
without affecting that of the lighter yellow-red pigments .In the
presence of A-bb, ff results mn sorrels with hght manes and tails

A dominant gene, G, epistatic to all the coIf)r genes histed above,
results in the production of 2 plack coat at birth, fol]o\ver.l by the
mterspersion of mote and more white hairs after each suecessive mo}t,
until in old age such horses may become practically white The white

horses commonly seeft in pastures are of this type . .
A dominant gene, K. results m the presence of white hairs even

in the juvemle coat. Such horses are roan. The gene R with black
results in blue roan, with bay, 0 red roan; and with chestnut, sorrel,

or hver 1n strawberry roan. .
White coat color in horses may be produced by various genes.

THE GENETICS OF DOMESTIC ANIMALS II
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Fig 182 A colt, which appeared to
be born white, and its parents Top,
a roan shewbald stallion, showmng a
relatively extreme condition of the
extent of white Center, a4 chestnut
mare Bottom, therr offspring, a straw-
berry roan skewbald colt, mheriting
the domnant gene for roan and for
skenbald from the father and a reces-
sive for chestnut from each parent,
resulting 1n an almost white coat with
a few spots on the cars, rump, and legs,
The spots, being chestnut plus roan
(or “strawberry roan,” as this com-
bination 1s called), are almost mdis-
tinguishable from the white.



Onc of these is the dommant
white spotting gene A pair of
alleles S and s 1s known, m which
§'1s responstble for calico spotting
(irregular white spots on a colored
background) When the white
spots occur on black the condition
15 spoken of as “mebald", when
they occur on any other color the
condition 15 termed “skewbald ™'
Ths type of spotting 15 affected
by multiple modifying genes, the
extreme bemng almost completely
white This extreme condition 15
rather rare

The attention of one of the writers was once called to a colt
which was said to have been born pure white Upon nvestigation 1t
was found that the colt was a strawberry roan skewbald, representing
nearly the extreme of white spotting (Fig 18 2) The parents were a
gray skewbald stallion which was heterozygous for the chestnut gene,
and a chestnut mare Both are shown 1n the figure. The colt received
the genes for roan and for extreme calico spotting from 1ts sire and the
gene for chestnut from both parents The resulting small spots were
strawberry roan in color and were nearly indistinguishable from the
white

Another spotting gene, a recessive, produces the familiar white
blaze and stockings (Fig 18 3)

Horses are white or near-white also when they are homozygous
for the dilution gene, D When D occurs with its recessive allele, d,
along with the genes that preduce bay, black, chestnut, or liver,
unusual dilute colors are produced, of which Palomino 1s the best
publicized at present The genes mteraet as follows

DD + bay results in creamy whate color and blue eyes, with mane
darker than body (Fig 18 4)

DD + black results 1n sooty cream color and blue eyes, with
mane and body the same 11 color.

DD + chestnut results in ivory swhite color and blue eyes, with
mane hghter than body (Fig 18 3)

DD+ liver results in very pale cream color and blue eyes, with
mane and body similar 1 color

Dd + bay results in dun color (sometimes called buckskin) and
dark eyes, with mane and tait black.

Dd + black results in yellowish black color, called *mouse,” and
dark eyes, with mane and tail the same as the body.

Tig 183 White blaze and stockings, a re-
cessive spotting in horses
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Dd + chestnut results in Palomino, a golden yellow color, with
dark eyes, and very light mane and tail.

Dd + liver results tn cream color and dark eyes, with mane and
tail sirlar 1n color to the body.

Finally the color of some white horses is the result of a white
gene 1V, epistatic to all other color genes
{Fig 18 4) These horses are a pure clear
winte with pink skin, but almost always
with brown eyes Once 1n a winle the eyes
may be blue Only 1I'w horses are known,
which indicates that the W™ condition
may be lethal

Both the white horses due to the genes
DD and those resulting from Ww are
commonly referred to as albnos. In fact,
there exists The Amencan Albino Horse
Club which registers such ammals Geneti-
cally, of course, they are not albmos at all,
since all have pigmented eyes No mutation
of gene € to ¢ has been recorded 1n
horses

Through the interactions of the various
genes just described, a great vamety of
colors 1s brought about In addition to
color genes, a pair of genes 1s said to occur
of wh.ch the dominant results 1n the trotting
gait, the recesstve 1n the pacmng gait Nataral
pacers arc homozygous recesstves and breed
true Of course a trotter may be taught
to pace by careful tramnmg, which 1s an
illustration of the fact well known to genet-
ioists that a trait whnch i some indi-
viduals 1s the result of genes may n other
individuals be produced by the appro-
pnate environment in the absence of these

Bloed:

at the nose oceurs
i horses during a race. This 15 due to

Tig. 184 White horses resulting from three
different interactions of genes. Top, A-bbDD;
center, A-B-DD, bottom, Ww, From Castle
n Genelies
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breaking of the blood vessels, and is an exceedingly undesirable
character i race horses, It appears to be dependent upon a recessne
gene Roanng, a breathmg defect of horses, when not due to injury or
potsoning, 15 the result of 2 donmnant gene

Size, wesght, conformation, speed, and other variable characters
are apparently due to multiple genes (Fig 18 5)

Turnimg now to cattle 1t will be recalled that we have already
takert up th previous chapters many of the known characters Lethals
in cattle were discussed and fllustrated in Chapter 3, the hetero-
zygous roan coat produced by the cross between red and white m
Shorthorns was cuthmed and sllustrated 1n Chapters 3 and 6, as was
the genetics of the polled and homed conditions, and the sexan-
fiuenced characters of Ayrshires were examuned and iflustrated in
Chapter g The effects of selection on the multiple modifying genes
for the extent of spotting were illustrated i Figure 14 7

Pig 43 The exs

tremes of size and eon-
formaton in horses
Togp, a Hackney mare,
tottorm, a Share mare,
photographed to same
seale
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In addition to the genes already
discussed we may list the followmng
A gene for red apparently occurs
n all cattle, no allele being known
for 1t The red may be covered up,
however, by the effect of a gene, B,
which produces black, 1ts allele, b,
not producing any black. A reces-
sive gene, d, for dilutron is known
Cattle of the formula B-D- are
black (Galloway, Aberdeen Angus,
etc), B-dd are dun (Scotch High-
land, etc ), bbD- are red (Herefords,
Shorthorns, etc ), and bbdd are yel-
low (Guernscys, Jerseys, etc)

Whate spotting 1s a character-
1stic of many breeds The various
types of white spotting appear to
depend upon a series of multiple
alleles The Dutch belted pattern is
due to a dommant S, the white-faced
or Hereford pattern to its allele s,
the solid color (absence of spotting)
to another allele s<, and the recessive
white spotting found in Holsteins,
Guernseys, and others to the ulti-
mate recessive s (Fig 186) The
order of domnance is S, s%, s, 5.

A dominant white mutation 1s
found n England among the semi-
wild park cattle (Fig 18 7) An in-
teresting dormmmant mutation occurs
m some breeds, which produces
notched ear (Fig 18 8) This char-
acter has no effect on the animal’s
productton of milk or meat, but
chisquahfies amimals having the trait
for show purposes

Fig. 186 Types of spotting in cattle,
dependent upon four multiple alleles
From top to bottom belted, Hereford
spotting, solid color, and recessive
spotting



Fig 188 Notched ear, & dom
nant mutation m Ayrshire cattie

Tig 1Ry Three of the oldest hnowa breeds of cattie Top, a Welsh
Longhorn, center, Soottish Highland cattle, bottom, an Enghsh Park
ammal, carmyang & gene for dominant white, None of these breeds is
used i Amenca.
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Milk production and bodily conformation, the two important
economic characters in cattle, depend upon a large series of multiple
genes. The inheritance of milk production was considered 1 some
detar! 1 the chapter on selection (Chapter 16).

Recent researches of {rwin and s coltaborators have shown that
the red blood eells of cattle contain many antigens which can be
demonstrated by means of appropriate immune antiserums, Forty
such antigens have been detected. Since each separate antigen may
be present or absent in any indiniduat animal, the number of possible
combmations in cattle is 24, which i$ more than a triflion. Thus it
appears that each individual cow or bull is specifically identifiable by
immunachemical tests

The presence of each antigen is dominant to 1ts absence, so that
it is often posaible to determuine the paternity of a calf, a problem
of some importance in pure-bred registry Since the number of known
antigens 1s greater than the haploid number of chromosomes in cattle,
either some of the antigen genes must be Yinked or else there are
sets of multiple alleles involved Some cases of multiple alleles are
known, but most probably linkage also oceurs,

As has been found in the study of human genetics, different races
(breeds, 1 the case of cattle) differ one from the other almost entirely
mn the proportions of the various genes and not in the kmnds of genes
they possess For example, Holsteins and Guernseys show quantita-
tive differences in regard to the various antigens, but ali are present in
both breeds to a greater or lesser extent

An interesting corollary of the work with bovine antigens is that
fraternal twins in cattle are frequently identical in their antigens, in
spite of being genetically different Owen, who has demonstrated this,
believes that anastomoses of the blood vessels wn ufero results in the
exchange of embryonal cells which develop into red blood cells, The
blood of a twin calf thercfore contans a mixture of its own blood
cells and those of its twin

In recent years dwarfism has presented a very practical problem
to cattle breeders, particularly in the beef breeds. Although dwarfs
have been recorded occasionally for many yeats, their occurrence has
increased markedly of late, and breeders are understandably con-
cerned The typical dwarf, commonly referred to as “snorter dwarf,”
has practically normal bodily proportions except that all dimen-
sions are greatly reduced (Fig 18 9) Dwarfs frequently die within
a year of being born, and seldom if ever live beyond the second

ear
7 Dwarfism is inherited on the basis of an autosomal recessive gene.
The heterozygotes tend to be a lttle thicker and blockier than those
not carrying the gene, and therefore it is likely that some inadvertent
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selection in favor of carriers has bee practiced Several popular bulls
have been heterozygotes, and have spread the gene widely

1t would be of advantage to the breeder to be able to recognize
heterozygotes easily, and thus to eltunate them as breeding stock.
Several attempts have been made to provide enteria for distinguish-
ing carriers, but none has proved highly successful The general blocki~
ness, the “dished in” profile of the face, the growth pattern of the
spal column as revealed by X-ray pictures, the biocheucal analysis
of various body fluids and tissues, and other charactenistics have been
suggested and toied, without marked success as yet

Meanwhile several large ranches are using standard genetic
technique for recognizing carriers Such ranches may sell many breed-
ing bulls each year To msure that the bulls are not heterozygous for
dwatfism, a special herd of perhaps one hundred cows s kept, each
of which 1s known to be a carrier by wirtue of having produced a
dwarf cali Promising young bulls to be tested are mated to at least
fifteen of these cows If no dwarf calf is produced, the bull is con-
sidered as not heterozygous

This procedure may seem expensive and troublesome, but its
value 1s evident when 1t 1s realized that a bull certified not to be a
carrier will bring up to $500 more than an untested anwnal

Rife and his collaborators have made an interesting observation
in regard to the genetics of the gestation perrod 1n cattle The average
Jength of the gestation penod 1n Herefords is 289 days, 1n Angus, 273
days In crosses between the two breeds, the cross-bred calves took
281 days to develop, no matter which way the cross was made This
gestabion penod 15 mdway between those of the two pure breeds It
would therefore seem that the gestation period s determined by the
genotype of the embryo and not by that of the mother, a fact which
has important inphcations for the genetics of development

We may close our study of genes in domestic animals with a bnef
résumé of poultry Many of the characters of poultry have already
been discussed 1 previous chapters and have been illustrated in
various figures The numerous breeds of poultry have become so
famuliar through the keeping of back-yard flocks and the exhibrts of
state and county fairs, however, that a short discussion of the genes
producing them may be of interest Frequent refercnce will be made
to figures in earlier chapters

Three separate kinds of white are known in poultry White Leg-
horng (Fig 6 2) have a domunant inhibitor, 1. Therefore, unless they
are homozygous, White Leghorns may produce colored offspring The
other two genes for white are recesswes White Stlkies (Fig 6 2) and
Rose-comb Bantams are white because of a recessive gene, ¢, nhich
determines the lack of a chromogen necessary for color White Wyan-
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dottes, Cochin Bantams, Dorkings, Langshans, Minorcas, and Rocks
are white because of a different recessive, o, which determines the lack
of an oxidase also necessary for color The colored breeds must there-
fore have all three color genes, that is, their formula must be 1{C-O-.

A dominant gene, E, extends black pigment throughout the
plumage, 1ts recessive allele, ¢, revealing the underlying yellowish
(known to poultry breeders as buff) pigment Buff Brakmas, Cochins,
Leghorns, Orpmngtons, Wyandottes, and other buff breeds therefore
have the formula e, while the black breeds (Black Java, Black
Langshans, ete ) are EE (Fig 18 10)

It will be recalled (Fig 3 1) that the splashed-white gene, w,
produces Blue Andalustans (I11"w) when 1t occurs with its allele 1.
Ths is one of the few cases where a heterozygous character has been
chosen as the basis of a breed

A spangled pattern of feathering occurs in Spangled Hamburghs.
This is dependent upon a dominant gene

Several sex-linked genes occur in poultry Among them are
“sitver” and “‘gold” plumages, the silver being dominant The silver
gene mteracting with the recessive ee results in the “Columbian’’ pat-
tern characteristic of Columbian Wyandottes, Light Brahmas, Light
Sussex, and similar breeds

In addition to color mutations, a number of gencs affect the form
of the feathers, the comb, and other parts of the bird A dominant
mutation produces a crest, characteristic of the Houdan and Polish
breeds (Fig 18 10) Another gene produces “fnzzled” feathers, which
curl upward and forward A recessive mutation m which the hooks
are elimmnated from the feather barbules produces silky feathers,
charactenstic of the Silkies (Fig 6 2) A peculiar dormnant mutation
results m the absence of feathers on the neck not a very attractive
condition Yet 1t has been made the basis of a breed, the Transyl-
vanmian Naked-neck Close feathermg such as found in the Cornish
and Game breeds 1s due to 2 dominant gene

A curious recessive mutation results i unique long feathers at
the hock joint This “‘vulture hock™ has been made charactenstic of
the Sultan breed and of the Mille Fleur Booted Bantams A recessive
gene for “ropy” feathers results in the failure of the down to fluff out
in the newly-hatched chick and causes the formation of a groove m
the feather shafts of the adult. Another recessive gene results in
frayed feathers, having a poorly formed web, though not as extreme
asin Silkies A mutation resulting in “flightlessness”” produces feathers
so defective that they break off as soon as they emerge, so that the
homozygote is virtually featherless at maturity In the heterozygote
only the large wing and tail feathers break off, but the birds are un-

able to fly.
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Fig 1810 Top, photo
of Buf Roch rooster,
bottom, a white-crested
Black Polish hen 5
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A dominant gene is found in some of the continental breeds of
poultry, resulting in the lengthening of the feathers on the cheeks,
known as a “muff ** A recessive gene for retarded feathenng, which
expresses itself only in the presence of a sex-finked gene for early
feathering, whibits the development of tail feathers and secondary
flight feathers A dominant mutation is known which prevents the
development of the caudal vertebrae, resulting m “‘rumplessness ™
Many mutations result, of course, in undesirable traits,

Several genes affect the legs of birds The two pairs of genes
affecting featherert shanks swere discussed in Chapter 6. Another mu-
tation preduces triple instead of smgle spurs on each leg and is found
1n the Sumatra breed. A dominant mutation results in polydactyhsm
(five toes instead of four), while another stmitar domnant gene results
in “duplicate,” baving six toes A recessive gene produces a webbing
between the third and fourth toes, known as syndactylism This trait
has not been made a breed charactenistsc, although it 15 found com-
monly in some breeds such as White Plymouth Rocks

‘The form of the comb has been studied, and 1t 1s found that the
four printipal types of combs depend upon the interaction of two
pairs of genes, K and 7, P and p Single combs are charactenstic of
Leghorns and other breeds, rose combs are found it Hamburghs, White
Dorkings, Wyandottes, and others, pea combs oceur s Brahmas and
Cornish, and walnut combs characterize the Malays The genes con-
cerned interact as follows

R-P- results in walnut comb
7P~ results in pea comb
R-pp results in rose comb
rrpp  results in single comb

Many sentes of multiple genes have been investigated in poultry.
Egg production has been studied by many mvestigators All agree
that, while egg production is undoubtedly influenced to a certain
extent by environmental factors such as feeding and rearing, it is
clearly a hereditary character The latest hypathesis of the number
of pairs of genes concerned postulates eight pairs, ene sex-linked,
affecting total egg produccmn thrcmgh time of sexual maturity, inten-
sity and persi of brood and winter pause

Dmease itutional vigor, hatchability, body
weight, rate of growth, and numerous other characters have been
shown to depend upon an undetermined number of multiple genes

Thus in borses, cattle, and poultry we find the same principles
of breed formation that we have already discussed the combination
of a relatively few distinguishing qualitative ch with a definite
degree of development of one or more quantitative characters The
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same principles apply to all species, and we could Iist single gene pairs
and multiple genes for dogs, cats, sheep, pigs, ducks, canaries, and
others Enough has been said, however, to outline the principles in-
volved in the production of breeds Selection and other breeding
methods have been discussed in a previous chapter For the specific
characters known m ammal species other than those treated here, the
attention of the reader 1s called to the problems at the end of this and
other chapters, where many of them are descibed Much valuable
mformation 1s also available m the Yearbooks of the US Depart-
ment of Agnculture for the years 1936, 1937, and 1943-47

The chromosomes of domestic animals have not been studied as
intensively as those of plants, hence 1t cannot be stated whether or
not chromosomal aberrations account for any of the vanations in Iive
stock and pets Probably they do, however, and future research will
undoubtedly add much to our knowledge of this potential source
of differentiation of animal breeds

PROBLEMS

18.1 A bay mares the result of a mating
between a chestnut stallion and a black
mare If the bay mare 15 bred to a cream
staflion (aabbDd), what kinds of offspring
would 1t be possible for her to produce?

18.2 Two strawberry roan horses pro-
duce a colt which develops into a lver
stalion What were the genoytpes of the
Pparents”

18,3 In cattle the following genes are
known to affect coat color B results 1n all
the pigmented hairs being black, & does not
result in blach pigment ; D results in intense
pigment, d 1 dilute pigment , K in the pres-
ence of bb results in black-and-red, 1n which
only some of the prgmented hairs are blaclk,
the others being red, & does not result m
this black-and-red condition; M 1s a gene
modifying the effect of & 1n such a way that
Tmost but not all of the pigmented hairs are
black, resulting in “mahogany,” w, its
allele, results in most but not all of the
Pigmented hatrs being red This character
15 sex-nfluenced A and m thus produce
noticeable effects only 1n the presence of
b6A-; R 1n the homozygous state m the

presence of bk results in all the pigmented
hairs bemng red, r m the homazygous state
sesults 1n white, the heterozygote Rr (in
presence of b54k) being roan, S, 5%, s, and 5
are multiple alleles, resulting respectively
m belted, Hereford spotting, sohd color,
and recessive white spotting The geno-
types of seven breeds of cattle m regard to
color are as follows

Breep Bb Dd Kk M Rr Sshss

Holsten BB DD ? ? RR ss
MM fsts
Jersey b6 dd KK{Mm RR{ss
mm 35
Guemnsey b dd kk ? RR ss
Rig‘e
Ayrshice b DD KK{MM RR 35
mm
RR
Shorthorn 86 DD k2 {Rr &
”
Hereford b5 DD kk ? RR pg
Aberdeen

Angus BBDD ? ! RR ey
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From the above data answer this and the
fallowing nme questions about cattle Why
are the guestion marks placed after the
Holstewn breed m the coluruns headed K%
and M2 Explam fully,

18.4 The maskng of the effect of one
gene by a gene of a different paue 15 spoken

D is a donunant dilution gene, d is its re-
cesstve allele for mntensity: P 1s a domsnant
color gene,  1s 1ts recessive aflele for white
plumage {not albinism, since the eyesof pp
birds are pgmented), A 15 a dopunant gene
for bronze pigment in the light-edged feath-
ers, # resulting 1 black pigment 1 the
light-edged feathers (N: ), the

of as epastasss Thus B s epst; to Kand
£ To what genes 1s & epistatic? To what
genes besides K and k s B epistatie?

18.5 What crosses would have to be
made to deterrmne the genotype of Hol-
stens 1 regard to K and &/

18.6 Why are Herefords never roan?

18.7 How could roan Herefords be pra-
duced? Would the first cross have to be
follows: by subsenquent selection?

18.8 What crosses would have to be
made to determme the genotype of Guem-
seys w regard to genes M and m”

1B.9 How could sold black Holstewns be
produced? Would the selection foliowing.
the first crass have to take into account
the multiple genes by which all breeds
differ? Would 1t be better to breed the £y
anunals together or constantly to breed
back to Holstems?

18.10 What would be the color and
markings of the £, from a cross between
Herefords and Aberdeen Angus?

18.11 Why are Jerseys somewhat darker
than Guernsays?

18.12 What would be the colar and mark-
mgs of the £ from a eross between a Hoj-
stein and a soltd-calored Jersey? What are
some of the vanous combiations which
would be expected to result in the Fy?

18.13 In turkeys the followrng genes are
Jmown to affect plumage color B results
m bhack pigment thronghout the feathers, b

results 1n many of the feathers having bght
edges, the heterozygote beng black with a.
few scattered hight-edged feathers; Ris an
extenston gene which permits the presence
of overtymyg dark pigment, thas abscunng
the underlysng red, ¢ restriets the overlyrag
pigment, thus showmng up the undestying
red, the hetesazygate tendhag torbe “rusty™s
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genes N and # bemyg ses-hnked. (N and 1
therefore show themr effects only in the
presence of HRR ) The genotypes of eght
vanteties of turkeys are as follows {the W
111 the last column stands for the W chromio-
some which does not carry sevhnked
genes)

Variery Bb Re Dd Pp Nn

Mates Females
Bronze ¥ RRAd PP NN AW
Bourbon Red b 7r dd PP NN NW
Nassagansett bb RRdd PP nn nW
Black BB RRdd PP NN §W
Slate % RR DD PP NN 8V
Blue BB RR DD PP NN &W
Buff BBysr dd PP NN MW
White Holland ~— — — pp — =W

From the above data answes this and
the followtng four questions about turheys
Why are the dashes placed wn all columns
but the “pp" for the White Halland
varnety?

18 14 If you wanied to discover which
cofor genes a whnte bird earried, to what
variety ar vaneties should it be mated 10
order to discover thes mast quickly?

18.15 Of the many posssble homoazygous
genotypes which may be produced, ustng
the abave genes, only a few ave beett
developed as recognuzed vaneties What
are stme other homozygous genotypes
which might be develaped? From your
knowledge of the color genes invobed:
what t5 your best guess as to the colors
which wauld be developed from these addi-
tionat hamozygaus genatypes”

18.16 What would be the results in the



Fyand F, of crossing a Bronze male to a
Nart female® A N male
to a Bronze female?
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CRIAPTER NINETEEN

Plant life cycles
and their genetic implications

No less important to man than the domestic animals are the cul-
tivated plants Food, lumber, oils, rubber, fibers, drugs, paper pulp,
and other plant products are essenttal to man'’s daily existence. Plant
breeding and the development of new or better varieties of plants are
essential parts of modern agronomy, horticulture, and forestry The
hasts for such improvement 1s a knowledge of the facts and principles
of genetics While the fund tal genetic iples are the same
in plants as in animals, there are encugh practical differences to war-
rant a special exammnation of the formation of gametes and the
process of fertilization in plants

The first important fact to be noted is the dsfference in the life
cycles of the higher plants and the higher antmals Swince 1t 15 the
higher plants which are of the most economic importance, we shall
center our attention on them, although it will be necessary to review
the life cycles of some lower plants in order to understand fully the
life cycle of the higher forms

Briefly, the fe cycle of an animal cousists of the body, or mature
animal m which the staturation process goes on, forming gametes which
unite in fertdfization, as a result of which a new body is formed and the
cycle continues,

In contrast to that of an animal, the life cycle of a plant consists
of fwrs generations, the sporophyte, corresponding to the body of the
anumal, and the gametophyte, which has no parallel in animals. In the
sporophyte generation, which is the familiar plant body in the higher
plants, the maturation process takes place In plants, however, fer-
tilization is not the next step. Instead the cells produced by the
maturation undergo further division, producing a distinet generation,
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the gametophyte. Finally from the gametophyte, with no further
reduction division, are produced gametes which unite in fertihzation

After fertilization the zygote develops into the embryo and finally
into the adult, i plants as well as 1n animals. In the higher plants,
however, the embryo may undergo a dormant stage before developing
into the adult This we know as the seed stage. Swce the seed 1s of
considerable economic importance, especially mn such foed plants as
corn, wheat, and others, and since the genetic characters of the seed
are closely correlated with the events of the gametophyte generation,
it is important m our study of genetics to examtne the whole life cycle
of a plant with care

The body of an animal and the corresponding sporophyte of a
plant have chromosomes in pasrs m the cells In other words these
cells contam the 2s number of chromosomes Because of the reduc-
tion division the cells resulting from the maturation process contain
the % number In ammals such cells are gametes In plants, however,
they are not gametes, since they do not unite 1n fertihzation They
are termed spores These spores, containing the # or haploid number
of chromosomes, divide by mutosts, forming a more or less extenstve
generation, the gametophyte, which has the 1 number of chromosomes
1 all 1ts cells The gametes produced by the gametophyte also have
the # number of chromosomes and upon uniting form a zygote with
the diploid number

In the higher plants the dormant stage of the embryo forms part
of the seed There 1s another part of some seeds, however, the endo-
sperm, which 1s genetically distinet from the embryo and contains the
31 number of chromosomes mstead of the 2n, due to a fusion of three
nucler (irsple fuston). This conditron we shall discuss later i the
chapter

‘We may contrast the hife cycles of plants and anmmals thus:

AnimaL Prant
Seed (in higher pkmt,s){ gﬁ‘;’;‘lﬁl’%,‘)
Body (2n) Body, or sporophyte (21)
Maturation (to#)  Maturation (to #)
Spores (1)
Gametophyte (1}
Gametes (1) Gametes (n)

. - Fertilizatton (to 21)
Fertization (t0 21){ prole fusion (un higher plants) (to 31)
In order to understand the genetics of the gametophyte genera-
tion and thus of the seed, let us start with a simple type of plant, the
moss, and work towards the higher economic forms.

PLANT LIFE CYCLES
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arch jum and the ofd hyte for its food supply, but it soont
grows mto an mdependent plant with roots, a stem, and leaves.

It will be noted that as we go up the scale the sporophyte is be-
coming the more consptcuous part of the life cycle, and the gameto-
phyte 1s becarnmng inconspicuous,

Continung up the scale let us exammne a seed plant We may
choose corn as an example, masmuch as 1t 1s of constderable econome
smportance and its bie history is typical The cells of the comn plant
contain the 2n number of chromosomes, and the familiar com plant
jtself 1s the body, or sporophyte, having ansen from the union of twe
gametes In it the maturation process takes place. In seed plants such
as thrs, however, two kands of spores result from maturation one kind
{microspores) which will eventually produce male gametes, the other
{megaspores) which wil eventually produce female gametes.

Higher plants have specialized structures kunown as flowers in
which the maturation process occurs, producing spores The micro-
spores are produced m the stamens of the flowers; the megaspores in
the prstils of the flowers In most plants the same flower contasns both
stamens and pistils. In corn and some others, however, some of the
flowers contain only stamens, while others contan only pistils The
starmnate flowers 1 comn are clustered in the “tassel” at the top of
the plant, while the pstillate flowers are arranged in rows on the
“cob "' Reduction divisions occur both 1n the stamens and in the
pistils The cells with the reduced (i) number of chromosomes, re-
sulting from the maturation process, would in animals be gametes;
m plants they are spores and produce the gametophyte generation
before formng gametes Let us trace them through the gametophyte
generation

From a microspore, with the » number of chromosomes, a game-
tophyte generation develops The nucleus divides within the cell,
formng a tnbe nucleus and a generative nucleus The generative nucleus
m turn drdes, forming two genetically tdentseal sperms All this
usually takes place within the stamen The resulting structure with
its three nuclet 15 a pollen grain (Fig 19 3) Many pollen grains are
produced within each stamen

In the pistils we may follow the fate of the megaspores From a

ag phyte ion develops as follows. The nucleus
of the megaspore divades, forming two nuclei, each of which again
divides, resulting in four Each of these four then divides, so that
there are cight nuclei, four fowards each end, within an elongated
structure known as the embryo sac. Two of these nuclei (one from
each end) then fuse together, forming a single nucleus with the 21
number of chromosomes This nucleus is called the fusion suclens.
One other nucleus becomes the egg nucletss. The five remaining nuclet

278 CHAPTER NINETEEN



©
©

Glojele)
RO

@@
©)

S+0a)
@2

maturation qametophyte

Tig 13 Di of and the m the
stamens The resulting pollen grains, each contammng three nucles, are shown at
the extreme right—~¢ ., sperms, £ 0, tube nueleus.

become separated from one another by cell walls and take no further
patt in the hie history These few divisions (and the corresponding
ofies 1 the development of pollen grams) are all that remam in the
higher plants of the gametophyte generation All thys takes place
within the pistil. Each pistil in corn produces one gametophyte, which
consists of an embryo sac contamng seven nucled, one of which 1s the
egg nuclens (1), another the fusion nuelens (2n), the remaining five,
as stated above, playing no futther part (Fig 19 4)

e have previous to fertilization, then, a pollen gramn containing
three nucler, each with 2 chromosomes, and an embryo sac contaming
two essential nucler, one of which has i chromosomes and the other
21 1t 13 to be noted that the tno haplaid chromosome complements
of the fusion nucleus are 1dentical, and that they are wdentical with
the haplord complement of the egg nucleus The haplod chromo-
some complements of the pollen grain nucler are also wdentical The
embryo sac s within the pistil The outer end of each pista} i comn
extends as a long slender "silk ™

When polien 3s shed from the tassels, 1t may fail on the silks
When a pollen grain alights on a silk it germinates, and from it a
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microscopic hollow tube, the pollen tube, grows down the silk to the
ovulary of the pistil Eventually the tube reaches the embryo sac and
grows mto 1t Down the tube come the two sperms (the male gametes)
and enter the embryo sac One of the sperms umites with the egg
nucleus, forming the zygote, with 25 chromosomes, which will develop
into the new plant This union of sperm and egg nucter 1s true fertiliza-
tton The other sperm umtes with the fusion nucleus, forming a
nucleus with 31 chromosomes, the endosperm nuclens This union of
sperm and fusion nucleus 1s called triple fusion

The zygote ymmediately begins to develop 1nto an embryo plant.
It grows for a while and then becomes dormant for a time the seed
stage

The endosperm nucleus also develops, forming a mass of tissue
around the embryo This surrounding tissue 15 endosperm Its outer-
most cells form a specialized layer, a single cell 1n thickness, known as
the alenrone layer This is tmportant to us because certain genes i
corn affect only this aleurone layer The endosperm, each cell of which
hag 31 chromosomes, almost encloses the embryo, the cells of which
have 2 ck Around end m and embryo, enclosing
them both, 1s the pericarp, or gram coat, part of the mother's own
tissue (In corn and other grasses the tissues surrounding the embryo
and endosperm consist of the seed coat fused to the ovary wall, In
most other plants the seed coat 1s separate However, both seed coat
and ovary are 21 )

‘Thus the following tissues
make up a gramn of corn (Fig.
19 5) Outside of all 15 the grain
coat, with 21 chromesomes de-
nved wholly from the mother.
Inside of the gramn coat is the
thin aleurone layer of the endo-
sperm, the cells of which have
3n chromosomes (21 from the
female parent and = from the
male parent) Within the aleurone

Fig 195 Diagrammatic cross section

layer the remamder of the endo-
sperm forms the bulk of the
grain All the cells of the endo-

of a gram of corn, showing the Various
parts which may be independently
affected by genes.

sperm have 3u chromosomes
Finally within and almost entitely surrounded by endosperm is
the embryo, with 21 chromosomes (1 from each parent) To produce
each gram of corn on an car there must be one fertilization and one
triple fusion

All this is of considerable importance to us because the heredstary

endospernt (3n)
aleurone (3n)

pericarp (2n)
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characters of the embryo, the endosperm, and the pericarp are deter-
mined independently, and each of these parts 13 of economic value,
The endosperm particularly is of economic value, since it contains a
large part of the food accumulated in the grain.

When a grain of corn 1s planted, the embryo, which has been
dormant 1n the sced stage, begins to grow, using the food which has
accumulated 1n 1t and 1n the endosperm The endosperm thus dis-
appears, and the mature corn plant has the usual 211 chromosomes
In some species of plants, such as peas and beans, the endosperm
makes very Little growth, and the bulk of the seed is composed of
the two enlarged cotyledons (leaves) of the embryo.

‘With the above facts in mind we may examine some of the heredi-
tary characters of cultivated plants and the genetic basis for these
characters The genetics of corn has been extensively investigated by
Emerson, East, Jones, Lindstrom, Stadler, and others, and we may
profitably use corn as an example The genetic characters of corn may
be classified as seed characters, including endosperm structure, endo-
sperm colors, aleurone colors, pericarp colors, and embryo characters;
plant structures, plant colors, leaf structures, inflorescence char-
acters, root characters, and physiological characters More than
200 pairs of genes have been studied in corn, 1n addition to several
series of multiple genes. Only a few of the more important of these will
be mentioned

1. Seed Chararters

A ENDOSPLRM STRUCTURE One of the most important of the
economic characters of corn is the presence or absence of sugary endo-
sperm, The difference between starchy corn (field corn) and sugary
corn (sweet corn) is a single-gene difference, the genes for starchy
and for sugary bemg alleles An interesting point intrudes itself here.
It will be bered that the end 'm cells contain c}
in sets of three What then would happen if two of the chromosomes
each contained a gene for starchy and the third contained a gene for
sugary? Or, conversely, what would happen if two of the chromo-
somes each contamed a gene for sugary and the third chromosome
contained a gene for starchy?

By experiment and observation we find that a single dose of the
gene for starchy is sufficient to produce starchy endosperm even in the
presence of two doses of the gene for sugary (Fig. 10 6). Thus it might
be said that starchy shows domimance over sugary. We have reserved
the term dominance, however, for cases where one member of a pair
of alleles masks the effect of the other member of the pair, Here we
have one masking the effect of a double dosc of its allele We call such
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Fig 196 Genetw vanations in corn
Upper row, purple and colorless aleurone
from different causes Teft, 4 few purple
grams due to xenis, right, many purple
gramns due to segrégation. Middle row,
the plant colors left, purple, nght,
green Lower row, left, segregating
starchy and sugary grans, right, pod
corn, m which each grain 1s covered with
a peculiar pod

B
Qe

SRR

5,

a phenomenon xenia. Designating the genes as S for starchy, s for
sugary, we say that S shows xenia over s The various genotypes of
the endosperm of corn m regard to these genes may thus be as follows-
5SS, 5Ss, Sss, sss The first three will result in starchy endosperm,

the last in sugary endosperm

1f a field of sweet corn were adjacent 1o a field of starchy com,
it might happen that some of the pollen from the starchy com would
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blow over and pollinate some of the silks of the sweet corn, The em-
bryos within the resulting seeds would be Ss, heterozygous for the
starchy and sugary genes, but the visible endosperm around the em-
bryo would be Sss, and would be starchy. Thus on an ear of sweet
corn we may find a few starchy kernels, the result of pollination by
alien starchy pollen The mteresting thing about this case is that the
starchy endosperm appears while the seed is still on the mother plant,
smce the endosperm grows to matunty the first season This 1s the
mantfestation of xenia

Stmlar mamfestations may occur 1n most of the other endosperm
and aleurone characters, where the chromosomes {(and therefore the
genes) are n threes nstead of in pairs (Fig 19 6) Continuing with
endosperm structures, genes are known for waxy enddsperm, shrupken
endosperm, and scarred endosperm The normal allele of each of these
genes manifests xema Sixteen different genes are kfiown for defective
endosperm, any one of which in the absence of its normal allele pre-
vents normal development of endosperm tissue

A condition of particular interest occurs in the pair of genes F
and £, where F represents a gene for flinty endosperm and / represents
its allele for floury endosperm Here the normal manifestations of
xenia are not present, so that a curious situation develops in crosses
involving these genest Crosses in-
volving these characters in the

S plant FF ><
’ 7 homozygous condition always pro-

endos)
perms FEF o duce an Fy with seeds hke that from
’ @ which the mother developed, regard-
less of which way the cross 1s made
pollen embryo sac This 1s due to the fact that one
dose of the gene F is not enough to
plant Ff > F j produce 1ts effect in the presence
endosperm Fff of ff In other words an endosperm

of the formula Fff is floury, not

» @ @ @ @ flinty. We may diagram crosses of
this nature, remembering that each

pollén embryo sac pollen grain contains two sperms and

each embryo sac also contains two

;; ; nuclej, one having 21 chromosomes

Using pollen from the fiinty parent,

F | FF Ff we may work out a cross as shown
FF 111:1 iF ﬂFFf on this page.

Y { foty It will be scen that the endo-

s I sperm of the F; 1s hke that of the seed

it Fff ﬂ/// from which the mother developed,

floury ] floury and the endosperm ratio of the Fy
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is one to one instead of three to one The F, from the reciprocal cross
would be identical This case was a very puzzhing one until the
knowledge of the genetics of end cells made 1t expl. 1

B ENDOSPERM COLOR Several pawrs of genes affect endosperm
color There is a gene for white which shows xenta over its allele for
yellow Conversely, there are three genes for yellow which show xenta
over therr alleles for white In the absence of the first-mentioned white
gene any one of the three separate yellow genes 1s suffictent to produce
yellow endosperm

€ ALEURONE COLOR A large senes of genes affects aleurone color
Several pairs of alleles exist m which color shows xema over white
‘There 3s also a white showing xemia over color Another gene produces
purple aleurone and shows xen over 1ts allele for red (Fig 19 6)
There is a gene for brown aleurone In order for purple, red, or
brown to show up 1t 15 of course necessary that none of the white
genes be present in such genotypic arrangements as to prevent the
development of pigment Another pair of genes affecting aleurone
color conststs of a gene for dilution and 1ts allele for intensity of pig-
ment, dilution manifesting Xema over mtensity

D PERICARP coLORS Three sets of genes affect pencarp colors,
the various interactions producing red, brown, cherry, or colorless

‘The color of the kernels on an ear of corn, then, depends on a
large and varied senies of genes Since the pericarp 1s the outer layer,
1ts color wall show 1f 1t has any color If the pericarp 1s colorless the
aleurone color will show through If the aleurone layer 1s 1n turn color-
less (white), the endosperm color may show through The color of
corn grams illustrates very mcely the complcations which may evist
1n the genetic determination of a character Because of these complica-
tions, espectally where we are dealing with pericarp genes and endo-
sperm genes in the same cross, 1t may be helpful at this pont to
diagram a cross mvolving such genes Let us use S, a gene for starchy
endosperm showing xena over its allele s, a gene for sugary endo-
sperm Let us also use B, the dommant gene for brown pencarp and
1ts recessive allele & for colorless pericarp

If we cross a homozygous varety having starchy endosperm and
brown pencarp with a homozygous variety having sugary endosperm
and colorless pericarp, we may obtan an Fy and an Fs generation
We must remember that the endosperm genes affect the endosperm
but not the plant tself, while the penicarp genes affect the pericarp
of the seed but not the endosperm We must also remember that the
endosperm genes in the cells of the endosperm came from the triple
fusion, and thus of the three gencs in each cell of the endosperm, one
came from the pollen gram and two from the fusion nucleus On the
other hand the pencarp genes m the cells of the penicarp are derived
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PARENTS ) BBSS Bbss

GAMETES B 5

L 3 BbSs BbSs
BbbSss BbbSss
eolorless pericarp because of bb in the motkher,
starchy endosperm because of Sss 11 endosperm

BS Bs

Bs
Bs

embryo sacs

BS BBSS BBSs BbSS BbSs
BESS, BBBSSS BBBSSs BBbSSS BBbSSs
brown starchy } brown starchy [ brown starchy § brown starchy

BBSs BBss BbSs Bbss
BBBSss BBBsss BBbSss BBbsss
brown starchy § brown sugary f brown starchy § brown sugary

BbSS BbSs bbSS bbSs
@ BbySSS BbbSSs bbbSSS bbbSSs
brown starchy f brown starchy } brown starchy } brown starchy

BbSs Bbss bbSs bbss
BbbSss Bbbsss bbbSss bbbsss
brown starchy § brown sugary } brown starchy | brown sugary

wholly from the mother and are not affected by the fertilization or the
triple fusion

Thus the cross is as shown above, using pollen from the va-
ricty having brown pericarp and starchy endosperm.

The result in the F, generation is three brown starchy to one
brown sugary. The Fp seeds all have brown pericarp regardless of
the g fned in the endosp or in the embryos because the Fy
mother plants are of the formula Bb and thus will produce seeds all
with brown pericarp. The endosperms of the Fy sceds, however, are
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affected by the triple fusion and thus are starchy if they are of
the formulas SSS, SSs, or Sss and sugary if they contam the
genes sss

E. EMBRYO CHARACTERS Four different recessive genes affect the
embryo of corn, producing, when 1n the homozygous state, abortive
embryos, germless seeds, seeds with mimature embryos, and prema-
ture germination, respectively.

2. Plant Structures

Many different recessive genes are known, any one of which mn
the homozygous condition produces dwarf plants (Fig 197) The
number and distribution of the stomata depend on at least three pairs
of recesstve genes A domnant gene produces “teopod” corn, 1n which
the whole plant 1s affected to such an extent that 1t would m nature
unquestionably be called another species

Fig. 197 Dwart corn (left)
and narrow-leaved corn {night)
compared with a normal plant
(center) From Jones sn the
Tournal of Heredsty

J—
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3 Plant Colors

A senes of gene pairs has been 1solated controlling the general
anthocyamin and flavone pigments of the plant These may in the
domimant state produce purple plants, brown plants, salmon-colored
siiks, and intense or dilute shades of these, respectively. In addition
to such migments the chlorophyl content 1s subject to much modi-
fication, nearly seventy recessive genes being known which affect it
Ten dufferent recessive genes are known for albinism (Fig 19 8), and
thirty or more swhich produce striping, blotching, and yellowing
Albino seedlings, of course, cannot hve past the stage when they
have used up the food contained in the sced Striped, yellow, and
blotched plants live, but are not vigorous, and wilt in hot weather

4 Leaf Characters

Many patrs of genes are known which affect the leaves of corn,
producing, respectively, narrow, twisted, slashed, frayed, stmate,
knotted, crinkly, adherent, glossy, or liguleless leaves (Fig 19 7).

s Inflorescence Characters

Nearly two dozen recessive mutations are known which affect the
staminate or pistillate inflorescence These include tassel ear, tassel
seed, sitkless (stenle), barren, anther ear, coherent tassel, pod
(Fig 19 6), ramose, sorghum tassel, weak tassel, fasciated ear,
and others

Fig. 198 Albino corn seedlings. From
Jones and Mangetsdorf in Bull. 266 of Conn.
Agr. Exp. Station
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6. Root Characters
Ounly one gene is known to affect root characters, a recessive
which prevents the emergence or development of the secondary roots

7 Physwlogical Characters

A number of genes are known which vatiously affect the re-
sistance to disease, such as smut or rust. Another recessive gene
produces a lack of hgnin, and still another produces “diabetic” corn

8 Multiple-gene Characters

Many series of multiple genes m corn have been investigated,
although much work remams to be done The protem content of
seeds, the a1l content, the number of rows on the ear, the vigor and
size of the plant all appear to depend upon multiple genes.

The above hist of the various kinds of characters 1n corn and their
known hereditary basis has been given m order to demonstrate the
fact that the same principles of genetics and breeding apply to plants
as to animals The linkage relations of many of the genes are known,
and a hnkage map of corn was presented n Figure 12 2 It will be
noted that the genes affecting one character are not all on the same
chromosome Those affecting chlorophyl, for example, occur on at
least mne of the ten pairs of ¢t those
and flavone pigments on esght, and those affecting the leaves on at
least five

As we have seen to be the case n other orgamisms, most of the
mutations in corn are recessives, and most of them are deleterious
Hence the breeder 1s faced with two problems first, getting nd of
the undesirable characters, and second, combiming the desirable char-
acters in the most effictent manner The vanous combinations of
desirable genes have resulted 1n the different breeds, or as they are
usually called 1n plants, varzeties

In a similar way the mutations of other plants have been nvest:-
gated, and many genes are known 1 most species of cultivated grans,
fruits, vegetables, and flowers, and in wild species as well The
methods of preserving and good ck while el t:
ing the undesirable ones were discussed in the chapter on selection
(Chapter 16)

Chromosomal aberrations have contrbuted relatively little to
vanation in corn The stnking differences that are commonly scen
come from the vanous combinations of genes Many other cultivated
plants, however, do have some of their interesting and useful differ-
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ences determined by chromosomal aberrations This source of new
characters will be discussed m Chapters 20 and 21,

In addition to vamations dependent upon chromosomal genes, a
type of varation has long been recognized in plants which depends
on gene-ltke bodies in the cytoplasm, transmatted only by means of
the eytoplasm The studies of this type of transmussion have secently
taken on new impetus, and examples of eytoplastuc inheritance have
been found 10 protozoa, insects, and mammals, as well as in plants.
The genetic ympheations of these new researches are of such impor-
tance that a chapter will be devoted to them (Chapter 25).

PROBLEMS

18.1 A homozygous vanety of carn with
purple aleurone and flinty endosperm 1s
crossed with a homozygous varety having
red alenrone and floury endosperm Pollen
from the purple flinty vantety isused What
svould be the appearance of the endosperm
and the genatypes of the embryos 1 the F,
and the Fy?

19.2 What differences would occur i the
Fy and the Fy if pollen from the red floury
vanety were used sn malang the cross?

19.3 Along ome edge of a field of sweet
com the ears contamt occasional starchy
grans, while along the other edge the ears
contam afl sugary grans What is the
probable explanation of this>

194 On a certain ear of com all the
grains have colorless pencarp e¥cept one,
which 15 red. Could this be an effect of
xema? H not what could be the evplana-
tion”

19,5 A certam strain of corn when mnbred
produces colored and albino seediings 1o
the ratia of 27 colored . 37 albine What is
the explanation of this ratio®

19.6 Inwhich one of the following plants
would you expect xema to produce the
most ble effect onions,

of color so that the flowers are white In
the presence of Ii™-, the effects of several
other genes are as follows ¥ results m
wory base pigment, s recessive allele, 3
results in yellow base pigment;  converts
wory base pigment to purple anthocyanin
and yellow base pigment to red anthocya-
mm, 1ts recessive aflele, 1, does not cary
out these conversions; D results mn mtense
anthocyamin pigment, its recessive allele,
d, results tn dilute anthocyamin pigment,
diduting purple to pink and red to bronze
These four pairs of genes segregate m-
dependently The genotypes of eleven com-
mercial greenhouse vaneties as recorded
by Haney are as follows

VARIETY War Yoy {2 Dd
Windemer's Lilac

(pucpte) W ¥Y 17 DD

Scarlett O'Hara (red) W gy 11 DD

W vy I dad
Wiy Hdd
WWw Yy s dd

Cheviot Masd (pink)
Lady Dorothy (bronze)
Margaret {ivory)

patatoes, wheat, tornatoes?

19.7 In snapdragons a gene 11" permuts
the development of flower colof, its re.
cessive allele, w, prevents the development
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Ball Geld (yellow) WWyy @ DD
Ethel (yellow) Wiy o 4
Rockwood's Crystat

Whate we YV IIDD
A 's White we YY I7dd
Peace (white) ww YY u dd
Yuletide (white) ww yy wu b

From the above data answer these ard



the folfowmng three numbered questions
about soapdragons What would be the
flower color of the F,, and the colors and
rativ of the Fy, from a cross betweess Winde.
mer’s Liac and Vuletide? What ather
erosses would give wdentical results?

19.8 Inosmuch asthegenes ¥, 3, 1,4, D,

phenotype of the F, from a cross between
the praceding two vaneties®

18,16 How many kinds of germ cells
would the 7 m the preceding problem
produce 1f there were no crossing over?

19.16 How many kands of gametes could
the Fim Problem 19 14 produce, talang
nts di sngle

end & cannot express th tves w the
presence of ww, what is probably respon-
sible for the fact that the kst four vaneties
n the Iist are disbnet one {rom the
other?

19.9 H you had an unknown whete saap-
dragon, and wished to learn as quickly as
passible what color genes it carned, to
what varfaty shemld you trass it?

19.10 If you had avalable onfy Lady
Dorathy ond Peace. could you develop
from them a pink-flowered plant? Tvery?
Red? Purple? Vellow?

13.1% In tomatoes the following genes
oteur A,a {purple stem, green stem), D4
(128, dwarf); F.f {fascated fray, nonfas-
ciated frut}; 0.0 (oblate frut shape, ovate
frut shape); Pp (smootinskenned frugt,
pubescent frut}, R (red fesh, yellow
fiesh); S5 {mmple mflorescence, compound
melorescence}s iy (opaque skin resulting
s bright frutt, transparent sk resulting
w dull froit} The genes D, P, O, and §
belong to one hnkage group, A and £ 1o
another, whie R and ¥ are sndependent
of these hinkage groups and of each other.
From the ahove farts answer this and the
{ollowng sevanquestiens Howmany homo-
zygous vanetics, each hawng a different
combinztion of these characters, could be
produced?

1932 Wrte the genotype, showag hnk-
4ge relations, of a homozygous tail green-
stemmad plant with syuple milorescence,
having boght red, smoath-skmned. ovate,
nonfascrated {nnt

19.13 Wnte the genotype of a homozy-
gons dwar purplestemmed plang with
compound mflorescence, having dulfyeliow,

pubescent, oblate, fasuated frutt

19.14 What would be the genotype and

18.37 U double crossing over occurred,
would the number of kinds of gametes be
sncreased or decreased?®

18.38 What effect would the fact that
tertam characters 1n tomataes are hinked
have o the ease of produceng new vaneties?
What would be the retetion betneen the
strength of the finkage and the ease of
production of new vanieties?

19,19 In comn 1 18 a gene for starchy
endosperm, showing xema over w, tts allels
for waxy endosperrn Red pencarp 1s due
to 2 domunant gene R, eolorless pericarp to
w1s recessive allele » A plant from a homo~
zygous rolorless waxy vanety 15 used to
pollmate & plant from a homozygous red
starchy varety The seeds from this cross
are planted the following yeur sn anssolated
plot, frea from vontamnation by forerge
pollen What kinds of grams wonld be
found on the resufting ears of corn and i
what proportons?

1920 In comn, Wellhausen has shown
that an sccurate test of resistance ot sus-
ceptibility to bactenal wilt may be made
by woculating seedlings with a suspenston
of the bacterta by means of a bypodermic
syringe In this way vaneties of eom are
found to belong to ape of four classfica-
trons The vanous degrees of susceptibilsty
depend uport the mietaction of two pairs of
genes with complete domnance The classs-
fications weth therr penatypes areas follows

S$i~Se Very resistant Recovers fully
from sefectron
Moderately mesistont  Dies
only when attacked by highly
sirulent stran of bactersa,
and then onfy abous five
weeks after wfection

Siss6
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58  Susteptible Dies about five
weeks after infection when
attacked by etther hughly
virtlent or shghtly virulent
strain.

Very susceptible Thes in two
weeks when attacked by
etther strain

$1815252

From the above data answer this and the
folloning eight questions Starting with a
very resistant homozygaus vanety and a
very susceptible homozygous variety, what
results would be obtamed m the Fj of the
cross between them? In the Fy?

18.21 If you tested the Fyfrom Problem
1 20 only with 2 lnghly virulent stramn and
classified them only as hving or dead, what
ratio would be found after two weeks?
After six weeks?

12.22 If you tested the F; of Problem
19 z0 anly with a shghtly virulent stramn,
classifymng them as hving or dead, what
results would be found after two weeks?
After sit weeks?

19.23 If the F: from Problem 19 20 were
back d to the very vare
ety, what would be the genotypie and phe-
notyme results®

19.24 What ratio would be observed 1
the offspring of the back-cross of Problem
19 23 after two weeks if they were tested
only with a highly virulent stran and
clasuified as hving or dead? After six weeks?

19.25 What ratro would be cbserved w
the offspring of the back-cross of Problem

19 23 after two weeks if they were tested
only with a shghtly virulent stracn and
classified as Hving or dead? After sic
weeks?

19.26 The penes for susceptshility to
bacterial wilt are not linked with each other
and are not knked with the penes for
starchy and sweet endosperm (Su and sa),
nor with the genes for yellow and white
endosperm (¥ and y). Starting with a very
resistant yeliow stacchy com and a very
susceptible white sweet corn, how could
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you obtain a very reustant yellow sweet
corn? A very resistant white swest corn?

19.27 One of the pars of genes for resist-
ance and susceptibihity to bactenal walt
(Si11) 15 limked wath the genes for red and
white cob color (P and p). Starting with a
very sessstant red-cob variety and a very
susceptible white.cob variety, would the
£act of inkage make it impossible to estadb-
bish a very remstant stram of white-cob
com? Explasm.

19.28 If the crossover percentage be-
tween the genes for red cob and whte cob
and the genes for resistance and suscepts-
bty {5, and S;) 15 40, what ratio would be
obtaned m the F; from a cross between a
very susceptible red-cob variety and & very
sesistant white-cob vanety?

19.29 In nasturtwms the flowers may
be single (5 petals), double (about 15 pet-
als), or super-double {about 0 petals). D
18 2 gene for single, d 15 tts tecessive allele
far dauble. Simgle and double Sowers, how-
ever, can shaw up only 1o the presence of
the genes s5. The gene S resufts m super
double, no matter what the combunation of
the D and d genes may be Super-double
flawers produce stamens but have no pstit
and are known only m the heterozygous 55
condition From the above facts answer this
and the foliowing five questions Why can
we nat readily obtmt homozygous 5§
plants?

18,30 If a muatation should change an
Ss ussturtiom zygote ta the 55 condition,
would it necessanly result 1n a super-double
plant? Might st be lethal?

1831 A supet-double nasturtum was
crossed to a double, They produced many
offspring, half of which were super-double
and half of which were double What were
the genotypes of the parents?

13.32 A superdouble nasturtium was
crossed to a double They produced many
offspring, half of which were super<louble
and haf of which were simgle, What were
the genotypes of the parenta?

19.33 A super-double nasturtium was



crossed to a single Of their many offspring
one half were super-double, three eighths
were-single, and one eighth were double
TWhat were the genotypes of the parents?
19.3¢ A super-double masturtium was
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CHAPTER TWENTY

Chromosomal aberrations I.
Variation in numbers of chromosomes

Tn our discussion of sex-linked genes in Chapter 8, attentton was
called ta the fact that cytological evidence for the X-chromosome
location of genes of this nature 15 provided by nondisjunction It
should now be pointed out that nondisjunction ss not confined to the
X-chromosome of Drosophsla, but takes place 1n varous chromosomes
of other species, particularly of plants In the Jimson weed, for ex-
ample, Blakeslee and others have found many mstances of the addi-
tion or subtraction of one or more chromosomes of the set through
nendisjunction

The Jimson weed has twelve pairs of chromosomes In addstion
to the normal type of plant, twelve types, each having characteristic
wvariations in form and structure, are recognized, each one having an
extra chromosome of one pair. The chromosome complement of such
plants would thus be 212+ 1 Some types which conversely lack 2
chromosome of one pair {212 —~ 1) have been recognized In some cases
through disj fon two extra ch are added, one of
gach of two paws Many such types have been recogrmzed Various
other types with added or subtracted chromosomes are known n this
plant, and the vadation in chromosome number 1s always correlated
with a corresponding variation in the structure of the plant The
chromosomes of the Jimson weed are diagramed in Figure 20,1, and
the capsules of plants of the normal type and each of the prmary
21 4 x types are shown m Figure 20 2

Darlington has shown that the varieties of cultivated cherries
differ one from the other in having an extra chromosome of one or
another pair. Thus this condition may gmive mse to important eco-
nomic vanations, which in the case of chernes may be perpetsated

by grafting.
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Individuals with 22t 4 1 chromo-
somes are spoken of as trisomics;
those with 2n plus more than one
(for example 22 + 1 + 1) are known
as polysomics. In generations fol-
owing a nondisjunction, 4 pasr of
chromosomes rather thon a single
chromosome might become added
to the notmal complement, result-
g an 2n 2z Obviously racross
could be more normal 1n a 4 2
mdivsdual than in one having 2 + 1,
and the conditson mught be perpetu-
ated,

A general term for vanations
m the number of chromosomes 1s
ploidy. For cases hke those we
have been discusstng, mvolving the
addstion of ene or more chrome-

2
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Diagram of the twelve paws

fig 201
of of the Jumon weed

somes or pas of ch but
not the whole complement, the term
used 35 aneuploidy. The evolution
of many plant species appears to
have progressed 1 this manner
Often related species or varsetres
are found to differ one from the
other by one or a few paws of

Each chromosome has been gsven a char-
acteristic conventional marking, one half
bemng distingmshed from the other by
shading and each end beng given a
number Compare with Figures 202, 21 3,
215 From Blakesice n the Journal of
Heredty

i\\\! m

Dafferent t of the cabbage farmuly, for example,
have respectively 8, 9, 10, 11, 17, 18, 19, 27, and 2¢ pairs Smilar
ancuplod senes are known in tobaceo, croems, ims, violets, salvia,
veronica, and other plant groups

Although {and other p to be di d1n
Chapter 21) resulting m aneuploidy take place i nature at a low
rate, the rate may be greatly speeded up by the application of the
alkalod colehacime The announcements of the effect of calchicine
changing chromosome numbers were made in ro37 and 1938 lfy
Blakestee, Exgsts, Nebel, and others, and precipitated a new era in
the study of chromosomes and mndeed of evolutionary processes The
apphication of colchicine to seeds, young embtyes, or growmg sheots
c&uscs 2 faiure of the completion of normal mitosss, with consequent
w some of the resulting

m k of
nucler
In addition to aneuploidy, the entire set of chromosomes may be
4 a5 a result of colchi “This si 15 in fact
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Fig 202 Above, the capsule of 2 norma! Jimson weed Below, capsules
of the twelve prymary 2n + 1 forms. Each of these forms contams an
evtra chromosome of oneset The extra chromosome 1s shown in each case,
with the name of the variant form beneath The characters of the entire
plant are affected by the additional chromosome. From Blakeslee 1n the
Journal of Heredity
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quite a usual result of the treatment, and results in euploidy, or as
it is often called, polyploidy. Polyploidy 1s a general term meaning the
replication of the whole set of chromosomes Speafically, an indi-
vidual having three of each kind of chromosome is spoken of as
triploid; four of each kind, tetraploid; five of each kind pentaploid;
and so on The haplord number of chromosomes may be rephcated
as many as twelve or more times i some known species of plants

Polyploidy, like ancuploidy, occurs in the wild, sometimes as a
result of 1njury to a growing shoot, and appears to have been respon-
sible for much of plant evolution Polyploidy 1s rare 1n ammals The
discovery that the application of colchicme will greatly speed up the
occurrence of polyplordy has made 1t possible to test hypotheses of
the evolutionary history of some plant species

Polyploids arising from a duphcatson of the chromosome comple-
ment within the same species are known as autopolyploids, as con-
trasted with allopolyploids ansmg from hybnidization of two spectes
or genera with subsequent 2} of each ct com-
plement The reproduction of the two types will be sigmficantly dif-
ferent because of the way 1n which each 1s formed

Autotetraplowds, for le, have four 1d 1 ct
of each kind Hence in synapsis all four of each sort may come to-
gether, so that normal segregation does not necessarily take place
Often two chromosomes of each kind do go to each pole, but some-
times the segregation 1s three to one pole and only one to the other
Thus some of the gametes of an autotetraplord have chromosomes in
excess, while others are deficient for certain chromosomes Fertihiza-
tion mvolving these gametes results n less viable or even mviable
offspring In thts and other ways the fertility may be reduced Auto-
tetraploids are usually larger than the corresponding diploids in all
their parts except height, and even the height 15 greater in some cases
Since each ck 1s dup d, no specific ch: is affected
more than others

The reproductive situation 1s dnﬁ'erent m allotetraploids Here
the two diploid 1 of come from different
species or even different genera, therefore, each chromosome has only
one mate Synapsts and segregation can be normal, and the new type
may breed true with no reduction in fertiity Not all allotetraploids
are completely fertile, however. Allotetraploids anse through hybridi-
zation, from the union of a haploid complement of chromosomes from
each of two lly different individuals, with sub
doubhing of the in i gametes of the hybrid.
Many 1f not most species hybnds are stenle, but in some cases a few
diploid gametes are produced. When two such gametes unite, allo-
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tetraplowds are produced, having
characters different in many ways
from either parent species
In this way fertile new species
may arise. In order for a tetraploid
2 to breed true it must, as we have
seen, produce only diplowd gametes.
In order for any polyploid species
or variety to breed true it must
have the chromosomes of each kind
in even numbers, so that regular
segregation can occur Thus trip-
1owds, pentaploids, and other forms
having each kond of chromosome
3 present in odd numbers cannot
breed true. A large amount of ste-
rility results, with the production

Fig 20.3 The chromosomes of two
specses of horse chestaut and of a fertile

new tetraplod species arising from the
cross between thern 1, the twenty chro-
mosomes of the haploid camplement of
Arsculus pama 2, the twenty chromo.
somes of the haplod romplement of
Aesculus hippocasianum. 3, the haplord
of forty of
Aesenfus carnea (the Pink Chestnut), a
tetraploid new speries contaimng all the
chromosomes of both parent species

of some offspring having one or
more chromosomes in excess of the
normal number.

Taplods may come about
through the union of a gamete from
a tetraploid with a gamete from a
diplod. Even though a triploid
plant cannot breed true it may be
propagated asexually f its pheno-

From Skovsted tn Heredstas typic characters warrant its per-
petuation,

Not only have many new autopalyploid and allopolyploid spectes
and varicties heen experimentally produted, but there is much evi-
dence that they occur in nature, thus providing a potent factor in evo-
lution Only a few cases of new forms ansing in nature through auto-
polyploidy have been substantiated, but many cascs of matural
alloploidy are known Such forms have been recorded among the
chestnuts, grasses, irises, Toses, and others. The chromosomes of o
natural allopolyploid ate shown in Figure 20 3 and of an experimental
allopolyploid 1n Figure 20 4

We may ate cotton (Gossyprum) as an illustration of the testing
of a hypothesis regarding the evalutionary development of a genus of
plants The cultivated species of Amenican cotton are known to have
26 pairs of chromosomes- 13 pairs of large ones and 13 pairs of small
ones. The cultivated species of Old World cottons have 13 pairs of
targe ck and cul A cotton was long sus-
pected to be an allotetraplaid, with Old World cotton as one of its
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Tig 205 The chromosomes of tno species of fotglove and of a fertile new
tetraplod species ansing from the cross between them 1, the haploid comple-
ment of 28 chromosomes of Digifalts purpures. 3. the haploid complement of 28
chromasomes of Digrialis ambigra 2, the 56 chromosomes of the hybnid between
them 4-1o, the reduction division of the hybnd, showing the farlure of normal
reduction, thus producing gametes with 56 chromosomes The umon of such
gametes produced 1n the Fy some individuals with 112 chromosomes (56 haploid),
which formed a fertile new tetraploid species producing gametes with §6 chromo-
somes (see 11 and 12) From Buxton and Newlon 1n the Journal of Genenics, courtesy

of the Cambridge University Press
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ancestral parents. Naturally it was suspected that when the other
parent variety was discovered, it would prove to have 13 pairs of
small chromosomes

Wild cotton found growing in the Americas seemed to be a hikely
prospect Studies by Harland, Stephens, and others revealed that 1t
did indeed have 13 pawrs of small chromosomes It was therefore
assumed that cultivated Amenican cotton had resulted from crosses
long ago between Old World cotton brought by primitive man from
India to Central or South America, and wild American cotton, with
subsequent natural duplication of both sets of chromosormes.

This assumption was confirmed by the experimental repetition
of the cross by Beasley. He crossed Old World cotton with a wild
American species, and then doubled the number of chromosomes of
the sterile hybrid by colchicine treatment The resulting fertile allo-
tetraploid had 26 pairs of chromosomes and resembled present-day
American cultivated cotton

Cotton is of value because of the seed hairs, or fibers, which in
the case of the cultivated species can be spun Wild cotton does not
have spmnable fibers Fiber strength 1s an important attnibute of com-
mercial varieties When the expermentally produced allotetraploid
was back-crossed to cultivated American cotton, recombinations of
the genes resulted in some plants having fibers very much stronger
than those of erther of the parent strains The strong fibers were not,
however, 1 plants having other wholly desirable characteristics

Because the inhentance of fiber strength mvolves multiple genes,
some of which appear to be linked with genes for undesirable plant
quahties, it has been difficult to get hugh fiber strength into the desired
cultivated genotype even through repeated back-crossing Favorable
crossovers are bemng carefully searched for, with some degree of
success

New species of plants may develop having some pairs but not
complete chromosome complements from each of two species. Fig-
ure 20 5 illustrates the chromosomes of 2 new spectes of hawksbeard
which was experimentally produced by hybridization and subsequent
selection

Various cultivated varieties of garden flowers, vegetables, crop
plants, berries, and frmit trees are polyploids Stayman winesap,
Arkansas, Baldwin, and Turley apples, for example, are triploids;
MecIntosh, Ontario, Hibernal, and Wealthy are tetraploids Triploid
and tetraploid varicties are known and cultivated among roses,
hyacinths, tulips, lihes, wheat, oats, sugar cane, and others. Autotri-
ploidy and tetraploidy in tomatoes are shown n Figure 20 6.

The expression of the genes varies among polyploids In some
instances one dominant gene may express itsclf completely in the
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Pig. 205 Chromosomes of two
species of hawhsbeard and & new
species produced after crossing them
@, the chromosomes of Crepis setoss.
{4 paws) b, the chromosomes of
Crepss biennss {20 pawrs) ¢, the chro-
wosames of the partally stenile
hybrid between them (24 chromo-
somes not paired} d, the chromo-
somes of the fertle new species
which appeared tn the fourth gener-
ation, cantaung ten pairs of chro-
mosawes from Creps brenms and
tao pass from Crepes setosa The
two paws from setosa are marhed
aswa From Collins, Hollimgshend
and dvery m Genetrcs

£ diplord {12 pasrs);
Fig 206 Palyplowdy m the tomato Left, Teaf and chromosomes o

(‘:‘er teaf xnﬁhmmasamtf of suploud {3 sets of 123, mght, kf.! and chromosomes of
Vettaplons (4 seta of 1) From Jurgensor sn the Jaurnal of Genetic, courtesy of ihe Cam-

bradge Unsersity Press
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g 207 Camera lucuda drawings of the haplod chromosome camplement of three species
of wheat Left, Traticum showing seven center, Trifteum durum,
showing fourteen chromosomes, night, Triticitm spelta, showing twenty-one chromosomes.
After Sax in Genetres

presence of two or even more of its recessive alleles In other instances
one dommant gene may not be able to produce its usual effect in
the preserice of two or more recessive alleles The genetic ratios are
thus vartously affected.

In summary of this chapter we may say that hereditary changes
may occur as a result of the addition or subtraction of one or more
whole chromosomes or ch parrs, including the repl of
the entire chromosome complement Thus an important new source
of genetic variation 1s added to that of gene mutations which we
studied 1n previous chapters Compared with the slow accumulation
of gene mutations, ploidy 15 a sudden process, and evolution by this
means is often called cataclysmic evolution.

Related species are often found to differ i in a stepwise senes.

dicating the evoluti y effects of gi and ploidy.
Other groups of related species may differ in multiples of the basic
haploid number, indicating differentiation through polyploidy. Thus
various species of meadow rue have 7, 14, 21, 28, 33, and 42 pairs,
respectively. In chrysanthemums the numbers range from g through
18, 27, 26, and 45 pairs 1n different species The 7, 14, and 21 pairs of

in the three species of wheat are shown in
Pigure 20 7.
In the next chapter we shall discuss another type of chrcmosomal
aberration, namely the of the th

When we have completed the discussion, we shall draw from the two
chapters another parallel between the behavior of genes and the be-
havior of chromosomes,

PROBLEMS

20.1 Inthe Jimson weed therearetwelve  How many different types are possible hav-
pairs of chromosomes. Blakeslee has re-  ing an extsa chromosome added to each of
corded the twelve possible 2n - £ types. *two sets, thats, 2n -4 1 -+ 17



20 2 Tetraploid (4#) plants frequently
oceur 1n the Jimson weed, Starting with a
41 and a 2n plant as parents, how would
you go about obtaming 21 + 1 plants?

20.3 Frequently two related species have
the same number of chromosomes, yet are
sterile when crossed. What explanation can
you suggest for this?

20.4 Certamn groups of closely related
species have chromosome numbers which
are respectively vanous multiples of a basic
number Other groups of closely related
species have a continuous range of chromo-
some numbers How may each of these
conditions have come about?

20,6 Among the legumes the pea has
seven pairsof chromosomes, while the broad
bean has six pairs, one of which contains
chromosomes twice the size of the cthers
What does this suggest as to the possible
evolutionary relationships of these two
species?

20.6 The varous species of raspberries
have 14, 21, 28, 42, and 49 chromosomes,
respectively, The various species of sedges
have 18, 30, 32, 38, 48, 50, 52, 54 36, 58,
62, 64, 66, 68, 70, 72, 74. 76, B0, 82, 84, and
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CRAPTER TWENTY-ONE

Chromosomal aberrations 11.
Rearrangements of chromosomal
material

In addition to the vanations in chr bers which were
discussed in the preceding chapter, deviations are found to accur in
the arrangement of the material of the chromosomes Varations of
thss nature may result 1n unusual inkage relationships, 1n abnormal
segregation ratios, and m phenotypic changes; and they may, like
plady, be the basis for evolutionary differentiation

One of the arrangement aberrations 18 transtocation. Here a piece
of one chromosome becomes broken off and attached to another
chromosome, often of another pair The most interesting thing about
these translocations s that frequently they have been first detected
genetically, then their cytological occurrence predicted from the
genetic data, and finally observed under the microscope exactly as
predicted

Far example, 1n a certam strain of Drosophila the genes from
scarlet to roughoid m the third hnkage group (see map, Fig 11 2) were
found by Muller to be hnked to the genes in the second linkage
group — an aberrant condition The remaining genes from pink to
winste - G in the thixd Gokage group remateed independent of the
genes in the second linkage group The genctic cvidence thus indicated
that a large block of genes of the third linkage group had somchow
become part of the second linkage group. There(orc. if genes are really
carried 1n chr the cytol ination of the chromo-~
somes should show a translocation of part of a chromosome. When
the cytological examination was made (by Painter), one of the third
chromosomes was found to be much shorter than usual, and corre-
spondingly one of the second chromosomes was Jonger than usual

304 CHAPTER TWENTY-ONE



(Fig. 21 1} Thus the aberrant behavior of the
genes was again found to be directly correlated
with a cotresponding aberration of the chromo-
somaj arrangement

In another case m Drosophila, Altenburg
found that 2 mumber of second chromosome
genes were unexpectedly sex-hinked This wdi-
cated the breakmyg of 2 piece of the second

and its location to ore of the
sex Again cytolog
proved the prediction to be nccumte A part of
one of the second chromosomes was seen to be
attached to the end of an XK-chromosome
(Fig z212)

In recent years many cages of translocations
have been studted, particularly i plants In
some of them the first evidence of the trans-
location was from the unusual behavior of the
genes In these cases the eytological examsnation
confirmed the genetic results In other cases the
translocation was first seen nnder the microscope
and then confirmed by breeding tests Trans-
focations, then, furmsh anather prool of the
chromosome theory of heredity, since in every
case the companison of cytological and genetic
data shows that the genes are located m the
chromosomes 1n the order swhich has been deter-
mmed by the mapping

The actual spacurg of genes w the chromo-
somes, however, 15 shown by translocations to
be somewhat defferent fram that shown m the
maps. Muller and Panter have found several
cases where the translocated piece 15 propor-
tionally smaller than would be expected judging
from the number of genes involved This and
ather evidence indicate that crossing over oceurs
more readily in some parts of the chromosome
than tn others, 5o that a umt of distance 1 one
part of the map 1§ not necessasily the physical
equivalent of a umt 1n another part. The order of
the genes as shown mn the maps, however, is
correct

More frequently found than simple trans.

are ip that

1

CHROMOSOMAL

x

Fig zt 1 Thechramosomes
of a female Drosophila m
swhich a transtocatian of part
of one of the chromosomes of
par ELL to ane of the chromo-
somes of par 1] has oeenrred
The genetic findings gave the
clue to the cytological find-
ings Affer Pamier and Muiler
15 the Journal of Heredtty

o
QYo u

Fig. 212 The chmrnosumeﬂ
of & female Drosophia
which a prece of a ¢hromo-
some of pass I has been
translocatet o the end of
one of the X.chromosomes.
The genes on the translocated
piece are found to be sex-
linked instead of showing
their usual hakage relation-
stups  After Maller and
Patnler in the  Amrrican
Naturaltst
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Fig, 21.3 Diagrams wmdicating how
translocations may aceur by the aver-
lapping and breaking of chramasomes
in the threadlike stage Upper tow
shows breakage resulting in a simple
wer row
how overlapping and breaking may
resuly in reciprocal fransiocation Based
on suggestons by varions workers
translocation

12 BEEY
MICROCARPIC.  jymsmzatth

JETIYINY 32
POLYCARPIC SUGARLOAE MARBLED MEALY
oo ~—=3
552 ‘
:
. .
[ s
SIS
3 ] BUC‘U"G SECTITIG 9 EC“"“US IR0
STRAWBERRY AREQUATE M\mlAlEu THISTLE

Fig. 214 Capsules of four of the primary 2 + t forms of Jimson need, with
two secondary forms of each The seoondary forms each have one extra chromo-

through From Blakeslet

some whith has the
in fhe Jowrnal of Hevedity
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15, the exch of patts by 13 )l I Crossing
over is, of course, the exchange of matenal by two chromosomes,
but it is the exch: of homol parts of homol chromo-
somes. Recj] 1 ] 15 the exct of parts by two

bel g to di pairs The results are of consider-

able importance in the production of new variations

There 15 some doubt as to yust how such reciprocal translocations
come about Some investigators believe that the chromosomes some~
times break into f3 duning is and then become
attached in new combinations. Other mvestigators favor the hy-
pothesis that translocatlons occur by overlappmg or entanglement
and subseq 1 b and ) exchange of
parts Figure 21.3 shows the latter view diagrammatically

In the Jimson weed, as we have scen, the addition of an extra

b through d: prods a varation Occa-
sionally as a result of 1 I the two bers of a
pair of ¢k ) \e )! parts, lting 1 a

chromosome with two ends ahke‘ A zygote contaxning such a chromo-
some without at least one normal mate would not be expected to form.
a living plant, since certain genes would be entirely lacking As a
third chromosome added to a normal pair, however, 1t does not
kill the plant, but produces ck astic variations, d dmng on
the set to which 1t belongs Figure 21 4 shows some of these varations
m the capsules of the plant The chromosomes are marked as mn
Figures 201 and 202
1 tr (or ! inter- 2
change, as 1t 1s sometimes called) explamns many
hitherto puzzling facts in the genetics of certan
plants It may be scen that in synapss, if one
chromosome of a pair were normal and the other
were abnormal due to a reciprocal translocation,
the pairing could not be complete or of the usual
type, since only homologous regions undergo |
synapsis Hence many of the queer synaptic con-
are exp d Rungs of ]
chains of chromosomes, and other pecultar forma-
tions owe their shape to the fact that homologous
parts of the chromatin matenal are attracted to each

translocation they may be located m nonhomolo-

of chromosomes such as this is called catenation, the Journal of Heredsty
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other 1 synapsis, even though through rectprocal  Fig.21.5 Diagramof the

catenation of chromo-
gous chromosomes A relatively simple e.x:u-nple of :‘:““;2 ‘::;2:3;:‘5;’:1:"::
ths is shown in the chromosomes of 2 particularrace  gue to recrprocal transio-
of Jumson weed in Figure 21 5, The formationof nings  cation From Blakestee 1n
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Translocations may be produced in the laboratory or greenhouse
by subjecting plants to X-rays or other types of irradiation. The ex-
perimental production of translocations provides a method of study-
ing the behavior of translocated chromosomes in crosses Once this
behavior has been learned (chain formation, ring formation, etc ) it is
possible to identify translocations 1n natural populations by observing
the maturation divisions of hybnds. By this means we know that
reciprocal translocations do occur in natural populations and are un-
doubtedly responsible for a certam amount of evolutionary change
Many natural races of the Jimson weed, occupying different but some-
times overlapping geographical ranges, differ in reciprocal transloca-
tions, as shown by the fact that the hybnds exhibit varying degrees
of catenation i gametogenesis The Fy hybnds between the standard
Amencan stramn and Peruvian stran, for example, show in their
maturation divisions two circles of four chromosomes each and eight
synapsing parrs A di of recip: 1 1 ion mvolving three
patrs of chromosomes and resulting m a circle of six 1s shown 1n
Figure 21 6 More detailed analyses of segmental interchange by
means of the newly discovered technique mvolving giant chromo-
somes will be presented below. Suffice 1t to say here that translocations
occurring mn the wild have been reported in different races of a num-
ber of plant species and of several species of lower animals

In addition there 1s indirect evidence that reciprocal transloca-
tions have occurred 1n the evolution of the higher animals For ex-
ample, Pamnter found that, while the amount of chromatin matenal
in the rat and min the mouse was almost identical, nevertheless the

|,
L kS

.
Fig 216 Reciprocal translocation between three pairs of chromosomes Normal
h i h.

Chromosome arrangement at pairing stage, i. Catenation at the metaphase of
the reduction diwvision, j. From Dobzhansky, Genetscs and the Ongin of Species,
couttesy of the Columbia University Press
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distribution of the ch in among the ch mes was very

different 1n the two species It 1s probable that the rat and the mouse
have diverged from a common ancestor through numerous transloca-
tions resulting 1 more and more sterility between the ensuing races
and finally, as a result of mutations added to the translocations, the
emergence of distinct species

It will be realized that, mn general, eytological observations and
analyses of translocations are extremely difficult because of the very
small size of chromosomes In most amimals and plants the chromo-
somes measure but a few mucra m length (I micron = 1/1000 mall1-
meter = 1/25,000 inch) It would be most desirable to discover an
organism having unusually large chromosomes of which detailed
structure could be observed This discovery was made, and strangely
enough, the orgamsm exhibiting the phenomenal chromosomes be-
longed to the very species about which most 1s known genetically, the
frwit-fly, Drosoplula melanogaster Naturally we should expect many
new facts about chromosomes and genes to be revealed 1n the study
of these giant chromosomes. Before discussing these facts, however,
1t will be necessary to descnpe the giant chromosomes 1n detail, since
they differ in many essential ways from ordinary chromosomes of the
fly or, indeed, of any other organism

In 1933 Professor Painter of the Umversity of Texas and Drs
Heitz and Bauer of Germany 1ndependently reported the existence
the saltvary gland cells of the larvae of Drosophila, and other fhies, of
chromosomes which are from 100 to 200 times longer than those of
ordinary somatic or germnal cells and from 1,000 to 2,000 or more
times larger 1 volume — trufy grant chromosomes Actually these
mvestigators were not the first to see such chromosomes The Italian
cytologist Balbiani had described similar structures n the salivary
glands of the midge larva Chironomus as early as 1881 Several other
cytologists made sumilar observations, but the significance of their
findings was apparently overlooked or forgotten until the rediscovery
of the giant chromosomes All available studies indicate that the
giant chromosomes which are to be described for Drosophila are char-
acteristic of the salivary gland cells and of certain other Jarval fissues
of all of the Diptera or true, two-winged fhes

The larval salivary glands are a pair of transparent club-shaped
organs attached by a common duct to the pharynx near the mouth of
the larva, each gland compnising about 100 large cells In preparing
these glands for examination they are dissected out in s:;lm? solution
and placed upon a mICroscope §Ilde tn 2 drop of acetocarmine stamn
Applying a cover glass a preliminary exanunation of the stained cells
may be made at this point, whereupon two of the many peculianties
of these cells are immediately apparent. In the first place, the cclls
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Fig 217 Camera lucida
drawing of the gant chro-
mosomes in the salivary
gland of Drosophita In
the small inset are the
chromasomes of a normal
female prumary odcyte,
drawn to scale Adapled
from Painter in Genelics

have unusually large nucles, and in the second place, chromosomes
are wvisible in these nucler even though the cells are not undergoing
matotic division but are apparently in the interphase It will be re-
membered that the chromatin of ordinary interphase nuclei is in the
form of a network in which no definite chromosomes can readily be
discerned

For a more detailed examunation the glands are next smeared out
on the shde by applying pressure to the cover glass. This disintegrates
the cell membranes and nuclear membranes, thus allowing the chro-
mosomes to float free in the flattened cytoplasmic material (Fig 21.7).
The stained chro) can now be ined under tugh magnifi-
cation, as a result of which some additional pecubarities become ap-
parent. The chromatin material consists of six nibbonlike “elements”
of gigantic dimensions, all of them being attached to a dark-staining
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body called the chromocenter. All
the elements are banded, being con-
structed of alternating discs or
bands of dark-staining chromatin
and light- or nonstaining protein
material The order and arrange-
ment of the bands as well as of
other morphological features are
identical for any element observed
1 different cells or in different indi-
viduals An unexpected feature,
however, is the fact that there are
only six such elements Since Dro-
sophila melanogaster has four pairs of
chromosomes, we should expect to
find eight chromosomes 1n a somatic
cell such as a salvary gland cell  Pig.218 Senydiagrammatscsketeh shos-
The apparent discrepancy ts ex- ing the genera] onentation of the chromo-
plamed by two additional features Somes about the chromocenter in the
which are not easily observable and 521181 gland of Drosophila From Painter
. and Stone tn Genetics

which are not clearly indicated n

Figure 21 7

In the first place, each “element” i1 the salivary gland cell
nucleus 1s actually a synapsed pair of chromosomes Upon careful
examination a fine dividing hne can be detected throughout the entire
length of each element, indicating a close band-to-band fusion of the
two b )! t O Ily, too, pressure
1n smeanng the glands may cause the fused chromosomes to separate
over part of their lengths, 1n which case the synaps:s ts quite obvious
Secondly, 1t may be demonstrated that four of the six elements repre-
sent respectively the two arms, night and left, of the two long V-
shaped IInd and ITTrd these bemng d through
the chromocenter Thus there are etght chromosomes, but these are
synapsed into four pairs, the rod-shaped X- and IVth chromosome
pairs being attached to the chromocenter at therr ends, the V-shaped
IInd and I1ird pairs having their arms connected through the chromo-
center (Fig 21 8)

These two features are quite extraordinary and deserve some
further Synapss of h logous chror it must be
recalled, occurs normally in most species only i germnal cells, prior
to the reduction division of the primary gametocytes, and not m
matotically dividing somatic cells The occurrence of somatic syn-
apsis in the salivary gland cells of dipterous larvae 1s thus an excep-
tional phenomenon as compared with other organisms. And yet its
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occurrence is not wholly remarkable, for there seems to be an un-
usually strong affinity or synaptic tendency between homologous
chromosomes in all cells of dipterous flies Thus 1n ordmary somatic
cells of Drosophila the chromosome mates he close side by side (ef.
Fig 21 2}, whereas in other organisms they tend to repel each other
or to scatter themselves within the cell body (cf. Fig. 20.5) In the
satvary gland cells this synaptic urge 1s evidently carried to comple-
tion As will be seen later it is this feature coupled with their gigantic
size which makes the salivary chromosomes of enormous value in
cytogenetic studies

Figure 21 7 pictures the chromosomes in a salivary gland cell
taken from a female Yarva The two X-chromosomes are synapsed as
are the autosomes, and the X element is therefore of essentially the
same thickness as the others In male larvae, however, the X-chro-
maosomme is visibly more slender than the rest, since it represents but a
simgle chromosome and not a fused pair The Y-chromosome, 1n fact,
15 not present as a banded chromosome, but nstead it makes up a
part of the chromocenter Careful studies have shown that the chro-
mocenter 15 constructed from the so-called smert regions of all four
pairs of chromosomes It had previously been shown tn genetic studies
that the Y-chromosome 1s quite nert, carrymmg comparatively few
genes, but that there are also mert regions of chromatin at the spindle
fiber ends of the X- and IVth chromosomes and between the nght
and left arms of both the IInd and IIrd V-shaped chromosomes,
which have their spidle fiber attachments in their middles This
chromatm matenal making up the chromocenter is also banded, but
the chromomeres are much less distinct The mert portions of the
vartous chromosomes are probably of somewhat different chemical
nature from the banded gene-bearing arms of the chromosomes, but
are essentially similar to each other, so that they all synapse together
1n salivary gland cells forming a chromocenter

Summarnzing this description we may say that in the salivary
gland cells of larval fies the chromosomes are of enormous size, com-
posed of an orderly seq of bandlike ct synapsed
band-for-band 1n pairs, and 1n some species, are attached to a chromo-
center constructed from therw nert regions. Reahzing the importance
of the new type of matenal for cytogenetic study, the first task which
conlr d the Drosophila cytologist was that of preparng very
accurate drawings or ““maps’ of the four salivary chromosomes. A
short section of such 2 “map™ is shown in Figure 21.9.

Much interest attaches to the question as to how the giant chro-
‘mosomes arise, and although present information is somewhat in-
complete and variable, the following description probably fits theie
development in most species of flies. The entire number of cefls in
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Fig 219 Semidiagrammatic drawmg of the left end of the X-chromosome in the
salivary gland of Drosophila The loct of some of the genes are shown i the brackets,
and their posttions on the crossover map are shown at the top of the figure From

Emmens wn the Journal of Genetacs, courtesy of the Cambridge University Press

the salivary gland 1s formed eatly 1n the
embryome development of the larva, and
subsequently the cells enlarge without
undergoing any divisions Meanwhile, the
chromosomes remain apparently in an at-
tenuated prophase, each chromosome
reduplicating itself several times, without
separating, so that eventually many (in
Drosophila probably 16, 1n other flies 32,
64, or even 3oo—500) strands come to com-
prise each chromosome of the synapsed pair
However, 1n addition to the fact that each
chromosome 1s actually a bundle of chromo-
nemata, a real growth process must also ac-
company the redupheation process, since
the 1ncrease 1n chromosome volume 15 not

16-fold but 1,000~ fold 1n D;

This hypothesis as to the origin and
detasled structure of the salivary chromo-
somes is supported by several studics on
living and stained glands of larvae of vari-
ous ages and by the observation of longi-
tudinal stnations which extend between
the bands throughout the entire length of

Fig 2110 Photegraph of part of a
g1ant chromosome in Scrara coprophila
The stratians are considered by Metz
to be artifacts produced by partial
of the
through stretchmg and Jocal distor-
tion  From Meiz in the Journal of
Heredity
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each chromosome (Fig. zt 10). These bear granules of chromatin
{chromomeres) which are quite small m some cases, giving nse to
the appearance of dotted bands, and quite large in other cases so
that they become confluent, forming sohd discs or bands.

Translocations may be readtly observed in giant chromosomes,
once the arch of these chr has been th ghly
Jearned, Figure 21.12B sllustrates the appearance of & parr of salivary
chromosomes 1 ane of which a translocation is present. The lower
end of the pair of chromosomes shows the two members closely
synapsed band for band, but the upper part illustrates the fmlure to
synapse because the translocatton has resulted in nonhomologous
genes on these parts of the two members. Genes which bave been
shows by genette methods to be translocated must then have their
loci 1n the segment which can be seen to be attached to a chromosome
to which 1t does not normatly belong

Often a broken prece of a chromozome does ot become trans-
located to another chromosome, but remains free. If 1t does not con-
tain the spindle fiber attach point, 1t 15 sub Jy lost. Insuch
a case we may have an imdividual which has a normal chromosomal
complex except for the lack of a piece of a chromosome Such a con-
dition is known as deletion. If the mussing piece be not too extensive,
the individuals lacking st may live, especially n the heterozygous con-
dition Rarely can an mdividual exist with a sirmlar part missing from
both chromosomes of the pawr.

An interesting example of a deletion in which the parallel cyto-
logical and genetic facts have been investigated 1s that of the loss of
a gene in mice In these ammals the gene for normal gait, V, is dom-
nant to the gene for waltzing gart, = Waltzing mice are unable to
run in a straight line and vsuafly rup about in small circles Crosses
between homozygous normal mice, VV, and homozygous waltzers,
w2, vesult 10 normal offspring, Ve In one such cross, however, a waltz-
ing female was produced.

Gates, in whose Iaboratory this oceurred, concluded that the gene
for normal gait had been lost from this individual, either as the loss
of the entire chromosome carrying tius gene, by nondsjunction, of as
the loss of a part of this chromosome including the gene for normal
gait, by defetion When the chromosomes were examtned 1t was found
that, in this mouse and others ltke it which 1t produced by suitable
breeding, one member of one pair of autosomes was found to be
only a quarter as large as its mate {(Fig. 21 13) In normal mece the
members of this pair of chromosomes were found to be cqual in size

This was the first case in which a deletion of part of a chromo-
some was shown actually to remove a gene from the organism. Since
then many such cases have been studied in other organisms, and the
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Fig an.t1 Left, the tweaty pafrs of

the members ol the smallest paic of

g e e a!u!.a\\b AP

chromosomes are each marked s \

Righ, the chromoromes of o momse 5 gy N -v
which through fragmentation and 'O
deletson has fost part of a chromosotne -,// \

bearmg the gene V. The remaming

the small chromosomes and the Y-
chromesome sre marked as before,
After Pasnter vn Genelacs

part of the chromosome 13 marked g7 (I\\\\ lg ‘)‘

evidence from deletions, like the evidence from other chromosomal
aberrations, pawmts to the validity of the theory that genes are actually
located in the chromosomes

Deletions, lke translocations, are readily detectable 1 giant
chromosomes, and they provide extraordinary opportunities for the
construction of actual eytofogieal maps showing the locations of the
many genes which are known 1 the vanious species of Drosophila
Genetic maps of these chromosomes (of Fig 11 2) have, of course,
been gvatlable for many years These are based solely tspon crossover
percentages found tn breeding experiments, their construction re-
quires the D of hnear of the genes within the
chromosome and of equal probabshity for breakage at any pont along
the length of the chromosome By companng the new sahvary chro-
moseme maps, based upon actual cytological observatrons, with the
Iinkage maps, based solely upon breeding results, an excellent oppor-
tunsty 1s afforded for testmg these and thus for bhsh-
ng m & maost convineing fashion the entire chromoseme theory of
whentance

The locatton of gene loct on the sahwary chromosome maps is
made possible by exammation of Jarvae which are heterozygous for
¢ertain chromosomal aberrations, that 1s, of larvae having one normal
and one abnormal chromaosome of a pair Let us first consider the case
of minute deletions, which are often produced by radtion and which
have proved most helpful for the location of genes

Let us suppose that a male fly homozygous for a fong series of
domnant Yhird chrumosome genes 15 treated with Xerays or same
other form of radiation, and that as a result of this treatment a small
segment of the 1{ird ch is 8 and d in one
of the sperm cells. If this fly is mated to a female homozygous for
corresponding recessive genes of the Ilird chromosome, then eggs
produced by this female will carry a 11lrd chromosome with a com-
plete set of recessive IIIrd chromosome “markers " If the egg is
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fertilized by a sperny which has received
a normal 171rd chromosome, then all of
the dominant genes of the ITfrd inkage
group will be present, so that none of
the recessive characters can make their
appearance in the resulting offspring.
1f, however, the egg is fertiized by a
sperm that contains a IITrd chromosome
which has a deleted portton, then cer-
tam recessive genes present in the
maternal chromosome III will have
no alleles in the paternal IIrd chromo-
some, and will thus assume *pseudo-
dominance " and mamfest their reces-
stve phenotypes m  the resulting
offspring. Suppose that the genes 4, B,
and C are involved m this deletion,
as evidenced by the unexpected ap-
pearance of the recessive characters
of a, b, and ¢ Such a Ay can now be
mated to any normal fly and half of
the resulting offspring will be expected
to receive the deleted chromosome In
the saltvary gland cells of these larvae

Fig 2112 Chromosomal aberfations m
gant chromosomes A, a defeton B, a  the normal flird chromosome will

tmnstocation €, an inversion 4. from  synapse  band-for-band with its ab-
Machensen sn the Journal of Heredityi B, nornny mate except for a buckle in the

Srom Patnter in Genetics, C, from Ton in

Genetics former, wdwcating a deleted segment

m the latter (Fig 21 12A) The buckled
portion can be identified in the normal gant chromosome map,
and the genes a, b, and ¢ may therefare be placed on the map in this
region

Suppose that another fly dertved from an wradated parent shows
unexpectedly the recessive tratts of ¢, d, ¢, and f and the Jarvae possess~
ing one such deleted third chromosome show a buckle invohnng a
closely adjacent portion of the chromosome, This buckle may overlap
the region of the first buckle by only a smgle band (Fig. 21.13). In
this case, then, the gene ¢ is locahized to that particular band or to
the achromatic matenal adjacent to either side of the band. The study
of such overlapping deletions may thus lead to very accurate de-

termination of gene loci i the actual chromosome maps.

Another chromosomal aberration ts inversion, in which part of 2

chromosome is reversed with respect to the rest of the chromosome.
Here the peculianty is generally first noted by the genetic result, that
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Fig 2113 Diagram illustrating the method of locating genes by means of over-
lappmg deletions. For explanation, see text.

is, the reversing of part of the normal map order within a linkage
group In ordmary chromosomes 1t 1s usually not possible to detect
an inversion cytologically, but tn one case in corn a genetic mversion
was paralleled by the type of synaptic figure which would be expected
after part of a chromosome was reversed (Figures z1 14 and 21 15)

N X
—
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3
g CF
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<
i N
.
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f r
2 b

Fig 21 14 The results of inversion i the chromosomes of corn, Zea g, a normal
chromoseme with arrows indicating the points where inversion 1s to occur, result-
ing asn b ¢, diagram of how a normal and an “inverted” chromosome might
synapse so that homofogous parts were in contact d, draming of an actual
synapsts of two such chromosomes Ths draw ing sas made from the preparation
shown in Fig 21 15 From McChintock an Univ of Mo. Exp. Sla Res. Bull. 163
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Photomicrograph of the
synapsis of anormal and an “mverted
chromosome of corn, Zea Compare
with Figure 21 15, From McClintock 1
Unie of Mo. Exp Sta Res. Bull, 163
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Fig 2116 Diagram of the methods
by wiich inversions are thought to
occur The upper row results in the
mversion of one end of the chromo-
some, the lower row results in the in-
version of central region, leaving ends
as before, Adapted from Serebrotsky
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The methods by which inversions
are thought to occur are shown in
Figure 21 16

‘The grant chromosomes provide
a remarkable way for quickly recog-
mzing inversions If one chromo-
some of a pair conmtains a section
which is inverted with respect to
the other, the two can synapse band-
for-band only by forming a loop in
which one member of the pair has
an open loop and the other a twisted
or closed loop Figure 21.12C wall
make this clear The genes which
have genctically proved to be 1n-
verted must therefore have their
Ioct 1 the looped portion. Overlap-
pmg inversions (and overlappmg
translocations as well) may thus be
used m addition to overlapping
deletions m hmiting the loct of
particular genes to short lengths of
the chromosome

Employing the methods just
described as well as some other tech-
nques, it has been possible to Jocate
many genes rather aceurately in each
of the four chromosomes of Drosoph-
dla melanogaster Figure 21.9 shows
a portion of the salivary X-chromo-
some with the approxumate locr of
several genes as determined by cy-
tological study Above the drawing
15 the corresponding section of the
linkage map for the X-chromo-
some as determined from crossover
percentages Two things are apparent
in the comparison of these two
maps: the order of arrangement of
the genes is the same in both, but
the relative distances between suc-
cessive genes vares somewhat in
the two maps. Thus the assump-



tion of a linear arrangement of the genes in the chromosome is sub-
stantially upheld, whereas the assumption that breaks occur with
equal probability at all points throughout the chromosome is appar-
ently not quste true. It is evident therefore that a chromosome does
have a greater tendency to breakage at some pomts than at others
Prior to the discovery of giant chromosomes, however, 1t was neces-
sary 1n constructing linkage maps to adopt the foregoing assumption,
not because it was a priort most probable but rather because it was the
only logical one to adopt 1n the absence of detailed knowledge about
the chromosome and its physical properties

A map of the X-chromosome compiled by Bridges shows 1024
bands 1n the chromosome Whether the genes are represented by
the bands or fractions of them or by the achromatic regions between
the bands, or indeed, whether the genes are actually discrete portions
of the chromosomes or merely points of chemicat linkage m complex
protein molecules 15 a matter not yet determined

Another study which has been greatly facilitated through the use
of the salivary gland chromosomes 1s the study of comparattve chro-
mosomology, the companson of chromosomes in different species or
varieties With ordinary chromosomes one may compare the number,
sizes, and shapes of chromosomes in species or varieties which are
judged from their external simlanities to be closely related Srmlari-
ties, then, m these chromosomal features strengthen the ndication of
a common phylogenetic ongimn, and any differences which are found
may suggest the possible mode of evolutionary divergence between
the two forms Further, if large numbers of similar mutations are
known in both spectes, and 1if the linkage groupings show simlarities,
this may also suggest the identity of certain sections of the chromeo-
somes 1n the two species. The construction of limkage maps and their
companson, however, requires 2 great deal of time and labor Such
compansons can be made with much greater facility and accuracy
with giant chromosomes, provided that hybnd larvae can be obtamed
The salivary gland cells of hybnd larvae will contain m each pair one
chromosome derived from each of the two parent species If certain
sections are homologous these will synapse together, showing their
tdentity In this manner the entire chromosomal architecture of one
species may readily be compared with that of a second species with
which 1t is cross-fertile

Drosophila pseudoobscura and D, ymranda are two species which
are apparently very closely related, smce they are so stnkingly similar
1 2l of their somatological characters that 1t is very difficult to tell
them apart Nevertheless, they deserve to be called separate species,
since although they hybridize, their hybrids are sterile. Because of
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Fig 2117 Chromosome pamng in the salivary gland cells of the hybrid Drosophila
psendoobscuta X D msranda Upper left, the fourth chromosomes, lower left, the fourth
chromosome of I pseudoobscura partly parred with the left arm of the X-chromosome
of D miranda, right, the fourth chromosomes From Dobehanshy, Genetics and the Origin
of Spectes, couttesy of the Columbia Unaversity Press

their sumilanties we would be led to assume that both species must
possess essentially the same quantity and quality of germ plasm, or
in other words, very similar gene assortments This supposition is
further supported by the fact that, in ordmary somatic cells, both
species possess five parrs of chromosomes which are to all appearances
1dentical Yet if they were identrcal it is diffieult to understand why
the species hybrids should be sterile By a study of the salivary gland
chromosomes of the hybrids, Dobzhansky was able to adduce many
interesting facts relevant to these questions.
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are linked in the one species are found in two different chromosomes
in the other, indicating that translocations have also been mvolved
m rearranging the chromosomal structures Still other segments have
presumably become so jumbled through chromosemal aberrations
that even abnormal synaps:s 1s ible, so that h ! cannot
be determined Thus the giant chromosomes of the hybrids reveal
that, as anticipated, both species possess quite the same chromosome
constituents, but these have been orgamized into radically different
whole chromosomes

In the prumary gametocytes, paring of the chromosomes 15 evi
dently a necessary mechanism for their accurate segregation mto the
secondary gametocytes Normal panng presumably could not take
place 1n the primary gametocytes of any pseudeobscurg-ntiranda
bybrid, and 1t is probable that the spindle fibers are unable to dis-
entangle the contorted conditions shown in Figure 2r 17, so that no
complete and therefore no functional gametes can then be produced
‘The extensive chromosomal reorganization may thus be the cause of
the evolutionary separatson of the two spectes. It 1s dafficult to prove
conclusively that any one plausible factor is the cause of stenbty m
2 hybrid, but the finding of structural chromosomal difficulties in
many such sterile hybnids 1s strangely suggestive Provided that such
proof can be found, it is then easy to explain evolution as a con-
sequence of chromosomal aberrations. If a population of orgamsms
becomes divided into groups, if types of ck 1 re-
arrangements accumulate in the various groups, and if they possess
selective value, then the groups will eventually come to differ so ex-
tremely in their chromosomal architectures that hybrids between
them will no longer be capable of normal gametogenesis, and thus
new species may comie 1mto existence

Even more surprising is the possibility, realized by Dobzhansky,
of predicting the occurrence i the wild of varieties of Drosophila
which had never before been observed and of subsequently findmg
them and d ating the exact ch fons which
were predicted 1When two vaneties are cmsscd m which the giant
chromosomes of the hybrid larvae synapse to form an overlapping
figure-8 loop, as shown in Figure 25 19, this indicates that the one
variety with the chromosome order AEHGFBCDI must have arisen
from ABCDEFGHI {or vice versa) by the occurrence first of the
inversion AEDCBFGH I, followed by the overlapping inversion of the
region DCBFGH Such intermediate types of third chromosomes were
unknown among the vanous subspecies of D psendoobscira but were
later found in the wild after they had been predicted from the over-
fapping inversions found in the salivary chromosomes of hybrids
obtained by crossing certain avatlable varieties.
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ABCOEFGHI
0 N

AEDCBFGHI ABCDEFGHI
AEpcpreHl AERGFBCDI
AEHGFBCDI

Fig 2159 Dugram of chmmasome paintag fn the sahvary gland of an individual
From by, Genetses and the Origsn of
Spectes, mm/ny nf the Calumlna Unsersity Press

Another i i bution to our und of evolu-
tion is the dxscovery, ongma)ly made by Bridges, of the occurrence of
n the gpant ct In the

cytologscal maps there are several indications of identical series of
bands, sometimes an the same chromosome, sometimes on non-
homologous chromesomes That they are actually identical 15 more
convincingly demonstrated by the fact that the chromosome recotls
upon atself or upon another chromosome so that the similar regions
synapse band-for-band (Fig 21 z0) Duplications of this sort prob-
ably anse as 2 result of unequal erossing over of the synapsed chromo-
somes of primary gametocytes n such a way that one chromosome
suffers a deletion and the other receives a dupheation of a short seg-
ment Ths method furmshes an obvious means of accumulating addi-
tional chromosomal matenial m an organism Having once become
homozygous, the duphcated portion can be transferred to other posi-
tions within the same chromosome or to a different chromosome, as
a result of mverston or translocation. Recent work of Painter and
athers has revealed the fact that such duphicatsons are by no means un-
and may therefore be of great 1n the eve 'y

ongm of species
One of the best known duphcations in Drosophila is that resulting
w the “bar-eye” condition. Bar-eyed flies have narrow slitlike eyes
1n place of the normal oval cyes, and the abnormality 1s inherited as
though due to a sex-linked gene without dominance, heterozygous
females having eyes of intermediate width. Sturtevant and Morgan
demonstrated that the bar “gene™ really 1s a short dupheation.
Bridges has confirmed this by cytological examnation of the giant

CHROMOSOMAL ABERRATIONS IT 1223



Fig 21.20 TPhotograph of
giant chromosome recoiling
upon itself because of dupli-
cated sections From Metz
and Lawrence sn the Journal
of Heredsty

chre mes, showing that the duplicated is in the region
of the X-chromosome known as 16A (Fig 21 21)

Homozygous bar-eyed females possess this segment twice in each
X-chromosome, whereas normal females have it singly in each. By
unequal crossing over i bar-cyed females 1t is possible to obtain the
segment 1 triplicate, a condition which results in an even more ex-
treme reduction in eye size, known as ultra-bar

The bar-eye character also furnishes an example of another re-
cently discovered principle of genetics, the position effect. This prin-
ciple states that the effect of a gene depends not only upon 1ts presence
but also upon jts position with respect to its neighboring genes If,
for ple, we desi; the dupli ble for bar-eye as
B, the genotypes of various individuals may be written as follows:
BY, normal male, BBY, bar-eyed male; BBBY, ultra-bar male; BB,
normal female, BB B, heterozygous bar-eyed female; BB BB, homo-
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Fig 2121 Diagrams showing
the duphications mvolved i bar-
eye and ultra-bar-eye For ex-
planation, see text From Bradges
11 Science

NORMAL

zygous bar-eyed female, BBB B or BBB BB, heterozygous ultra-
bar female, and BBB BBB, homozygous ultra-bar female

In general, eye size decreases with the number of duplicated seg-
ments The position of these segments on the chromosomes, however,
15 extremely important 1n producing the effect Thus a male having
two bar-eye segments on one chromosome (BBY) has much smaller
eyes than a female having one bar-eye segment on each of two chro-
mosomes (BB) The eyes of an ultra-bar male (BBBY) are much
more reduced than those of a heterozygous bar-eyed female (BB B).
Withm the same sex the eyes of heterozygous ultra-har females
(BBB B) are smaller than those of homozygous bar-eyed females
(BB BB), although the number of scgments 1s the same

Thus the effects of genes depend not only upon their number and
kind but also upon their position Other instances of position effects
are coming to hght, all mndicating that the effect of a gene depends,
to some extent, at least, upon the genes which 1t has for neighbors
An extension of this principle, mnvolving the problem of *pseudo-
alleles,” will be discussed 1n Chapter 26

The facts and principles presented in this and the preceding
chapter lead to the formulation of one of the most important parallels
between the behavior of genes and the behavior of chromosomes It
15 the last of the parallels which we shall develop, and with 1t we may
complete our hist It may be stated as follows Genes occasionally
behave in peculiar unexpected ways (abnormal ratios, unusual linkage

1 genetic d etc) In these cases the chromo-

somes are also found to be aberrant (plowdy, translocation, tneersion,
delction, eic.)

In the next chapter we shall summanze the parallels we have
drawn between genetic and cytological observations

BAR- REVERTED

i

BAR-DOUBLE

CHROMOSOMAL ABERRATIONS II 325



PROBLEMS

21.1 Designating each pair of enlarged
synapsed chromosomes m a salivary gland
cell of 2 Drosophila larva as an “element,”
trace the history of an element back to the
two parents of the larva

21.2 In the microscopic examination of
gant chromosomes, how waould you inter-
pret each of the following situations? A
buckle 1n one of the two synapsed chromo-
somes of an element, a recoilling of an ele-
ment upon 1tself 11 synapsis; a synapsis
between two elements, a loop 1n an element

21.3 Does the fact that the relative dis-

Qff

21.6 If the cytological examunation of
the maturation process in a plant reveals
that the chromosomes undergo synapsis in
the form of rings of chromosomes, what
phenomenon would you suspect to have
taken place 1n the plant?

21.7 Which would be expected to pro-
duce the more speaific effect on the charac-
ters of an organism, a gene mutation or a
chromosomal aberration? Why?

21.8 Of what advantage to the plant
breeder 1s the fact that orange, apple, and
many other frut trees may be propagated

tances between ent
1n the genetic maps and the salivary maps
mvaldate the hypothesis that chromosomes
carry the genes? How may this difference
be reconailed with the chromosome hypoth-
ests?

21.4 In what ways has the discovery and

glant hened
the hypothests that chromosomes carry
genes?

21.6 Which, 1f any, of the following con-
ceptions may prove helpful in explamnmng
the position effects? The production of
enzymes by genes; the chemical union of
adsacent genes, the mere physical pro-
pinquity of genes Can you suggest other
helpful conceptions?
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21.9 Do you think 1t posstble that re-
cessive lethal genes are really small dele-
tions? Explain

21.10 Would you call crossing over a
chromosomal aberration? Give seasons for
Your answer

21.11 1f some of the sex-linked genes m
astrain of Drosophila should suddenly give
ratios and linkage relationships which were
not sex-inked, what tiught you mfer had
occurred?

21.12 What further evidence would you
need to prove your inference?
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CHAPTER TWENTW-TWO

Proof that Mendelian genes are carried
in the chromosomes

In the preceding chapters we have from time to time found
parallels 1n the behavior of genes as seen in the results of breeding and
the behavior of chromosomes as seen under the microscope It may
be well at this point 1 our study to review and summarize these
parallels and to place them 1n their proper perspective in the general
proof of the hypothesis that the genes are actually carried in the
chromosomes

If we reflect upon the general facts of reproduction, we find it
possible to state a series of principles and inferences, in which the
paratiels which we have been discussing find their place Let us list
them in logical order

1 Genes are carried in the sperms or the eggs or both, since only

these bridge the gap between generations.
Although 1t 1s true that in some species the embryo develops
within the body of the mother, so that 1t might be conceived that
genes could be received from the mother in some other manner
than through the egg, yet 1t 15 equally true that in other species
the sperms and eggs are shed from the parents, subsequently
uniting and developing independently of both parents. More-
aver, the principles of heredity appear to be the same for all
species

II. In general, within a species, the sperm and the egg contribute
equally to the inheritance of genes.
The evidence for this statement hes in the results of reciprocal
crosses, where the Fy is usually identical, whichever way the
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cross1s made Both the sperm and the egg, therefore, carry genes
There are certam exceptions to this rule, however We have al-
ready discovered that the sex chromosome of the sperm may be
dufferent from that of the egg Moreover, etther a sperm or an egg
may carry a chromosomal aberration making 1t different from
the other Both of these exceptions serve only to strengthen the
hypothess that Mendelian genes are catried m the chromosomes,
however, since genetic and cytological parallels exist for them,
as will be pointed out 1n principle V, below

One more exception must be mentioned In recent years evi-
dence has been accumulating that the results of reciprocal crosses
within a species are not always identical and that there 1s for
some characters 2 maternal, hence cytoplasmie, transmission
This exception will be considered 1n detail in Chapter 25 The
fact remains, however, that both the sperm and the egg carry
Mendelian genes

IIT Although the egg has a relatively large amount of cytoplasm
in addttion to a nucleus, the sperm is practically all nucleus.
Such httle cytoplasm as the sperm contamns 15 left out of the
egg when the sperm enters, and only the nuclet umite in the
actual fertilization It would appear, then, that the nucleus 15
the essential part of the gamete 1 regard to the transmussion of
the genes

IV Of the nuclear i only the matenal ap~
pears to be accurately dinded at mitos:s and segregated dunng
maturation,
Moreover, the chromatin matenal is formed mnto chromosomes
with a constant and charactenstic number and appearance for
each spectes The other constituents of the cell do not appear to
undergo the same quantitatively accurate division and segrega-
tion

V A striking series of parallels occurs between the behavior of
genes as seen 1n the results of breeding and the behavior of chromo-
somes as seen under the microscope.
The parallels are as follows
1 Genes normally occur in pairs in the cetls of the individual.
So do chromosomes.
2 The two genes of each pair segregate in the formation of the
germ cells The two chromosomes of eacl par also segregate in the
Jormation of germ cells.
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3. Certain genes assort at random. Likewise cerfain parfs of
the chromatin matertat (that s, whole chromosomes) assort at
random

4. Certasn genes bebave as though only one member of the
pair were present 1n one sex (sex-linked genes} Simmlarly only
one member (or at least only one normal member) of one parr of
chromosomes 15 present 1 the corresponding sex

s Certain genes do not assort at random but occur in paired
groups {hinkage gronps) which tend to be transmitted as units,
The chromatis material 1s also gathered wsto pasred groups (chro-
mosonies) which tend fo be $ransmited as unifs

6 The members of a hnkage group do nat stay completely to-
gether as a rale, but during maturation exchange with a definite
freq 'y hornol bers of the paired groups (genetic
crossing over) The paurs of ¢t also exch k X
parts of thewr lengths during the wmaturation of the germ cells
{cytologrcal crossing over)

7 In certain cases genetic crossing over is more frequent in
one sex than n the other. In these cases chiasmata formaiion s
propartionately more frequent 1 the sex which exlubils more cross-
g over

§ At the time of genetic crossing over, the genes are arranged
in a spectfic linear order A? the iume of cytological crossing over,
the chromatin material st an attennated binear arrangement

g The number of hnkage groups 1s as 4 rule definite and con-
stant for any species In those species thus far studred the number
of ltnkage groups 15 equal to, or at least never exceeds, the number
of pairs of chromosomes

10 Genes occasionally behave in peculiar unexpected ways

{abnormal ratios, unusnal hnkage relationships, genetic defi-

ciency, etc) In these cases the chromosomes are also found o be

aberrant (rnond; translocation, deletion, jon, plordy,
€lc)

It would appear to be an mescapable inference from the above
facts and principles that Mendelian genes are carned n the chromo-
somes In Chapter 24 we shall consider the problems of the physical
and chemical structure of genes, the nature of therwr mutations, and
the means by whch genes bring about the production of chasacters
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PROBLEM

22.1 Below are hsted some facts about
chromosomes and their behavior Prck out
the statements which are of direct use in
proving the hypothesis that chromosomes
carry the genes Discuss the reasons why
the remaining statements are not of direct
aid 11 proving this hypothesis

(a) Chromosomes are clearly vissble only
when stamed

(b) The chromosomes 1n any somatic cell
may be of vanous lengths

(c) The chromosomes 1n any somatic
cell occur 1o pairs, with certain exceptions
1n the case of sex chromosomes and chromo-
somal aberrations

(d) The members of a pair of chromo-
somes start to synapse at the end nearest
the centrosome

(¢) The motive power for the movement
of a chromosome from the equatonal plate
to the pole of the spindle 15 apparently
supplied by the spmdle fiber.

(f) Each chromosome has only one
spindle fiber attachment-point

(g) At the tume of synapsis the matenal
of each chromosome 15 1 an attenuated
hnear arrangement

() The members of a pair of homologous

normall; g
parts during the maturation process

{z) Chromosomes arrange themselves 1n
a flat circle across the interor of the cell
duning the metaphase of mitosis

() Each chromosome 1s imbedded dur-
ng part of 1ts life history 1n a translucent
matrix,

{k) The two members of a pair of chro-
mosomes segregate 1nto separate cells dur-
ing the maturation process

(D) At certamn times chromosomes may
shorten and thicken by means of sprralling
tightly upon themselves within the matny
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The determination of sex

Sex is one of the i ntal qualities wiuch we r ize in
living things, particularly in the higher forms of hfe Differentwation
of races into two distinet sexes is universally found in all higher ani-
mals as well as 1 many plants and lower anumals It 15 striking to
observe that the offspring of the same parents can show such great
diffetences from one another as are exhibted by the fwo sexes In
the tase of human beings, for example, these differences extend to
practically cvery pari of the body The muscles, skin, skelcton, and
blood are not usually thought of as showing secondary sexual char-
acteristies, but the differences in these parts of the body are so dis-
tinctive that it 1s comparatively easy to distinguish between the sexes
by examnation of these individual parts In addstion to these struc-
tural differences there also exist a great many physiologieal differ-
ences, such as rate of metahohsm, blood pressure, beart beat, and
rate of respiration

Two guestions are involved in the problem of sex differences
First, why does one individual develop nto a male, producing sperms,
another mdwvidual mto a female, producng ova? Second, why are

1stic 1 with the two sexes?

In regard to the first problem, that of primary sex determination,
there have in the past been two prevailing theories. One theory, built
around the discovery of sex chromosomes, stated that sex was un-
alterably determuned by some internal chromosomal mechamsm, The
other theory, built around the demonstrated possibility of ‘“'sex
reversal,” stated that sex was determined by environmental factors
such as food, light, metabolic rate, and others Today we know that
neither of these alone is adequate to answer the question of sex de-
termination As is so often the case 1 seience, a mergtng of the valid
essentials of two or more hypothescs has furnished a nearer approach
to the truth.
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As early as 1goz McClung suggested that the X-chromosome
might be the determner of sex It was known at that time that the
somatic cells of certain insects differ 1n the two sexes 1 regard to their
chromosome make-up The cells of females contain chromosomes in
pairs, while in the cells of males one chromosome has no mate This
XO type of chromosome distrtbution we have already studied in
Chapter 8 We have hkewse seen that in some species the X-chro-
mosome in the male may have a mate, different m appearance, known
as the Y-chromosome This arrangement is known as the XY type
Similarly we have mnvestigated the ZW and ZO types which occur 1n
birds, moths, and some fishes

In the above types of chromosomal distribution we normally find
a close association between sex and a particular chromosomal com-
plex Thus 1 Drosophila the males have XY, the females XX As
a result of maturation two kinds of sperms are formed 1 equal num-
bers with respect to these chromosomes, one kind having X and the
other Y Only one kind of egg 1s formed, contaming X If an egg
15 fertilized by an X-beaning sperm, a female {XX) results, »f by 2
Y-bearing sperm, 2 male (XY)

So regularly does this type of sex determination occur that the
belief grew that the sex chromosomes were the only requisite for the
productien of maleness and femaleness (By a male 1s meant an ;-
dividual which produces male gametes, by a female is meant an mn-
dividual which produces female gametes All other differences between
the sexes are secondary mn nature )

One might be tempted to guess that the presence of the Y in
the male 15 what determnes 1ts sex You wll recall, however, that m
an animal such as Drosophila (XY type of sex determination), indi-
viduals occur which lack the Y These are phenotypically males, and
differ from normal XY males only m being stersle (see Chapter 8)
You will also remember that a female may have a Y-chromosome
Individuals having two X-chromosomes are normal females and fully
fertile whether or not they have 8 Y-chromosome These observattons
would appear to exclude the bility that the Y- plays
any role in sex deter: , although 1ts presence 1s necessary for
fertility in the male.

The question of sex determination by chromosomes, at least m
the XY and XO types thus seems to rest npon the presence of one or
of two X-chromosomes as the controlling factor The only genetic
difference between the sexes is that the male has a haploid set of sex-
linked genes, whereas the female has a diplord set, there 1s no differ-
ence 1n the genes themselves

It appears, therefore, that every individual possesses all the genes
necessary for producing the characteristics of either sex, and that
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some mechanism causes one set of effects to be produced in each sex,
while the other potential expressions of the same genes are suppressed.
An expl of eex determi then, requires knowledge of the
mechantsm which shifts the expression of the genes in one direction
or the other

Much light has been shed on hani of sex d ination
thraugh the study of intersexes. As the name wauld supgest, these
are wmdividuals which are neither completely male nor completely
female, but are phenotyprcally intermediate

It has long been known that certam crosses between geographical
races of a moth, Lymantria (in which the sex-chromosome formula
is of the ZW type) regularly yield ntersexes among the progeny
Goldschmidt suggested that the outcome of these crosses could be
accounted for by supposing that genes for maleness, carried n the
Z-chromosomies, vary m “strength’’ from race to raee, and that there
i{s similar vanation wn the strength of fernale-determining factors in
the cytaplasm Within any one race, the relative strengths of the
male- and fernale-determining factors are 50 adjusted that the genes
for mal in fwo Z-ck are suffi to overbalance de-
cisively the effects of the factors for feraleness i the cytoplasm, the
male-determinmg genes of one Z-chromosome, on the other hand, are
decsively outweighed by the effects of the cytoplasmue factars for
femaleness Thus, matings between individuals which belong to the
same geographic race would give the customary one-to-one ratio of
normal males and females

I, however, a female from a race in which both male- and female-
Jdetermining factors are relatively weak is crossed with a male from
2 tace with ““stronger” {actors for bath maleness and femaleness, the
outcome may be different The ZZ progeny from crosses of this type
are phenotypic males, w agreement with their sex-chromosome con-
stitution But the ZW offspring are intersexes, according to Gold-
schmidt’s theory, the female-determining factors m the hybrid {re-
ceived from the “weak"-race mother m the cytoplasm of the egg)
are not sufficently strong to overbalance altogether the “strong”
male-determining genes in the single Z-chromosome inherited from
the father,

Goldschmidt has d d his itative theory of sex
determination in Lymantma with an elaborate series of crosses in-
valving more than a dozen different races, including crosses between
races, backerosses of hybnids to the parent races, crosses between Fi
hybrids of different derivation, etc He has been able to arrange the
various races in an order corresponding to the relative strengths of
their sex-determining factors, as inferred from the degree of inter-
sexuality {or absence of intersexuality) in hybrids from the various
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Fig 231 Sextypesin
Drosophila Upper left,
normal fernale, upper
nght, Intersex: lower
left, supermale, lower
nght, superfemale
Adapled from Bridges
in the Amencan Natu-
ralist

crosses; and having made crosses between races A and B (let us say)
and between B and C, he s able to predict the results of crossing A
and C Goldschmidt's theory appears to provide an adequate explana-
tion for the Lymantna case i 1ts many ramifications Because of the
complexity of his expenmental data, however, we shali not attempt
to discuss them n detail

The discovery of triplord tntersexnality in Drosophila and the
careful studies of this and related phenomena have clearly shown that
there is also a ve basts for sex d ion 1n this msect
In this case, however, st 1s the ratio of genes in the X-chromosome
(female-determimng) to genes 1n the autosomes (male-determning)
that determines the sex of the individual

Intersexes in Drosophila (Fig 23 1, upper right) were first dis-
covered 1n the course of linkage experiments by Bndges, who found
several dozen of them 1n the progeny of a single mating He noticed
also among the normal progeny of the same mating that the segrega-
tions of certamn mutant genes mnvolved in the cross were aberrant.
An analysts of these segregations, together with breeding tests of the
brothers and sisters of the interseves, led Bridges to conclude that the
female parent must have been a triploid, with three sets of autosomes
and three X-chromosomes.

Data on the distribution of segregating genes among the inter-
sexes themselves indicated that they, too, had three sets of autosomes.
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No sex-linked gene was involved in the cross, and the intersexes do
not breed, so that genetic evidence on the number of their X-chromo-
somes was lacking. But if they had three sets of autosomes like their
mother, their intersexual character would be hard to explain unless
they differed from her in number of X-chromosomes Bridges con-
cluded, therefore, that the intersexual flies did not possess three
X-chromosomes but, most likely, only two, with or without 2 Y-
chromosome Symbolizing a haplotd set of autosomes by A, the
chromosomal formula of the intersexes would be 3A 2X or 3A 2X Y.
Progeny having these respective formulas could be produced by a
triploid mother if, for example, a 2A egg with one X-chromosome 13
fertilized by an X-sperm, or a 2A 2X egg 1s fertilized by a Y-sperm

Cytol 1 firmed the predicted ch mal
constitutions of the intersexes (the one shown in Figure 23.1 18
34 2X) It also revealed that a number of their superficially normal
sisters were triploid, this 1s of course what we would expect from the
fertilization of 24 2X eggs by X-bearing sperms

From the fact that 3A 2X indsviduals 1n Drosophila are inter-
sexes, whereas both 3A 3X and 24 2X flies are female, we can sce at
once that the autosomes, and not only the X-chromosomes, play a
role m sex determination For the 3A 2X intersex differs chromoso-
mally from the normal 2A 2X female only by the additzon of a set of
autosomes, and 1t differs from the triploid 34 3X female only by the
subtraction of a set of autosomes It is also evident that the auto-
somes must influence development in a male direction, the X-chro-
mosomes 1n 2 female direction

The iderations just d, along with the fact that
24 1X Drosophila are male, led Bridges to suggest that sex in this
animal 1s dependent upon the ratio of X-chromosomes to autosomes
If the value of the X/A ratio is 1, we have a female; if it 1s 1/2, we
have a male Flies with the formula 3A 2X have an X/A ratio of 2/3,
of © 67, which 1s between 1 and o 5 and would therefore account for
their intersexual character

The gesnc balance theory of sex determination, as Bridges’ theory
is called, was quickly reinforced by additional discoveries in Dro-
sophila Tetraploid flies, 4A 34X, were soon found and, as would be
predicted from their X/A ratio of 1, they are female. Flies of the
formula 4A 3X have also been identified; consistent with the fact
that therr X/A ratio of o 75 lics between 1 and o 5, they are inter-
sexual, Haploid Drosophila (1A 1X) do not exist, but occasional
mosaic specimens oceur with patches of haploid tissue, and when
structures which differ in the two sexes arc composed of haploid cells,
the structures arc of the female type.

Table 23 1 shows the effects of various degrees of balance between
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Table 23.1. ReratroX oF CArowosome Ratios v Drosephile melano
gaster 10 SEX

X A Sex Trre
s 2 150 “Supetfemale”
3 4 100 Female (4n)
3 3 100 Female (31)
2 2 1.00 Female (2n)
1 1 100 Female (n)

3 4 01 Iatersex

2 s 067 Intersex

1 2 060 Male

2 4 050 Male

1 3 033 “Bupermale”™

tands for the number of X-chromosomes, A for the number of haplod
et of satemames "Th formuia 1%/14 bas beew found uniy i pachesof asme
1n otherwise diptoid fiies

1 e

and sex mn the 1 types actually
found in Drosophila The ““supermales” and *superfemales” included
1 the table, despite their names, are not superior to normal mates
and females m any respect, in fact, they are mvanably feeble speci-
mens with low viability They were given their designations wholly
on account of their chromosomal formulas
‘We properly speak of genic balance, rather than chromosomal
balance, 1n the deter ion of sex in D; hila, because evidence
that many genes are involved has been obtamed from observations
on the effects of extra fragments of chromosomes 1n the nucleus
Dobzhnnsky and Schultz have shown that when peces of the X-
1 d through break this ch: by X-radia-
tion are added to an intersex (3A 2X), there 1s a sift of characters
1n the female direction The larger the piece of X-chromosome added,
the greater the shift, a fact which indicates that sex-determining
genes are present i various parts of the chromosome This conclusion
1s further substantiated by the work of Pipkin, who added to mter—
sexes very short sections of the X-ct covenng su
its entire length No small section resulted in any more s1gmﬁcant
shift toward femaleness than did any other
From the experiments just cited and from other expenments in
which the effects of fragments of autosomes were studied, 1t is evident
that the many genes normally involved 1n the determination of sex
i Drosophila must have individually quite small effects Neverthe-
less, mutation has occasionally given rise to a gene with powerful
sex-modifying action. One gene of this kind, located 1n the third
chromoesome and called **transformer™ {fra), when homozygous con-
verts zA 2X mdmiduals into flies that, though stenile, are indis-
tingmshable from ordinary ntales except for the reduced size of their
testes.
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We have seen that a variety of tests of the genic balance theory
of sex determination have established sts validsty in Drosophila
beyond much question There is some evidence that it 1s also vahd
for at least a few other organtsms (including both plants and animals)
with XY, X0, ZW, or Z0 sexchromosome {formulas In the ZIV or
20 type, of course, the theory would require the male-determining
genes to be in the Z-chromosomes, the female-determining genes in
the antosomes Tnploid wtersexes of the formula 3A 2Z have, in fact,
been found wm several species of moths, meluding Lymantna In the
case of the latter, this finding does not necessanly coniradict the
theory proposed by Goldschmdt to account for diplond intersexes
It may well be that in Lymantria male-determining genes n the Z-
chromosames are balanced aganst female factors in both autosomes
and eytoplasm

There are many organisms, however, to which the genic balance
theory, at least in its simplest form, is not reachly applicable Notable
among these are various Hymenoptera {ants, bees, wasps, etc ). The
fact that in the honeybee only females {workers and gueens) come
from fertihzed eggs and that unfertihzed eggs develop partheno-
genetically into males (drones) was first noted by Dazierzon, a con-
temporary of Mendel We now know that the same rule holds for
numerous inseets of the order Hy ptera The most th hiy
studied of these is the tiny parasitic wasp, Habrobracon yuglandss

In Habrobracon, since unfertihzed eggs ordimarily develop into
males and fertilized eggs mto females, we find that males normally
mhent only from their mothers, while females mhent from both
parents A cross of a female homozygous for the recessive gene ¢
{cantaloup eyes), for example, by a male carrymng the dominant allele
for black eyes would be symbohzed as shown below:

Parents ¢ x C
cantaloup black
female male

Offspring Ce <
black cantaloup
femnale male

We use a single gene symbeo! for the formula of a male, since the male
is haploid and therefore possesses only one member of each pair of
alleles

But in Habrobracon biparentolly produced males also prewr, that
is, some fertilized eggs develop into males. The biparental males have
the diploid number of chromosomes but are usually sterile They are
found almost exclusively among the offspring of related parents

We see at once that no theory of simple balance between sex
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chromosomes and autosomes or between sex genes in the chromosomes
and cytoplasmic sex factors can account for the occurrence of both
haplord and diploid males together with diplord females A theory
that does account for this situation, however, has been developed by
Whiting, based on his own extensive observations together with those
of the Bostians, Grebs, Speichers, and others

According to Whiting, the development of femaleness requires
the action of complementary sex factors, dependent on multiple alleles.
Every female 1s heterozygous for a pair of alleles each of which con-
tributes some factor or substance not produced by the other The
contnibutions of both alleles are necessary for femaleness to develop,
and in this sense the actions of the two sex alleles 1n 2 female are
complementary

To suggest how the sex genes act, we might represent the mine
alleles thus far identified 1n the series by such symbols as x*5CPEFOHL,
FALCDLFGHI  (ABDEFGHI ote | to xABCOEFGH' Here the capital-letter
superscripts, A through 7, indicate factors which must all be present
to produce femaleness Each allele, you will notice, lacks one of the
essential factors, as 1s indicated by the small-letter superscript m tts
gene symbol But this notation 1s unwieldy, and each allele can be
adequately represented by a symbol with a single small-letter super-
seript indicating the factor whick the allele lacks, provided we clearly
understand that all of the other factors are present. Hence, mstead
of the symbols listed above, we shall use sunply «°, +*, x5, x

We sce from the above that all diploid heterozygotes, such as
xexb, x°x, x'x?, should be female, since any two different alleles to-
gether provide all of the female factors, but haploids, +*, 2, ¢, etc,
always lack one or another of the factors for femaleness and would
therefore be male Dhplords homozygous for any of the alleles, 1°x7,
8¢, ete , moreover, would be male for the same reason, so that the
occurrence of biparental males 1s accounted for

You may wonder how such a theory came to be thought of and
how 1t could be tested.

The 1dea of complementary sex alleles determming femaleness
was first suggested by certain observations on mosaic males These
are males resulting from the development of unfertilized eggs in which
fwo reduced (haploid) nucler have been retained, mstead of one.
Dunng development, some parts of the ammal receive derivatives
of one of the nucles, and some recerve dertvatives of the other Ceor-
responding chromosomes of the two egg nucles, through segregation
of any alleles for which the mother was heterozygous, may of course
carry different genes, in which case different parts of the adult wasp
are of two genetically different kinds.

In mosaic specimens i which the dividing hine between the
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genetically different tissues passes through the sex organs, the structure
of these organs ts frequently modified in @ female direction. Whiting
suspected that the partial feminization was due to the combining
(through diffusion into neighboring cells) of two substances, one of
which was present n each kind of tissue He thought it possible that
the substances might be the respective products of two alleic genes
(say x¢, ) for which the mother was heterozygous He saw that if all
females were heterozygous for a pair of alleles acting in this way, and
all diploid (biparental) males homozygous for one or the other, the
problem of sex types in Habrobracon would be 1n large part solved

In its onginal form, Whiting’s theory assumed only two alleles
at the x locus, all females were taken to be x°4?, all males either x*
or 2% A test of his hypothesis involved use of the fused gene (fir) —
named for 1ts effect on the antennal segments — which shows hinkage
with the sex-allele locus According to the theory, matings between
females heterozygous for fused, and fused males, would be of four
types, as shown in Table 23 2 These matings fall into two groups

Table 23 2. TurorETICALLY PossisLe Types oF “Two-ALLELE” MaTiNGS
¥ Habrobracon BETWEEN Fufu FEMALES AND fu MALEs

le ale Expected Kimds of Daughters

e l;;:?::! l;“""l"t Nnncrn::wu - Crossovers
1 (Fuam) (fuzd) X (fuz?) (Fu ) (fu ) (fu 22) (Ju )
2 (Fu) (fuam) X (fu2) (Fu ) (fuz?) (fu o) (fur 2)
8 (Fuay) (fu ) X (fux) (fua®) (fuz) (Fu2) {fuz?)
1 (Fu) (fux) X (fuh) (fe ) (fu ) (Fuz?) (fu )

Genes carried on the same chromosome are bracketed together in parentheses, as 1o Chapter 10

which should bave distingwmshably different results From one group
of matings (Types 1 and 2 1n the table) the majonty of female progeny
should be nonfused, the majonty from matings of the second group
(Types 3 and 4) should be fused In actuality, every Fufu 5< fu mating
between related indrviduals has been found to fall into one or the other
group, yelding (roughly) either go per cent nonfused daughters and
10 per cent fused, or 1o per cent nonfused and go per cent fused
Matings which give results of this kind are called ““two-allele”
crosses g

But matings of Fufu females by unrelated fu males most often
yield approxumately equal numbers of nonfused and fused daughters
This finding, together with the fact that biparental males are rarely
produced in outcrosses, suggested that there must be more than two
alleles at the x locus Outcrosses, more often than matings of related
wasps, would mnvelve a male whose sex allele daffers from both of
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those present in the female A cross of this kind (called a “three-
allele” mating) would be, for example

Parents (Fre ) (fue 4% X< (fu x°)
Female Offspring 1 (Fux®)(fuxs) 1 {fust){fux9)
Note here the d equahty of d and fused daugh and

also the fact that no biparental males can be produced from this kind
of mating The theory that there is a sertes of multiple alleles with
complementary effects thus accounts adequately for all of the major
pecubarities of sex deterrmnation in Habrobracon To the wary stu-
dent the theory may at first seem speculative It has successfully
stood up, however, under several critical tests which alternative
hypotheses have failed to meet One of these tests 1s the subject of
Problem 23 10 at the end of this chapter

The extent to which the theory just outlined will prove applicable
to other animals that normally produce males from unfertilized eggs
and females from fertilized eggs s as yet unknown Wasps of three
genera other than Habrobracon have been studied There is evidence
that the theory 1s applicable 1n the case of one of these, 1t has been
shown not to apply mn the other two The results so far obtamed by
Mackensen m recent experiments on the honeybee are not decisive,
but they point to the possibihty that sex determmation in that mnsect
may mvolve the same mechamsm as that which has been worked out
for Habrobracon

In our discussion of sex determmation up to this pont we have
dealt with forms (Lymantna, Drosophila, Habrobracon) i which the
sex of the individual s defimitely established by 1its genotype In these
spectes, the direction of sexual development 1s not modified by vana-
tions n envir factors Drosophila witerseves provide a partial
exception to this rule, higher temperatures duning their development
cause the phenotype to be shifted 1n the female direction, lower tem-
peratures m the male direétion

There are other forms, however, m which no relation between
genetic constitutton and sex can be discovered In numerous species
of worms and mollusks, each individual ordinanty produces sperms
at one stage n 1ts life cycle, eggs at another Thus, most oysters may
undergo several aiterattons of sex dunng a hfetime. Other animals,
such as the mollusk Crepidula, regularly begin life as males, later be-
conung and remaming females A variety of environmental factors 1s
known to influence the change Forced activity, high temperature,
and to toxic substances tend to ] it; the proamity
of femnales tends to delay 1t In still other invertebrates, the common
earthworm, for example, each mndividual posscsses functional organs
of both sexes throughout 1ts reproductive life.
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In the marine worm, Bonellia, the female is large with a long
slender proboscis, while the male is minute and lives as a parasite in
the female’s uterus The fertihzed eggs develop as free-swimming
larvae which later settle down and continue their development. Those
larvae which settle on the sea bottom grow into females, while those
which happen to settle on the long proboscis of a female (from which
they subsequently rmgrate into the uterus) become males. It has been
shown experimentally that the larvae which settle on a female
proboscis have not already been determined toward males, but that
any larva will become a male under these circumstances

Among the vertebrates, two or three species of fish are complete
hermaphrodites, each individual possessing the reproductive organs
of both sexes In most kinds of fish, however, the sexes are separate.
In those that have been studied genetically, chromosomal or gemc
mechamsms of sex determination have been demonstrated, but the
sex is not 1 all cases irreversibly fixed by the genotype, so that under
certaint environmental conditions sex reversal may occur The same
appears to be true of many amphibians Frogs ordnarily have sepa-
rate sexes, and there 1s evidence of an XY type of sex determination
In certamn races, however, the tadpoles develop mnto approximately
equal numbers of males and females only when reared at low or
moderate temperatures, when reared at elevated temperatures, most
or all develop into males regardless of their chromosomal constitution

Among mammals, no hermaphrodite 1n the strict sense of the
word (that is, an mndividual with a complete set of both male and
female reproductive organs) has been found It would, in fact, be
virtually imposstble to occur, because the reproductive organs of both
sexes develop from the same embryomic rudsments That is, the struc-
tures of the embryo which, in the male, develop into male reproduc-
tive organs are identical with the embryonic structures which, in the
female, form the reproductive organs of that sex. In various mammals,
however, including man, an occastonal individual 1s born in which the
development of these organs has been arrested or modified The ex-
ternal sex organs then have an appearance that is, 1 one degree or
another, intermediate betwveen male and female; some parts would
usually be rdentisfied as having a more or less male structure, others
as mote nearly female

Persons exhibiting the developmental abnormalities just de-
scribed usually have gonads wholly of one sex or the other, i e, either
testes or ovaries; these persons are called psendohermaphrodites Those
who are found to possess a mixture of testis and ovary tissues are,
somewhat misleadingly, called true hermaphrodites In many cases the
external ab hities of human h hrodites can be repaired by
surgery, and if the internal structures are properly developed, normal
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function may be possible The diagnosis of the sex of a child at birth
is usually, of course, based on external anatomy. Since frequently,
m the case of pseudohermaphrodites, this does not correspond to the
“primary’’ sex (the sex of the gonads), surgeons are sometimes faced
with the problem of “transforming” mto a female a person brought
up as a male, or vice versa. The most widely publicized cases of surgical
“'sex transformation’ i recent years, however, (for example, that
reported by Hamburger and his colleagues) have volved not

but These are persons whose re-
productive organs are clearly either male or female, but who are
psychologically afflicted with an obsessive desire to be of the other
sex,

In plants it 18 common for the same individual to produce both
‘microspores and megaspores, which m turn produce respectively male
and female gametophytes and finally sperms and eggs In 2 flower the
cells nearer the outside develop into stamens and those nearer the
center develop into pistils, 1t appears probahle that sex here 1s deter-
muned largely by the posstion of the cell mn relation to other cells of
the flower

In plants which produce microspores and megaspores in separate
individuals, Schaffner, McPhee, and others have shown that the sex
of the mndividual may be readily changed by the influence of environ-
mental factors {hght, mmeral supply, ete.} upon food manufacture
and other phystological processes within the individual Even in the
higher vertebrates sex reversal may occur, as we shall see

‘We must conclude, then, that maleness and femaleness are evi-
dences of an nherent capacity of all cells to react mn ether of two
directions, one resulting 1n the manifestations of one sex, the other in
the manifestations of the opposite sex Moreover, ‘‘maleness” and
“femaleness” are only specific degrees of a potentially continuous
series of stages

There 1s ample evidence that a gene may produce a conspicuous
effect 1 one environment and be without any wistble effect 1n a differ-
ent Or, as occurs ly in all , the m-
fluence of one set of genes may be expressed in one environment, the
mfluence of another set in a different environment With this n mind,
we need find no contradiction 1n the fact that the control of sexual
development may range all the \va)' from rigid and irreversible deter-
mination by genes to 1l on envir al -
fluences

In the higher vertebrates the first effect of the chromosomal

balance appears to be the initiation of the embryonic development of
the pnmary sex organs or gonads (testes in the male, ovaries i the
female), which in addition to bemg producers of gametes also produce
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Fig 232 Afreemartin This
heifer was twmn-born with 2
bult calf, and 1s sterste Com-
pare this figure with Figure
233

Fig 233 A cow which was
twin-born with a bull calf
At the age of ten she had
produced twelve calves, 1n-
cluding several pairs of twins
Fertility 1n such an animal
1sa rare occurrence, but occa-
swonally happens, apparently
due to the fact that the blood
vessels from the two embryos
remain separate

5
i
5

-

the sex hormones The subsequent appearance of sex-differentrating
charactenstics 15 1n large part controlled by the hormones, which
prevent the of the ct 1sties of one sex and permut or
stimulate the development of those of the opposite sex Hormones are
spread by the bleod and lymph to ali cells of the body and thus affect
all sexual characters, both pnimary and secondary

An excellent rllustration of the early begimning of hormone effects
is furnished when twin calves of opposite sex are born. Usually the
female 1s sterile and shows a tendency toward male charactenstics
This is explained by the fact that there 1s in such cases a blood con-
nection between the two embryos in the uterus of the cow, and since
the male hormone scems to be produced first, the female absorbs
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enough of it to prevent the normal formation of female organs
(Figs. 23 z and 23 3) It may be noted in passing that a sumlar situa-
tion does not occur 1 human beings

By removing the gonads early mn hfe and mjecting the hormone
of the opposite sex, 1t is possible to get an individual that appears and
acts Iike the opposite sex, although genetically 1t 1s unchanged In
some animals 1t 15 possible to remove the gonads and engraft those
of the other sex and achieve similar results This has been done by
Steinach 1n rats and by Finlay and others 1n the domestic fowl

In birds the female contains a rudimentary testis-hke growth
that may enlarge and produce the male hormone if the tunctional
ovary 1s removed or destroyed by disease Because of this, old hens
occasionally grow spurs, begin to crow, and assume other male char-
actenistics Crew reports one case of this kind in which a hen, at first
normal and able to produce eggs, gradually developed the behavier
and appearance of a rooster, mated with hens, and finally became
the father of two chicks In some amphibia, fish, and other lower
vertebrates, spontaneous sex reversal 1s relatively common

In insects and other invertebrates no sex hormones have been
proved to exist, and the sex of each cell of the body appears to be
dependent on the chromosomes of that particular cell The gonads
may even be completely removed without affecting the secondary
sexual characteristies It 1s therefore possible to get individuals with
female tissue 1n one part of the body and male tissue m another, due
to chromosomal abnormahties that occur during embryological de-
velopment Such mdividuals are called sex mosaics, or gynandro-
morphs. The relative amounts of male and female tissues may vary
One type of gynandromorph 1s bilateral, having one side of the body
male and the other side female Such an mdiwidual could be produced
from a 2X zygote m which duning early development one of the X-
chromosomes from a cell was lost by an aceident of mitosis The cells
derving from this cell would have but one X-chromosome and would
be male, whereas the cells retaming two X-chromosomes would be
female The proportion of male tissue would depend to some extent
upon the stage of development at which the aberration occurred If
1t were early enough the result mught be a bilateral gynandromorph

Gynandromorphs rarely breed, but an amusing case of sexual
reaction has been reported concerming one of them In Drosophila,
during courtship, the male holds the wings over the body and vibrates
them rapidly while the female spreads the wings to the side of the
body In one casc when a bilateral gynandromorph was placed with
other fhies of both sexes, the male side reacted by vibrating the wing
over the body and the female side spread the wing in typical female
reaction,
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Summarizing the problem of sex determination, we may say that
sexuahity appears to be a fundamental attribute of the higher animals
and plants, that maleness and femaleness are specific degrees of ex-
pression of a continuous senes of stages including imtersexes, and that
celis of the higher forms of life are potentially capable of reacting so
as to produce any of these stages. The determnation of which of these
stages shall be produced 15 bound vp both with numerous genes and
with an environmental complex In the higher ammals the genic
balance appears the more potent, since the nsual variations in the
environment have little or no effect This 15 especrally true in the
vertebrates, where the smtial effect of the genie balance is supple-
mented by the actson of the hormones In many plants the effect of
the genes may not be expressed untit late in the develapment of the
indwvidual, that is, in the flowers In most plants the genic balance
may be overthrown with comparative ease by changes n the environ-
ment Inasmuch as other hereditary characters also show vanations
in the degrees to which one or anather of them may be infleenced by
the envil . WE must lude that sex 18 not very different in

ity genetic nature from other whented traits of the organism.

PROBLEMS

23.1 Whas sex ratto world be expected
n the offspring of a hen which, through
sex reversal, had become a functional male®
Explain why you answer as you do

23.2 In poultry sifver ts due to a dom-
nant gene, S, gold o its recessive aflele, s
These genes are sex-hinked. If a silver hen
were to undergo sex reversal and if 1t were
then mated to a gold hen, what hsnds of
affspring would be expected and wn what
proportions?®

23.3 Of what practical smportance nught
the attifical determonation of sex be in
cattle? In poultry? In human bemngs?

23.4 If a method should be discovered
for artificzally deternuning sex in human
bengs by means of contralieng the meta-
bohie rate of the embryo, what cytological
complications might result m later genera-
tions®

23.5 Why should theartificiat determuna-
tion of sex be more seadily achieved in the
higher plants than ia the higher animals®

23,6 In human beings the sex ratio at
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birth 1s not one to ¢ne, but always shows
an excess of males Is this conssstent with
the chromosome determnation of sex? Ex-
plamn

23.7 If there 15 1o per rent crossing OVer
Setween the oo of fused and the x-alleles
1 Habeobracon, what would be the ex-
pected percentages of fused and nonfused
wasps atong the b1parental males produced
by each of the types of mating in Table
2322

£3.8 In Habrobracon reasonably large
progemes of matings between a female and
any one of her (haplord) sons always can-
ta byparental males, even if the female
herself was the offspnng of a **threc-alicte”
cross {e g s X &), Would 2 mating be
tween 2 female and one of her brothers
necessanly be eapable of yielding biparea-
tal males if the female was the offsprng of @
three-allele cross?

23.9 Whiting designates the sex alicies
ot a particlar ope of his Habrobrocod
stochs (which we shatt call Stock I} s 444"



wasps of this stock carry the gene seinless
(td), recesstve to normal-wing en vein-
less fernales of Stock I, txl x°<%, are crossed
to normal-wing males of another inbred
strain, Stock II, normal-wing sons are
found among the progeny of every mating
When Stock I veinless females are erossed
to normal-wing males of a third stram,
Stock III, about half of the matings pro-
duce some normat-wing sons When the
same cross 1s made using normal-wing males
from Stock IV, none of the matings yields
any normal-wing sons Explan,

23.10 According to Whiting's theory, if
matings between wasps of two different
stocks consistently fail to produce any bi-
parental males, the two stocks must have
different sex alleles, say ¥+, in one, x%x¢n
the other It appears that every F; male
from crosses between two such stocks pro-
duces biparental sons 1n matings with fe-
males of one or the other parent stocks, but
never mn matings with females of both
stocks Explain

23.11 Some stocks of Habrobracon do
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CRAPTER TWENTY-FOUR

Genes and mutations

Variation 1s one of the most universal phenomena in nature
Rarely do we find two individuals of a species exactly alike Some-
tunes the differences are large and striking, sometimes they are small
and only detectable by careful measurement, but regularly differences
are present

Among the vanations which we may observe in nature we find
both hereditary and nonhereditary differences The nonhereditary
variations are those produced by gross changes in the environment,
such as the results of differential feeding, humudity, light, training,
and so on Variations of this sort are frequently referred to as fluctua-
tions There 1s ample evidence that such *“acqured characters’ are
not hereditary In this chapter we are concerned with lereditary
variations

We have seen 1 previous chapters that hereditary vanations
may come about n various ways Let us bnefly summarize the
methods by which they may occur

In the first place, mutations may take place. A mutation is 2
change in a gene, potentsally capable of being transmitted A muta-
tion may take place either 1 somatic tissue or 1n germinal tissue Ifit
takes place n somatic tissue 1t will not be sexually transmtted, of
course, but 1t may be asexually propagated, particularly m plants
A dominant mutation in somatic tissue will produce an immediate
effect, 2 recesstve mutation ordinarily will not, unless both genes of
the pair mutate simultaneousty. Of course a recessive sex-hnked mu-
tation may produce an immediate effect in a male of the XO or XY
type or in a female of the ZO or ZW type. A dominant mutation in
germnal tissue may be directly transmutted and will produce an im-
mediate eficct 1 the ensuing generation A recessive mutation m
germinal tissue will not show up m succeedng generations until an
individual happens to receive such a changed gene both through the
sperm and the egg
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In the second place, recombinations may occur, That is, genes
already present in certain combinations may through segregation
and fertilization be umted in new combinations producing new char-
acters Thus 1 Chapter 5 we found that crossing a black rat with
a yellow one produced gray F, individuals It 1s clear that the gray
color is not the result of a new mutation but 1s due to the recombna-
tion of the genes which in the parental combinations produced black
and yellow Swumlarly 1 the F; of this cross there appeared some
cream-colored rats This new color agamn 1s not the direct result of a
mutation but 1 due to a new recombination of the same two pairs of
genes previously involved. The first of many ck is
due to recombinations of genes rather than to mutations which have
Just occurred

In the third place, chromosomal aberrations may occur, producing
changes which are t v. Nondisj translocation, plowdy,
and the rest are examples of such aberrations

We have afready sufficiently discussed two of the above methods
of producing hereditary vanations, namely recombmations and chro-
mosomal aberrations We have said very little, however, concerning
mutations, confining ourselves thus far to the mere statemnent that
they do occur We may now wnquire as to the nature and causes of
mutations and indeed as to the nature of the genes themselves

Until recently almost no answer could be given to these questions
Even today the answers are not wholly satisfactory It has taken a
great deal of careful, painstaking research on the part of many mnvesti-
gators to be able to give even the partial information which 15 at our
disposal A great deal more mvestigation must be undertaken before
anything hike an adequate understanding may be had Yet when we
marshal the facts which are available, we find that there 15 really a
great deal of interesting and smportant material which bears upon
the problem of the nature and causes of mutations and the structure
of genes

We may arrange the known facts n a senes of statements, put-
ting them tnt the form of principles whenever possible

1 Most genes are exceedingly stable

This apphes both to normal “wild-type” genes and to genes
which have arisen by mutation The natural mutation rate is very
low Many spectes have remamed much the same for long geologic
ages The brachiopods among antmals and the sea-weeds and others
among plants are examples of groups of organisms m which almost no
changes are observed int present-day species as compared with fossils
Even in the laboratory among organisms chosen for their capacity to
produce mutations, a high stability of genes 1s found Muller, by
means of cleverly devised experiments in Drosophila, has recently esti-
mated that the mean hfe of a gene (that 1s, the average time elapsing
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Genes and mutations

Vanation is one of the most universal phenomena in nature
Rarely do we find two individuals of a species exactly alike Some-
times the differences are large and striking, sometimes they are small
and only detectable by careful measurement, but regularly differences
are present.

Among the vanations which we may observe in nature we find
both hereditary and nonhereditary differences The nonhereditary
vanations are those produced by gross changes 1n the environment,
such as the results of differential feeding, humidity, light, traimng,
and so on Varnations of ths sort are frequently referred to as fluctua-
tions There is ample evidence that such “‘acquired characters' are
not hereditary In this chapter we are concerned with Jereditary
variations

We have seen in previous chapters that hereditary varations
may come about in vanous ways Let us briefly summanze the
methods by which they may occur

In the first place, mutations may take place A mutation is 2
change in 2 gene, potentially capable of being transmtted A muta-
tion may take place either 1n somatic tissue or in germnal tissue Ifit
takes place 1 somatic tissue 1t will not be sexually transmitted, of
course, but it may be asexually propagated, particularly in plants
A dominant mutation in somatic tissue will produce an immediate
effect, a recessive mutation ordmanly will not, unless both genes of
the pair mutate simultaneously. Of course a recessive sex-linked mu-
tation may produce an immediate effect in 2 male of the XO or XY
type or m a female of the ZO or ZW type A dominant mutation in
germinal tissue may be directly transmitted and will produce an im-
mediate effect 1 the ensuing generation. A recessive mutation in
germinal tissue will not show up in succeeding generations until an
individual happens to receive such a changed gene both through the
sperm and the egg.
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In the second place, recombinations may occur, That 15, genes
already present i certain combinations may through segregation
and fertilization be umted in new combnations producing new char-
acters Thus m Chapter 5 we found that crossing a black rat with
a yellow one produced gray Fy mdividuals It 1s clear that the gray
color 1s not the result of 2 new mutation but is due to the recombina-
tion of the genes which in the parental combinations produced black
and yellow Swmlarly i the F; of this cross there appeared some
cream-colored rats This new color again 1s not the direct result of a
mutation but 1s due to a new recombination of the same two pairs of
genes previously involved The first appearance of many characters 1s
due to recombinations of genes rather than to mutations which have
Just occurred

In the third place, ¢k aberr s may oceur, p
changes which are hereditary Nondxs;uncnon, translocation, plody,
and the rest are examples of such aberrations

We have already sufficiently discussed two of the above methods
of producing hereditary vanations, namely b and chro-
mosomal aberrations We have said very little, however, concerning
mutations, confining ourselves thus far to the mere statement that
they do occur We may now inquure as to the nature and causes of
mutations and mdeed as to the nature of the genes themselves

Until recently almost no answer could be given to these questions
Even today the answers are not wholly satisfactory It has taken a
great deal of careful, pamnstaking research on the part of many mvesti-
gators to be able to give even the partial mnformation which 1s at our
disposal A great deal more investigation must be undertaken before
anything hke an adequate understanding may be had Yet when we
marshal the facts which are available, we find that there 15 really a
great deal of interesting and mportant matenal wiich bears upon
the problem of the nature and causes of mutations and the structure
of genes

We may arrange the known facts 1n 2 series of statements, put-
ting them in the form of principles whenever possible

1 Most genes are exceedingly stable

This applies both to normal “wild-type” genes and to genes
which have arisen by mutation The natural mutation rate 18 very
low Many species have remained much the same for long geologic
ages The brachiopods among animals and the sca-weeds and others
among plants are examples of groups of orgamsms 1 which almost no
changes are observed in present-day species as compared with fossils
Even in the laboratory among organisms chosen for their capacity to
produce mutations, a high stability of genes 1s found Muller, by
means of cleverly devised expenments in Drosophila, has recently esti-
mated that the mean hfe of a gene (that :s, the average time elapsing
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without change in any particular gene and its descendants) approxi-
mates 100,000 years This recent estimate is considerably lower than
estimates made earlier by Muiler and Altenburg, but is thought to be
quite accurate on the basis of detailed observations and experiments
Allowing about ten generations per year in the life history of Dro-
sophila, any particular gene would ordmanly undergo only one muta-
tion while bemng transmitted through a mullion generations of indi-
viduals Conversely, m a sample of a million gametes from any single
generation only one mutation would be expected for any given locus.

Estimates of the mutation rates for several genes in man have
been made It 1s possible to do this by direct observation and a little
mathematical calculation for dominant genes (which are recognizable
1n the heterozygous state) and for sex-linked recessive genes (which
are recognizable when present only once — hemzzygous — in males).
Haldane has recently reviewed the results obtamed by himself and
others for the following genes hemophilia, epilota (a type of mental
deficiency associated with tumors of the skin and bran), achondro-
plasia (a type of dwarfism), retinoblastoma (tumor of the retina of
the eye), and amindia (absence of the mms) The mutation rates for
these genes vary between one and four per hundred thousand These
rates are about ten times as high as those found in Drosophila, per
generation Sice, however, cell division and growth are so rapid 1
Drosophila, with 1ts short Iife cycle, as compared with man, with his
long Iife cycle, the darly rates are several hundred times as high in
Drosophila as in man

2. Dufferent genes have dufferent rates of mutation

Certatn genes are vastly more mutable than others, the mean
life of some genes being only a few years Stadler, using corn, was
able to compare the mutation rates of several known genes, The
results are shown in Table 24 1

Table 24.1. Compari~oN or tnE Murarion RaTEs oF SeveN GENEs IN
Conx. (Data from Stadler)

Nuwser oF AVERAGE PER
Gee Gaserss Testen Murarions Miviion GaMETES

R - 551,786 273 4020
1 265,301 28 1060
rr 647,102 7 110
Su 1,678,736 4 24

1,745,280 4 o2
sh 2.469,285 3 12
wz 1,508,741 0 00

3 Mutations may occur at any point in the hfe history of an
organism
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TFig 241 Mutations at various stages
of development Above, two flowers of
lavender Delphiniums, in which each
dark spot 1s the result of a mutation
from lavender to purple in a single cell

The spots are all approumately the
same size, showing that the change 1a
the color gene occurs at a defimite stage
1 development Below, two fowers of
therose strain of Delphiniums, in which
the spots vary from tiny dots to half a
petal in extent, due to mutations which
have occurred at various stages in
development. From Demcrec wn the
Journal of Heredily

They may occur either in so-
matic or in gametic tissue, but ex-
perimental evidence indicates that
they occur with most frequency
just before or during the matura-
tion of the germ cells

4 The rate of mutaiion n
various genes may vary wn different
tissues or at dufferent stages of devel-
opment of the organism

Demerec has found, for ex-
ample, that the color genes rose and
lavender 1 Delphimums are each
relatively unstable, mutating fre-
quently to purple The rose gene
is uniformly unstable throughout
the Ife cycle of the plant, while
the lavender gene mutates only at
very early and very late stages
in the development of the plant
(Figs 24 1and 24 2) In Drosophila
certain genes are known which
mutate only or largely during the
maturation division, others which
mutate only or chiefly 1n somatic
cells, and still others which mutate
in both germinal and somatic tissues.

Fig 232

A mutation m Delphinium
which occurred in the lavender gene at a
very early stage in development, resulting
in a flower spike that 1s half purple and
hall lavender From Demerec sn the Journal
of Heredsty
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5. A wmiation is a change m o gene, nof the loss of the gene,

This 15 praved by the fact that, when a gene has mutated, the
mutant gene may later change back to the ongipal gene Such
“reverse mutations” are known in many speces, although they are
proportionately not so frequent as the mutations from wild type to
mutant type Losses of genes do of eourse ocenr, but such Josses are
deletions, a type of chromosomal aberration True mutations are not
losses of genes

¢ More thgn oune change may occur in a guen gene, producmg
sultiple alleles, which, while nsually affecting the same choracter
differing degrees, may affect different characters.

‘The fact that multiple alteles usually affect the same character,
differing only shghtly in the degree of their effect, indicates that very
shght changes mn the gene are responsible for the vanous alleles of a
single gene The mutations of one gene to s vanous aileles appear to
gecur quite wdependently of cach ather In rare cases multiple alleles
affect dsfferent characters The menthers of one such set 1w Dro-
sophila produce shortened wings, abnermal thorax, and a lethal effect,
respectively

7 The multsple ollelic ymudations of a given gene ore not always
11 the same drection

Mutations from a stngle gene may produce darker or lighter pig-
ment, larger or smaller parts, a dommant or a recessive allele, ete.

8 The direction of musation 23, however, preferential, occurrmng
wmore often w some drrections than 1n aothers

Many genes are known which mutate to a certain allele more
frequently than to another

9 The muiobiliy and the preferential direction may themselves
become changed through nitation

In various spectes there have been demonstrated genes which m-
crease the mutability of other penes

to The changes 1n genes appear 0 be chewucal processes

In some unstable genes the rate of change 15 high enough to be
accurately measured, and from such data Demerec has adduced the
following evidence for the chemmcal nature of mutations

a The end product of the change is always the same There are
no intermediate forms The unstable rose gene of Delphiniuam, for
example, always changes to its wild-type allele, which 1s purple, and
the bie 1 der gene changes mto ats wild-type affele, which is
also purple,

b ‘The change is not always a random process; it may be favored
by certain tissues or 1t may even be limited to certain tissues, as
outlined in Point 4 It would appear that a certain environment is
necessary for a certain change to take place.
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¢ There have been found various genes which stimulate the rate
of change 1 certamn unstable genes, as outlined m Pomt g, These
genes appear to produce the favorable environment which 1§ neces-
sary for the change

d The process is a reversible one, as outhined in Point §

Demerec holds that these facts favor the conception that changes
1n genes are chemical changes.

11 Gross mutations are usually harmful to the organism

This 15 to be expected, as the organism 15 a delicately adjusted
mechanism, and a random change would more likely be deleterious
than beneficial The vast majonty of gross mutations have been found
to be detrimental to the continued existence of the mdividual or the
species

Iz Mutations are usually recesswve to the wald type

Whether thus 1s due to the more frequent occurrence of recessive
mutations is a debatable question Fisher has suggested that when
a mutatton first occurs 1t has an immedrate effect 1n the heterozygous
condition Since most individuals carrymng the new gene will carry
1t 1n the heterozygous condition, selection may act on these hetero-
zygotes They will vary, as all individuals do, and those most nearly
like the wild type will have a better chance of survival than those
tending towards the new mutatton, if 1t 1s a deleterious mutation If
1t 1s a benefictal mutation, the heterozygotes most nearly like the
new mutation in its homozygous form will survive to the gradual
exclusion of the old types, so that the new mutation 1n time becomes
the **wild type ** In either event, since the same mutations have pre-
sumably occurred repeatedly over a long period of time, the hetero-
zygous mdividuals would through natural survaval tend more towards
the more viable or ' wild type,” until in time they closely resembled 1t
On this view we have the phenomenon of dominance as a result of
evolution through natural selection and not because mutations in
themselves tend to be recessive Whatever the mechanism nvolved,
however, the vast majonty of mutations are recessive to the wild-type
genes

13 Midations do viot ordinarily occur wn more than one gene at a
tine

‘Thus mndicates that, whatever 15 the cause of mutations, it 1s not
a gross environmental cause affecting all genes alke

14 Two dentical genes at corresponding locr an a porr of chromo-
sontes mutate idependently, yust as different genes do

This, even more than the last pomt, indicates that the cause of
mutations 1S a restricted, specific influence of some sort Here are
tuo genes of a pair, exactly alke, within a cell, so that they can
hardly be more than a ten-thousandth of an inch apart, and yet one
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of them mutates and the other does not. Considerations such as this
gave rise to the discovery of the possibility of the artificial production
of mutations, as taken up in Point 17,

15 Mutations with shght effects are nuch more common than those
wath marked cffects

Multiple genes, in which the effect of a single added mutant gene
is very small, are excellent examples of this pomt. Such multiple genes
oceur in the majority of crosses

16, Midations with no visible effects are the most common of all
smutations

Experimental evidence indicates that mutations with lethal
effects, physiological and viability effects, are produced with great
frequency tn comparison with those which have visible effects Such
mutations, of course, ate difficult to recognize, and it is only in care-
fully studied and well-known species that their frequency can be
measured The development by Muller of a method of recognizing
their production led to one of the most important discoveries, the
artificial production of mutations This will be taken up in the follow-~
ing two points

17. Radwtion (X rays, radimm rays, ultraviolet light, and others)
may greatly mcrease the natural mutation rate

This discovery marks one of the most significant advances in the
study of genetics and evolution For years geneticists tried in many
ways to cause an artificial production of mutations. Experimental
antmals, particularly Drosophila, were subjected to variations in food,
hght, humidity, temperature, and other condttions of the environ-
ment, without any obvious production of mutations as a result. Even
irradiation was tried with little result until Muller in 1927 announced
that by a spectal technique he had been able to demonstrate the
production of mutations in Drosophila by the use of X rays Since
then mutations have been produced in large numbers i many specics
of animals and plants by the use of varous types of irradiation

Muller's results were the chimax of a long series of careful 1n-
vestigations on the nature of mutations, many of which led to some
of the points alrcady outhned. Among the facts which Muller had
accumulated and which led to the discovery of the use of X rays in
producing mutations were these If two genes of a pair are as close
together in a cell as alleles must be, and one mutates and the other
does not, something which can affect one gene and not another similar
one in close proximity must be the cause of mutations. High-energy
radiation might coneeivably produce such an effect,

Furthermore, Muller reasoned that, if he were ta seatch for muta-
tions following treatment with irradiation, lethal mutations would be
the kind to look for, since in nature they are by far the most frequent.
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Hence he devised a very clever method of recognizing lethal mutas
tions Ordmanly lethal mutations are cifficult to recognize, since they
seldom produce any visible effect The method devised by Muller,
new known 1o all biologists as the C/B method, s as follows

In the X-<ch of Drosophula the foll genes are
known. L represents a domwmant gene for pormal viabilsty, ! denotes
1ts recessive allele, which 1s 2 known letha! B represents a domunant
gene for bar eye, while b denotes its mild-type aflele producing normal
eye There is also known on the X-chromosomes an imversion Flies
homozygous for the normal X -ch: or those h gaus for
the mversion, will have normal erossing over mn ther maturaton di-
wvisions, stnce the chromosomes can synapse gene for gene A fly which

the 1n one hy but not m the other wiil,
however, not have any crossing over in this pair of chromosomes
“Thus the mversion can be se used as to enable s to Jocate a hidden
tecessive gene by means of a dommnant “marker ' Ssnee the presence
and absence of the mvercon wll behave in hentance just as a
pair of alleles, the mversion may be represented by €, the normal
chremosome by ¢.

Muller produced a stock m which the females were heterozygons
for the two genes and the inversion, having CIB on one chromosome
and ¢Lb on the other They could Iive because the lethal [ was cov-
ered up by its normal domnant allele L Such females were mated
to {cLb)Y males which had been srrachated Of the female offspring
the bar-eyed flies would carry CIB on one chromosome {from the
mother) and ¢Lb on the other (svhich was from the father and had
consequently heen rrradtated)

These female bar-eyed thes were bred to normal males {cLb)Y
and then the offspring exarmned Reference to Figure 24 3 will show
that half of the males il die because of the lethal received from
the onginal female parent The other half of the males recetve the
wrradiated chromosome from the original male parent 1f a recessive
tethal had been produced at any locus an the X-chromosome by the
wrachation, these fhes would also die, since they would receive the
lethal with no normal allele to cover it Hence large numbers of flies
may be examined for lethal mutations sunply by looking for cultures
with no males When such cultures are found. 1t 1s because of a lethal
produced 1 the X-chromosome of the irmndiated male It may be
subsequently tested for and its hinkage relations determined because
the nonbar females m this would be for it,
simce no CTOsSing Over can oceut,

Followmg this technigue, many lethal mutations resulting from
irradhation were discovered Onee the proper dosage was known, large
oumbers of flies were irradsated and many wisible mutations were dis-
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Fig 244 Mutations produced in Dro-
sophila by X rays Above, a forked-bristle
fly with normal eyes Below, 2 normal-
bristle fly with “spectacled” eyes, ansing
after rradiation from a race like the upper
figure The normal-buistle condition is
thus a reverse mutation of the mutant
*“forked,” The lower figure, then, repre-
sents one of the rare cases where two mu-
tations have occurred at the same time.
From Palterson and Muller 11 Genetics
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l‘ng. 233 Diagram of the (IB method for detecting lethal mutations produced 1n the

i Dy hila, Only the sex ¢ are shown. The parent male
(at the upper nght-hand corner of the figure) is subjected to X rays, The irradiated
X-chromosome is marked in the diagram with a horizontal hine so that 1t may be followed
through In the second g ion half the males will die because
of the lethal { already present in the stack, If a lethal mutation was produced in the X-
chromosome of the parental male by irrad:ation, the other half of the males in the second
generation will also die Cultures contammng no males are easy to detect and indicate
the production of a lethal mutation by the X rays.
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covered due to the irradiation Most of these were recurrences of
mutations already known, but some of them were quite new. The
rate of mutation was increased as much as 150 times by the irradia-
tion As in natural mutations, most of the changes caused by the
X rays are recessive, most of them are lethals, and the majonity of
the visible mutations are deletersous Again as in natural mutation 1t
has been possible to bring about reverse mutation by the treatment,
showing that the changes are not due entirely to losses (Fig 24 4)

The mutation rate resulting from X rays 1s Imearly propor-
tionate to the dosage It is apparently mdependent of the wave length
Moreover, 1t does not matter whether a given dosage 1s dpphied all at
one time or mn small fractions at different times

Many chromosomal aberrations
of the usual kinds are also found
to occur as a result of X-ray ex-
posure Unlike mutation rates, how-
ever, the aberration rate 1s not
usually linearly proportionate to the
dosage but creases more nearly
in proportion to the square of the
dosage Moreover, spreading the
dosage over a longer time diminishes
the number of interchanges Thus
1t would seem that by the use of
X rays all of the usual types of he-
reditary variations may be caused
to occur with greatly ancreased
frequency The importance of this
fact to the study of genetics and
evolution can scarcely be over-
estimated

In other ammals and n plants
the apphceation of X rays has also
been found to produce mutations

Em I
s
‘{ffh—a‘:—
;gﬂalllﬁb

o

oy
g
E@ e
Corn, wheat, oats, and barley among e

plants have responded to irradia- Fig 235 A mutation induced i barley
tion with a higher mutaton rate by wradiation Left, the mutant “vine”,

right, a normal plant From Stadler
Scientific Agriculture

(Figs 245 and 24 6) In plants as
i Drosophila many of the muta-
tions produced by X mys are sumlar to those already known
1n nature

Recent indicate that may be similarly pro-
duced 1 microorgamsms, including yeasts, molds, and bactena The
changes produced in these forms are of such fundamental importance
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in the study of biochemical processes that
a detailed discussion of them will be pre-
sented in Chapter 27.

Studies of Altenburg, Muller, Hanson,
and Plough and Ives indicate that not only
X rays but radum rays, ultraviolet light,
and even heat may increase the mutation
rate (Fig. 24 7). By exposing the larvae of
Drosophila to high temperatures (just below
the killhng temperature) the mutation rate
was tncreased to six times the natural rate.

Rescarches of Lea and Catcheside, and
others, indicate that neutrons also produce
mutations and chromosomal aberrations
Neutrons, however, produce a greater per-
centage of chromosomal aberrations than
of gene mutations, while the reverse is true
for X rays This is thought to be due to
the fact that jonization 1s dense along neu-
tron paths, resulting in breakage, while 1t is
not dense along the path of a fast electron,
although 1t becomes denser i the tail of
the path as the electron slows up.

Fig. 246 A mutation induced Tonizing radiation 1s essentially that
:’;eb‘:"]:’a’ n:)y ;;:;xf’f";g;: ";; which 1 its passage through matter eject.s
normal plant. From Stadler tn clectrons from the atoms through which it
Scientific Agriculture passes, thus 1omzing the atom or radical,
which 1s left positively charged and is
called an ion. Jonizing radmtions include a, 8, and v radmtions of
radioactive substances, X rays, protons, and neutrons, Ultraviolet
light, which also can cause mutations, is not 1onizing radiation It can,
however, cause excitation, which 1s still another way of dissipating
energy in tissue and thus bringing about genetic effects. Excitation
is the ratsing of an electron in an atom or molecule to a state of higher
energy X rays and other iomzing radi: also cause
but this 15 far less effective in producing mutations and aberrations
than 1s tonization
Other physical agents such as electricity, ultra-short radio waves,
supersomic radiations, clectrostatic radiation, and high frequency
alternating potentials have not resulted in increased production of
genetic vanation when tested
The question of the mutagenic effects on the human species of
exposure to ionizing radiation has been brought into dramatically
sharp focus by the development of nuclear explosives (the “atom”
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Fig 257 Mutationsin Dro-
sophila resulting from radism
wradiation. A, normal. B,
rudimentary wing C, minia-
ture wing. D, small wing.
These are true mutations
and are inhented 1 regular
Mendelan fastuon, From
Hanson sn the Journal of
Heredsty

and “hydrogen” bombs, and the * U-bomb” exploded at Bikimu in
March 1954) and the increasing development of constructive applica-
tions of atomic energy At the time of this wnting, geneticists, physi-
cists, medical men, and statesmen are acutely concerned with this
question, and we may safely predict they will continue to be con-
cemed with 1t for some time to come The reasons for the intense
interest 1n this problem are not hard to find

(a} Yonizing radiations have been proved to accelerate the rate
of mutation in every organism in which their genctic cffects have been
studied These organisms include numerous kinds of insects, many
species of sced plants, several yeasts, molds, bactena and viruses, and
mice Since the genetic materials in the human species behave in every
known respect like those of other organisms, we may safely assume
that man's genes are similarly responsive to radiation

{b) Insofar as mutations produce detectable effects, the effects
are, as we have seen above, in the majority of cases harmful to the
organism

(¢} Everyone is exposed to a certain amount of natural or *“back-~
ground " radiation; this comes from cosmic rays, locat gamma rada~
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tions (emanating from mineral deposits, etc.), and from minute
quantities of radioactive chemicals in our own cells.

(d) Many persons are occasionally exposed to ionizing radmations
during X-ray examination or therapy, and some (radiologists, X-ray
technicians, workers i industrial plants using radioactive materials)
have been routinely exposed Routine exposure will doubtless become
commoner as peacetime uses of atomuc energy become more prevalent

{e) Everyone, since 1045, has been exposed to radiation from radio-
actwe vapors which become globally distributed after every nuclear-bomb
explosion These are produced by the vaporization of the bomb itself
and, mixed with air, tend to diffuse throughout the atmosphere, ul-
timately settling out more or less uniformly over the earth’s surface

(f) Many persons have been exposed (in some cases fatally) to
additional radiatton resulting from radioactive “‘fall out ”" This is to
be distinguished from the radioactive vapor referred to above. “Fall
out” is produced when a bomb 1s exploded relatively near the ground,
so that dust and Jarger debnis are blown high into the air by the up-
draft of the explosion The debris 1s rendered radioactive by the dis-
integration products of the bomb, and 1s carried downwind, setthng
out over a locally restricted area The area may be large or small,
depending on meteorological conditions, and there may be intense
““fall out ™ remdte from the exploston itself

Unfortunately, no clear statement is possible at the present time
regarding even the approximate magnitude of radiation effects on
mutation rates m man The Atorme Bomb Casualty Commussion,
composed of éutstanding American and Japanese scientists, made
ingenious attempts to discover what genetic effects had resulted from
the Hirost and N; ki homb Among many other data,
they collected information on the sex ratio of children born to parents
who had been in the bombed areas They reasoned that if the radia-
tion had produced a conspicuous increase in recessive lethal mutations
on the X-chromosome, there should be relatively fewer males among
the children whose mothers had been n the exposed areas, but whose
fathers had not been exposed, than among children of exposed fathers
and unexposed mothers The findings of the Commission were in-
conclusive, however, apparently because so many other varmbles
affect the sex ratio that 1t is almost hopeless to disentangle from them
the possible effects of mutation in this kind of an investigation

More recently, Macht and Lawrence have attacked the problem
in another way, They sent i ires to 3000 radiologists asking
for information regarding the outcome of their wives' past preg-

nancies; simultaneously they addressed the same inquiry to a control
group of 3ooo specialists in other fields Some of the latter, they dis-
covered, had experienced frequent exposure to X rays, so they made
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their comparisons between radiologists and “exposed” nonradiolo-
gists on the one hand, and the unexposed controls on the other Per-
haps their most interesting finding was that among children born to
fathers m the exposed group there had been 6 o per cent congenital
malformations of one degree or another, as compared with 4 8 per
cent among children of the unexposed controls The differences are
statistically significant, but some caution 1s needed 1n nterpreting
them because of possible sources of bias 1 the data

Until a few years ago there had been little or no investigation of
the effects of rad. m any 1 because of the
enotmous scale on which the experiments must be conducted Work
on mammals has now begun n several laboratories, however, and
prehminary reports on expenments carned out at the Oak Ridge
National Laboratory have been published by W L Russell His
studies to date have involved more than 85,000 mice Among Russell’s
early findings are (1) that X radiation conspienously accelerates the
mutation rate at a number of selected loci in the mouse, (2) that more
than half of the'detected mutations tnduced by radiation are lethal
1n homozygous condition, and (3) that the mutation rate induced 1n
the mouse may be 15 times as great as that induced 1n Drosophila by
comparable dosages.

Russell's conclusions from his prehminary findings are appro-
priately conservative, and he recogmzes, of course, that to extrapolate
from mouse to man 1s unwarranted Nevertheless, referning to the
““tolerances'’ or permissible exposures to radiation that are currently
accepted as safe for the human spectes, he writes

““The magrutude of the first generation effects already observed,
with the doses used mn these preliminary experiments with mice, m-
dicates that 1f the present permissible weekly dose 1s to be kept, a
total accumulated dose limit may have to be established to protect
the individual from incutming too great a nsk of damage to his
offspring

e have been unable here to do justice 1n any sense to the com-
plex and mmportant problems involved i assessing the mutagenic
effects of radiation on man We urge the student who 15 mterested
(and we think all should be) to read from time to time the excellent
and authontative nontechmeal discussions of this problem which
appear almost every month in the Bulletin of the Atomic Scientists.

18 Certan chemcals may also scrve to $ncrease the mutation rate

For many years ists have d to discover ct 1
agents that would result in d duction of but
negative results were obtained until the time of the Second World
War Compounds of copper, lead, 10dine, ammonta, and other sub-
stances had been tried with no success
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During the Sccond World War Dr J. M. Robson of England
was engaged in a study of the effects of war gases He noted that
mustard gas burns were similar to X-ray burns, in that they healed
with difficulty, tended to break down again after heahng, and showed
evidence of inhibited mutosis These facts caused him to speculate
that mustard gas might be effective in producing mutations, mn a
manner similar to the action of X rays This possibility was tested by
Auerbach with Drosophila, and a great increase in mutation rate was
ohtained Other investigators have obtamned positive results using
the same and other chercals on such widely separated forms as mice,
plants, and bactena

Among the effective chemicals are the sulfur mustards, the nitro-
gen mustards, allyl 1sothiocyanate, ethyl urethane, phenol, and such
cancer-producing chemicals as methylcholanthrene, dibenzanthracene,
and benzyprene Other chermcals which are also penetrating and touc
or which also cause blisters have not proved to be mutagenic Among
those tested with negative results are Lewastte, osmic acid, pieric acid,
chloracetone, dichloracetone, phenanthrene, pyrene, and azoxy-
benzene

It is thought that those chermeal agents which increase the muta-
tion rate have a distribution of electrons such that they can transfer
energy to specific loc1 on the chromosomes Thus their mode of action
in producmg mutations would be similar to that of radiations Froma
detailed knowledge of physical chemistry it should eventually be
possible to predict which e ds would be ic and which
would not

Like radiations, chemical mutagens act in an unspecific, random
way on the chromosomes and genes It has not yet been possible to
predict what particular mutation or aberration will result {from any
given treatment.

The usual method of treatment with chemical mutagens is to
keep the expenimental organisms in an atmosphere contaming a fine
mist, or aerosol, of the solution of the chemical, although Strong’s
experiments on muce were by means of injecting the chemical directly
into the body.

19 Genes are ultramicroscopic in size

Vanous methods of estimating the size of genes have been used
In early work attempts were made to deternune the volume of 2
chromosome, calculate the number of gene loci on it, and divide the
volume by the number of genes Even crude estimates of this sort
made it clear that genes must be submicroscopic in size, Later
methods include compatisons of the number of gene changes with the
number of ions produced by a given X-ray dosage. One of the best
methods (Muller and Prokofyeva) utihizes the giant chromosomes
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which we discussed in Chapter 22, Here the physical length of given
section of a chromosome can be directly measured and compared
with the maximum possible number of breaks produced by X rays
between detectable genes All estimates agree that the gene 1s of sub-
microscopic volume, probably within the range of size of large protem
molecules Thus, recent work of Lea and Catcheside m Great Britain
indicates that the diameter of the gene 15 4~8 millimicrons (a mul-
Timicron is a millionth of a millimeter, or about a twenty-five milhonth
of an 1nch).

The X-ray work indicates that each mutation produced by irra-
diation 1s the result of a direct hit by a photoelectron This would
favor the assumption that a gene is a single large orgamic molecule
rather than a group of molecules

Tn addition to the indirect evidence for the ultramicroscopic size
of the gene, there 1s some direct evidence Huettner finds that when
dividing cells of Drosophila are stained with Feulgen stam, which
colors only chromatin, the nucleus i the mterphase 1s entirely clear
As the stages of mitosis take place, minute chromatin granules appear.
These rapidly increase n size and number, so that the thread-like
structure of long chromosomes 1s soon evident In one definite post-
tion 1n the central region of the nucleus two small chromatin dots ap-
pear, which develop 1nto a pair of small chromosomes The rest of the
granules are grouped in three regions and develap mto three paws of
long chromosomes Thus the gene strings have defimte positions mnside
the nucleus, but they are visible only when enough of the chromatin
matrix has been evolved by them to mcrease their size to the point of
visibility

20 Chemically, genes are most probably desotyribose nucleic acids
(DNA)

It 15, of course, exceedingly difficult to get any direct chermcal
analysis of individual genes. Various investigators, mcluding Watson,
Cnick, and thesr colleagues in England, and Mirsky and Ris in Ames-
1ca, have analyzed 1solated chromosomes and have found that they
are largely made up of nucleoproteins. A nucleoprotemn is a substance
of high molecular weight, of protein ined with nucletc
acid Nucleic acids are themselves of high molecular weight and are
highly compounded (polymerized)

Two main groups of nucleic acids are known, taking their names
from the sugar which 1s an essential part of cach Ribose nucleic acids
contain rbose {a pentose sugar), while desoxyribose nucleic acids
contawn desaxyribose (2 desoxypentose sugar) Ribose nucleic acd is
generally confined to the cytoplasm and its inclusions, but desoxy-
ribose nucleic acid is always found 1n the nucleus We shall therefore
focus our discussion on desoxyribose nucleic acid, the chemiceal struc-
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ture of which has been so clegantly elucidated
by the British workers

A molecule of desoxyribase tooks like
this*
Such a sugar molecule may readily become
attached to a purine (3 molecule with a
double nng conmisting of five carbon atoms
and four mitrogen atoms) or to a pyrimidine
(a molecule with a single nng consisting of
four carbon atoms and two mutrogen atoms).
A sugar molecule attached to a
punne or a pynmdine is called o
a nucleoside, as shown below, left

Onmepaogy
b1

" H

pra \KCQ /’\7

HO i H R
o

u\?/k S,

l

When t.hc sugar of a nuclesside is /
hed to hate the le 18
called a nucleohde, as iltustrated above
The sugar of one nucleotide may be
attached to the phosphate of another,
and s0 on mn regular sequence, forming
long molecules. The alternating sugarand  phodpnate
phosphate groups form a long, rather
straight chain, with the punnes and .
pyrimidines projecting out from the chain desonynbose-pyrimidine
at right angles, thus,
The DNA malecule® consists of two phodphate
such chains running paraliel to each other
but oriented in opposite directions Each
purine of one chain is attached to a ibose -y
b s ! 7
pyrimidine of the other chain, forming
a scries of short cross-chaing between the two long chains
If you can imagme a fadder made of chains, you will have the
general effect Each of the two lengthwise chains of the fadder is made

desoxynbose-purine
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up of umts of sugar and of phosphate, alternating one with the other
along the length of the chamn The sugar in DNA 35 always desoxy-
nibose The long chams are thus fairly strarght and quite regular
Smee the two run m opposite directions, there 1s no distictive top
nor bottom to the molecule

Each short cross-chain, or “rung’’ of the ladder, connects a sugar
on one long chain with a sugar across from 1t on the other Each cross-
cham consists of one purine and one pynimidine, loosely bonded to-
gether by hydrogen bonds The general structure of a DNA molecule
would therefore look like this

Although there are many kinds
of DNA, there are only two differ- phosphate
ent purines and two different pynim-
1dines ordinarily found in them .

The punines are adenme and gua-
nine, and the pynmidines are thy-
mimme and cytosme Moreover,
ademne 1s always jomed to thymine

to make a cross-chain, and guamme P
15 always joined to cytosine

There may be more cross- phosphate
chains of one of the two types than
of the other i any particular kind

of DNA, but for every adenine
there 15 always one thymme, and

phosphate
phosphate r phosphate
phosphate
phosphate .l phosphate

for every guamne there 15 always
one cytosmne The order of the two

kinds of cross-chains may hikewise 7o !
vary in different kinds of DNA,
moreover, the cross-chains may be connected to the side chamns now
1 one drrection, now n the reverse direction Figure z4 § dlustrates
ad model of a of a molecule of DNA

The DNA motecule 1s very long and thin, being less than a
billionth of an mnch across, and more than a thousand trmes as long
as s M. , the whole molecule s colled lengthwise,
and we must tmagine our chain ladder twisted so as to form a spiral
staircase, with the rungs or steps remamning parallel to each other
Running through the center of the spiral {or more properly, helix) 15
a protein core

There are, then, apparently only four basic units in the DNA
molecule, namely, sugar (desoxyribose), phosphate, punnes, and
pynmmdines  Moreover, only two kinds of purines and two kinds of
pynmdines ordinanly occur. How, then, can there be enough kinds
of DNA to account for all the kinds of genes and chromosomes? The
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answer probably lies in the fact that vanation can oceur in the refa-
tive numbers of adenine-thymine and of guamine-cytosme cross-
chains; it can occur in !he order in which these cross-chams appear,
and it can occur in the di 1 which each hawn 1s

to the long chams Becanse DNA molecules are very long, the permu-
tations and combinations of these vanations are tremendous.

It 15 not yet certain whether genes, like chromosomes, are nuclea-
proteins or only the desoxynibese nucleic acids of the nucleoproteins
Evidence is appearing which indicates that true genic material is
DNA For one thing, it is found that ultraviolet hght may mduce
mutations. Since only absorbed uitraviclet light can cause chemical
change, 1t 18 important 1o knaw the wave lengths which are effective
1t inducmg mutations It is found that the effective wave lengths are
those absorbed by DNA. Further evidence i favor of DNA as the
material of the gene arises from the study of transformations and
transductions n bacteria, which will be discussed an detail in Chap-
tcr 27

1t 15 obvious that genes are highly speaific in function We have
already seen in connection with the blood groups that certain genes
produce very specific antsgens It wil be shown 1 succeeding chapters
that genes frequently pmd\:ce equaily spemﬁc enzyme_s (chm\cnls
that faailitate ¢t without tt used
up in the process) Thousands of enzymes take part m the metabolic
activities of living organisms, and many of the enzymes appear to be
referable to single genes The constructive potentialities of nucleic
acids appear to be such as to provide that great dwversity, nicety, and
forcefulness of action which 15 characteristic of the gene

2t Genes are able to duplcate themselves

At each mutosis every gene reproduces atself The manner of this
sclf-propagation is clearly one of the fundamental problems of genet-
1¢cs, but as yet relatwvely hittle progress has been made toward its
solution It is now agreed that a gene duphcates itself not by growing
and splitting but by building alongside itself a duplicate of itself
Morcover, when a gene mutates, it will build a copy of the new
mutated form just as faithfully as it formerly copied the onginal form

This unique ability of a gene to draw from the surrounding
medium the vanous building blocks needed to duplicate stself and to
jmpress upon them its own pattern, even when that pattern is a
changed, or mutated pattern, 1s at the very center of the process of the
evolution of life and life processes. The necessary building blocks for

Fig 238 A model of a fragment of a molecule of DNA, constructed acconding
to descriptions published by Crick, Watson, snd others,
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the formatian of nucleaproteins are amino acids, purines, pyrimidines,
and phosphates It has been suggested that each chemical unit of 2
gene, such as a side chain or radwcal, attmcts to itself a simitar but

bined ymt Iable in the sur dium, and that these
are held together m position against the gene while chemical union
between the parts takes place, thus creating a replica of the gene. The
problems of gene duplication are among the most challenging of those
facing geneticists at the present time and will require the aid of
biochemists and physwcists for their complete solution,

Crick has proposed an interesting hypothests of chromosome and
gene duphcatxon It wall be recaﬂed that DNA is composed of two

ry chains of nucl , loosety bonded together, punne
to pyrimidine, by hydrogen bonds (md)cated by the dotted hines in
Figure 24.8) These chains may separate at the hydrogen bonds and
unwind from therr helical twist, Each chain is a complement of the
other, and when separated and unwound each chain may construct
another complement of jtself from the available building blocks in
the protoplasm, so that there will be two long double chains (DNA
molecules) where there was only one before.

Crick suggests that the formation of the new complementary
choins begns as the old chams start to unwind, and that this forma-
t1on 35 the force behind the continued unwinding of the original pair.
Crick’s article, listed in the references at the end of this chapter,
should be read by all students of genetics

The twenty-one points discussed above constitute the major facts
at our disposal regarding genes and mutations Individually many of
them are of Iimited sigmficance, taken together they form 2 unified
and important body of knowledge upon which to build our concep-
tion of the gene and its bebavior

As to the onpm of genes, we know very little, atthough it is
tempting to speculate Genes are assumed by some to be the most
primitive hving things It ss said that they were probably the first
manifestations of life, growth, and reproduction, and that the com-
pheated organization of cells developed first ynder the influence of
genes — genes which presumably were originally free living entitics.

An alternative hypothesis is proposed by Holmes He suggests
that perhaps genes, instead of representing pnmitsve living bodies.
are secondary products zmsmg as the end result of a Jong series of ex-

changes between homol Hep lates that during
the early stages of their evolution ¢t may have isted o
simifar material ti t In ai duals of a species,

chromosomes might have come to be composed of material of slightly
differcnt chemical constitution. As sexual reproduction evolved, and
with 3t the mechanism of crossing over, chromosomes would gradu-
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ally come to be composed of dissimilar material in their different parts
through reciprocal exchange.

Through repeated crossing over during many generations these
regionally different sections of the chromosomes would beeome more
numerous and consequently smaller until they reached the munmum
size or structure compatible with self-perpetuation This would ac-
count for the linear arrangement of genes 1n the chromosomes

Hypotheses such as the two just cited are interesting specula-
tions, but 1t must not be forgotten that they are only speculations, and
are not to be confused with the known facts and the reasonable n-
ferences which make up the bulk of our knowledge of genes and
mutations

General conclusions

From the above facts, principles, and inferences, we may devise
a working hypothesis as to the nature of the gene and the nature and
cause of mutation It will be understood that this hypothesis 1s by
no means final It may be revised at any time by the discovery of new
facts, the search for which 1s continuing unabated mm many labora-
tones in all parts of the world

The gene, then, 1s pictured as a large complex organic molecule,
or part of a molecule, occupying a specific place 1 a series of such
molecules arranged 1n hinear order Each stnng of molecules com-
poses the essential part of a chromosome, which at certain stages in
cell division 1s visible due to the elaboration around the genes of a
stamable matnx

On this basis a mutation would consist of a rearrangement of the
order, direction, or proportion of the cross-chains The cause of these
rearrangements 15 probably inherent i the molecular structure of the
genes Mutations may be regarded as the resuits of random mter-
and mtra-molecular rearrangements They are, tn other words, the
results of 1solated mucrochemical accidents, not mndividually con-
trollable As Muller has pointed out, such acaidents would tend to

occur with a fixed under given i He compares

to ordinary ch in which the gross change
from one substance to another really xs the stanstncal resultant of 2
whole series of mndividually )| the rate

of change as a whole is fixed and calculabfe

Muller has camed thns reasomng one step further In the case of
ordmary ct we are d not m any individual
molecular effects because they are so numerous, but rather we think
in terms of the total reaction In the case of mutations, however, due
to the great stability of gene molecules, each change that does occur
becomes m its develop and 50 ified in im-

GENES AND MUTATIONS 369



portance that the individual molecular changes rather than the mass
effect become the primary concern of genetitists

‘There is some experimental evidence to indicate that, in addition
10 spontaneous molecular changes, natural radiation may under cer-
tain circumstances play some smail part in the production of natural
mutations For example, Drosophifa placed in an abandoned carnotite
mine, where natural radiation was high, produced a greater gropor-
tion of mutations than those kept in a region where terrestrial radia-
tion was low. Such instances, however, must be considered of minor
significance in the total production of mutations,

PROBLEMS

24.1 In using the CI/B method what
would be the resuit 1f the irradiation should
cause the gene L in the X-rayed ¢Lb male
to mutate to 17

24.2 Why is the X-chromosome more
favorable for the study of the production
of recessive gene mutations than are the
autosomes?

24.3 Why is the X-chromosome more

24.10 If a mutation occuts 1n one of the
many somatic cells of a relatively late stage
of development of an orgamsm, in what
cells of the mature mdividual will the mu-
tant gene be found?

24.11 1f a mutation oecurs in a spermato-
gomum, what wll be its hustory?

24,12 Suppose a Drosophila sperm con-
talning a Y-chromasome fertilizes ant egg

an X-ct The result-

favorable for the study of the prod
of recessive lethal mutations than are the
autosomes?

24.4 If a smgle recessive mutation occurs
mn the somatic tissue, what effect will at
have upon the appearance of an tndivadual?

24.6 What happens to a somatic muta-

1ng zygote divides into two cells by mitosis,
and in one of these two cells a gene on the
X-chromosome mutates so that mstead of
causing the production of normal wing it
causes the production of miniature wing
Assummg that the first cleavage division
the plane of bilaterality, what

tion when the indivi dies®

24.6 How may a recessive mutation pro-
duce a visible effect?

24.T If a recessive mutation occurs in
the fertilized egg, inwhat cells of the mature
indtvidual will the mutant gene be found?

24.8 Would the answer to the previous
question be different 3f the mutation were
a dominant mutation?

24.9 If 2 mutation occurs in one of the
two cefls into which the fertiized egg
divides, in what cells of the mature individ-
ual would the mutant gene be found?
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wnll be the sex of the mature fly and what
land of wings wll 1t have?

24.13 The Washington navel orange 1§
chasactenzed by a relatively smooth skin.
Oceastonally, however, a tree has a branch
on which the oranges all have deeply cot-
rugated, rbbed skin. If such a branch is
used for grafting, the resulting grafted tree
produces only nbbed fruit. The nbbed frutt
15 probably due to what cause?
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CEHAPTER TWENTY-FIVE

Cytoplasmic inheritance

One of the major conclusions drawn from genetic sesearch of
the past half century has been that traits are determined, insofar as
genetae differences provide the effectsve variables, by self-duplicating,
tutable genes located at specific pomnts m the chromosomes The evi-
dence for this conclusion was summarized in Chapter 22

In recent years, h 1, various observations and exp
have been made which suggest that some genetic vanabihty is the
result of self-Qupheating, mutable uuits located not wn the chromo-
somes but m the cytoplasm Such units are apparently transmitted
only by means of the cytoplasm, and therefore smce only the egg
ordmanly contributes cytoplasm to the zygote, the inheritance, in
higher animals and plants at least, is maternal

One type of cytoplasmie transmission, plastid inhentance in
plants, has long been known, but 1t was until recently considered an
solated and umque example A discussion of plastids will serve to
mtroduce the general problem.

Plastids are cytoplasmic bodies eccurring in certain cells of
plants. Normal plastids contam (or can produce in the presence of
light) chlorophyl, the green colonng matter which is involved 1 the
process of pt synthesis. They are self-duplicating bodies which are
dsstnbuted more or less af random 10 the two danghter cells when 2
plant cell divides, 1n contrast to nuclear genes which are distributed
1 an cxact orderly fashidn by the segregation of chromosomes

Not all plastids 1n higher plants contam or can produce chlgro-
phyl We have already dsscussed s several places atbimism, in which
the plastids are defective and no longes synthesize chlorophyl, so that
the cytoplasm appears white. Albinism js uswally the result of 2
typical recessive gene mutation, so that a seedling homozygous for
the mutated gene 1s completely white, whnle one not having the gene
in h ygous form is pletely green. Here the gene mutation
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seems to have resulted in the production of a physiological conditi
unfavorable to normal plastid development, and the mutant gene 1s
transmitted mn the usual Mendelian manner

In some cases, however, a different type of transmission occurs,
not involving chromosomal segregation In certamn strains of four-
o'clocks, for example, colorless plastids are found as well as green
ones, but both types occur in the same plant and even in the same
leaf. Such leaves are variegated, that 1s, rrregularly blotched green
and white Sometimes a whole branch is white, containing only color-
less plastids in 1ts tissues Again, a whole branch may be green, con-
taimng only colored plastids

When flowers ont a white branch are pollinated with pollen from
a green branch, the resulting offspring are all white When flowers on
a green branch are pollinated with pollen from a white branch, the
resulting offspring are all green Whichever way the cross s made, the
offspring resemble only the mother mn regard to leaf and stem color

Since the plastids are contamed in the cytoplasm and since ordi-
nanily no cytoplasm ts brought 1n by the sperm at fertilization, it ap-
pears that the ission 1n such 15 purely cy
and non-Mendehan Sumlar be-
havior has been recorded in corn,
beans, sorghum, and many other
plants A photograph of stnping in
sorghum, 1n which the transmisston
18 purely maternal, 1s shown
Figure 25 1

In cases hike those just men-
tioned 1t 15 supposed that 2 mutation
has taken place 1n the plastid 1tself
Stnee 1n this view plastids are self-
duplicating mutable umts control-
hng characters, they or some parts
of them are sometimes referred to
as plastogenes

Other cxamples of eytoplasmic
nhentance have been coming to
light, some of them with far-reach-
1ng imphcations in biological theory

Fig 251 Stnping 1 sorghum. This
form of striping is transmitted onlv
through the female ing, the male parent
playing no part it the mheritance of the L
character From Karper n the Journal X f'f
of Hereduty
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and even in medicine In deciding whether transmission is really cyto-
plasmic, care must be taken to exclude other possibilittes For ex-
ample, as will be pointed out in Chapter 26, certain characters of the
plant or animal are already determined m the cytoplasm of the egg,
under the influence of the Mendelian genes of the mother Effects
such as these can be ruled out by various procedures such as trans-
plantation experiments and repeated back-crossing

There are now on record a number of clear cases of cytoplasmic
transnussion in addition to plastid inheritance These include certain
structural characters in mosses, sterility 1n various plants, size and
shape differences 1n the evening primrose, pathogemeity in rusts, color
in wasps, sensitivity to carbon diaxide m Drosophila, and a number
of characters in the protozoan Paramecium Some of the examples
mentioned are instances of purely maternal mhentance, others are
cases where there seems to be an interaction of a Mendehan gene and
a unit or units i the cytoplasm, but all involve cytoplasmic trans-
mission

‘The researches of Sonneborn and his collaborators with Parame-
cium are of especial importance 1n understanding cytoplasmic n-
heritance, and a bnef account of some of them will be given here
Although many of the characters of this unicellular orgamism are con-
trolled by genes carried 1 the chromosomes in the nucleus, other
characters are apparently cytoplasmically determined Such cyto-
plasmic determuners are often called plasmagenes. One kind of plas-
magene 1n Paramecium has been shown to be self-reproducing and
capable of mutation. This kind of plasmagene depends for 1ts main-
tenance and reproduction on nuclear genes, however, and 1s therefore
not completely autonomous A description of this plasmagene and its
action will ttlustrate the general developments 1n this very new area.

Genes are traditionally named with Roman letters- q, b, ¢, and so
on The convention has arisen of naming cytoplasnuc determiners
with Greek letters such as alpha, beta, gamma The plasmagene most
thoroughly studied 1 Paramecium is one called ““kappa ” When it is
present in the cytoplasm n sufficient concentration 1t results m the
p ion of an extra-cellular antibiotic agent called paramecin.
This substance wilt kill Paramecia of certain strains known as *“sensi-
tives,” although it does not affect those strains which produce it,
known as “‘killers "

Kappa can be maintained in an individual and its progeny only
when the dominant gene K is present in the nucleus Thus individuals
of genotypes KK and Kk may be lallers, those of genotype kk are al-
ways sensitives However, the mere presence of gene K in the nucleus
does not insure the presence of kappa. Kappa must come from pre-
existing kappa by its own self-duplication.

The modes of reproduction of Parameciuns aurelia are varied and
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compticated These animals may reproduce asexually by simple fis-
sion, m which case all the mdividuals of a single hine of descent will
be genetically 1dentical except for mutations which may occur They
may also reproduce sexually, but 1 two different ways In one mode
of sexual reproduction two individuals of opposite mating type come
together and exchange one of the two micronucler which each ammal
possesses These nucles are diploid during most of the hfe of the mndi-
vidual but become haploid before mating by maturation divisions
Moreover, of the exght haplotd nucle1 resulting from the maturation of
the two mucronuclel, only one survives, and this one divides mi-
totically to form two The two haplowd nuclei of each mating partner
are thus identical within the mdividual When the two animals sep-
arate after mating they have become identscal for all their nuclear
genes because of the exchange If the cytoplasmic bridge between the
two mating individuals persists for less than three minutes, no
cytoplasm 1s exchanged, but 1if it persists longer, cytoplasm as well
as nuclet may be exchanged
‘The second type of sexual reproduction involves only one parent.
In this type, known as autogamy, the wo micronucler undergo mat-
uration drvisions, but seven of the eight resulting haploid nuclet de-
generate, leaving one This one divides mutotically, formuing two
adentical haploid nucles, just as happened previous to mating in the
description given 1n the preceding paragraph But instead of the in-
dividual mating with another Paramectum, 1ts own two haplord nucler
fuse, forrmng a homozygous diploid nucleus, which then by mtosis
divides to form two
Because of these varied modes of reproduction, it 1s possible to
mamnipulate Paramecium 1n such a way as to combine any cytoplasm
with any desired gene Thus by proper mampulation 1t 1s possible to
replace gene K by 1ts allele £ 1n a kaller ammal When this 1s done
the animal gradually loses 1ts kappa and becomes sensitive If now
the onginal K 1s brought back ito the cell by switable crossing, 1t
cannot recreate kappa, and the individual will rematn sensitive
A killer indivdual must, then, contamn both the gene K and a
suitable concentration of kappa The concentration necessary to make
an individual a aller 1s from several hundred to about 1000 kappa
particles The reproduction of plasmagenes is not necessarly corve-
lated with the rate of ccll division, so that by suitable control of the
cultural conditions it 15 possible to bring the concentration of kappa
to any desired level and maintain 1t there. When a kaller animal with
several hundred kappa plasmagenes 1s so mantpulated as to reduce its
supply of kappa, 1t first stops producing paramecin, although remain-
1ng resistant, it then becomes sensitave, although retaining gene K.
Now these facts show a remarkable similanty to a senes of dis-
coveries in regard to cancer. In mice, for example, there are strains in
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which practically every animal develops mammary cancer, others in
which almost no animal does Crosses between these strains indicated
that the mhentance of the tumors was fargely maternal, hence extra-
chromosomal. Further studies by Bittner indicated that the trans-
mussion was largely on the basis of some substance, probably a virus,
1n the mother's milk
Recent research by Heston and his colleagues indicates a strong
resemblance between the milk agent m muce and kappa m Parame-
cium For example, the maintenance of the milk agent is dependent
upon certamn genes in mice just as that of kappa is dependent upon
the gene K 1n Paramecium Again, certatn noncancerous strains of
muce have the requistte genes but lack the milk agent, just as certain
sensitive strans of the protozoan may have K but lack kappa. In
addition, the transfer of the milk agent through milk from foster
mothers to mice having the cancer genes but lacking the milk agent
will result 1n these animals mamntaimng the milk agent and trans-
mitting it, just as 10 Paramecium, killer strains can be produced by
addmg kappa to a strain having gene K but lacking kappa Finally,
Heston and his colleagues showed that it was possible to maintain
the milk factor at low concentration with no resulting cancer, just as
Sonneborn had been able to do with kappa and the resulting lack of
production of the antibiotic paramecin
‘The above facts raise the ion as to the fund al differ-
ences, if any, between plasmagenes and viruses Both are located out-
side the chromosomes, both are self-duplicating, but only i the
requisite genotype, both are mutable and reproduce the mutated
form, both result in definite characters If they differ at all, it would
appear to be 1in the concep that pl are tr: itted by
a type of heredity and are normal cell constttuents, while viruses are
transmmtted by infection and are abnormal, pathogenic cell dwellers
Darlington, Haddow, Sonneborn, and others have speculated on these
facts It has been pointed out that what is a virus n one species or
variety may be a plasmagene in another, in the same way that thia-
mine 1s a necessary vitamin for man but is normally synthesized by
certatn plants and 1s thus not a vitamin for them
For evample, a plasmagene in one variety of potato acts as 2
pathogenic virus when transferred to another variety. Other examples
both in plants and in animals are known It may be then, as Darling-
ton suggests, that a virus is mercly a plasmagene in the wrong host.
Recent rescarch appears to indicate, however, that a virus particle
may contain several genes Thrs discovery complicates the hypothesis
of the equivalence of plasmagenes and viruses The genetics of viruses
will be discussed in more detail in Chapter 27.
On the basis of facts such as these there has been formulated the
plasmagene theory of cancer. This theory involves the production of
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cancer by somatic mutations of plasmagenes, resulting in the release
of the ordinary inhibitions regulating celt growth and divison The
various known carcinogeme agents would, on this theory, ether make
the cells more receptive to foreign plasmagenes (viruses) or cause
mutations of native plasmagenes

On the plasmagene theory of cancer the lag between the applica-
tion of the cancer-prod ) and the of the can-
cer would be readily explamned When a few particles of kappa are
ntroduced mnto a Paramecium lacking kappa but having K, the kappa
ncreases gradually under proper conditions When 1t reaches the level
of several hundred particles, the cell becomes a killer instead of being
sensitive It may very well be in cancer that the mutated plasmagene
must slowly increase to the critical cellular concentration requisite for
cancer manifestation

The older theory of the gene clearly requres medification There
18 no reason now to doubt the existence of cytoplasmic umts mutable,
self-duplicating, and capable of controlling the development of char-
acters Spectfic, hizable, Mendel: chre 1 genes and spe-
cific extra-nuclear determiners, some of which are localizable 1n visible
cytoplasmic structures, must both be taken mto account in formulat-
1ng a complete deseription of the hereditary basis for characters

As was pomted out at the begimning of the chapter, eytoplasmic
inheritance due to plasmagenes such as kappa and to viruses such as
the milk agent 15 known tn a varnety of orgamisms Yet there 1s no
assurance at present that all examples of cytoplasmic inhenitance have
the same physical basis and result from the same mechanism Indeed,
Sonneborn’s mvestigations already show fundamental differences in
the even within Par The differences are largely
concernted with the extent of the dependence of the phystcal basts of
cytoplasmic inhentance on nuclear genes The significance of these

and the expl of the ples that differ from kappa

are still not fully understood Whatever the explanation turns out to
be, 1t scems likely that 1t will throw much light on the problem of how
cells that are identical in genes, such as the cells of the various tissues
1n higher ammals, can remain persistently different 1n structure This
leads directly to the problem of the roles of genes and cytoplasm in
the control of developmental differentiation, a subject to be con-
sidered in the next chapter

PROBLEMS

26.1 Whenflowersonasariegatedbranch  white leaves How do you account for these
of the four-o'clock are self-pollinated, the  resufts?
offspnng may have green or vanegated or
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26.2 What offspring would you expect
from flowers on a variegated branch polli-
nated with pollen from a green branch?
With pollen from a white branch?

25.3 It has been suggested by some
writers that nuclear inhentance affords
greater opportumnities for genetic vanation
than does tytoplasmic inhentance because
of the possibility of recombination in the
former Criticize this statement in the
light of the wnformation ganed from the
preceding problems.

26.4 Can we discriminate between nu.

crossed to males of both sorts Suggest an
explanation of the color inherttance.

25.8 Cytoplasmic inhertance is fres
quently characterized by dsfferences in the
resultsof reciprocal crosses Such differences
may also be observed m sex-linkage, and
1 inherstance due solely to maternal geno-
type. {See Chapter 26 and problems 263,
26 4, and 26 5 for a discussion of such in-
hentance.) What crosses would you make
to distinguish between cytoplasmic 1o
hentance and sex-hinkage?

259 What crosses would you make to

clear and cytopl nherit-
ance on the basis of the mere presence or
absence of recombmation? Would the oc-
currence of Mendehan ratios aid the dis.
cnmination?

26.6 Correns concluded from his study
of the mhentance of leaf color in the four.
a'clock that the whiterung of all or of part
of the lcaf was due to a sort of disease
carried by the cytoplasm Can we dis.
cniminate between his interpretation and
an X based on cy ine
hentance?

25.8 All strains of the King Edward
potato possess the paracrinkle virus, which
has no apparent effect on the King Edward
potato but shows 1ts effects when trans-
mtted to certan suscepuble strains by
grafting. Is paracrinkle virus a normal or
abnormal constituent of the King Edward
potato? Why is 1t classified as a virus?
Can we readily distingumsh between virus

h between cytapl inherit-
ance and inhentance due to maternal
genotype?

25.10 Geranium plants may have green,
variegated, or white leaves When the
flowers of plants with green leaves are sclf-
pollinated, the offspning have green leaves
When the flowers of plants with white
leaves are self-pollinated, the offspring have
white leaves Reciprocal crosses between
plants with green leaves and plants wmith
white leaves produce offspring with vane-
gated leaves. Considered by themselves,
can these sesults be imterpreted on 3
Mendelian basis>

26.11 When flowers of geranium plants
with variegated Jeaves are self-polhinated
all the offspnng have vanegated leaves
‘What bearing does this addstional informa-
tion have upon your previous conclusion?

26.12 Can the results of these geranium
crosses be nterpreted on the basis’ol

lasmic 1nh

with

and cy

26.7 In Habrobracon (a wasp) the fe-
males are diploid, the males haploid There
is a dark strain and a light stran in this
spectes. When these strains are crossed, the
dipleid Fy females are intermediate, but
there is a difference depending on whether
the mother was light or dark When the
mother was light, the Fi females are signif-
icantly highter than the Fy females from
dark mothers This difference persists in
the haploid sons of these females and also
in their daughters when the F; females are
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y
through both pollen and egg?

25.13 Can we then consider difference
in results from reciprocal crosses as essens
tial cnterta of cytoplasmic inheritance?

2514 Drosophla are normaly anesthe-
tized by a short exposure to COs gas, but
recover with no 1ll effects. One strai, how-
ever, was found to be killed by such etpo-
sure When sensitive females are crossed to
resistant males, the F; are always sensitive.
When resistant females are crossed with
sensitive males, most of the Fyase resistant,



though some, 1n varying proportions, may
be sensitive (The sperm 1n Drosophila may
bring m small amounts of cytoplasm )

cytoplasm Do these results necessanly pre-
clude a possible role of the nucleus 1n the
d ton of these d

Sensittve females were then crossed to re-
sistant males 1n which each of the auto-
somes was marked by a dormmnant gene
The sensitive Fy males contammmng these
three dominant genes were crossed to re-
sistant females Some of the offspring were
sensittve and some were resistant, but the
response was tndependent of the segrega-
tion of the genes The male offspring which
showed all three of the marker genes had
no chromosomes or parts of chromosomes
from the omgimnal sensitive grandmother,
since there 1s no crossing over in male
Droscphula Yet some of these males were
sensittve  Suggest an explanation for the
transmission of sensitvity

256.16 Snapdragons may have green or
variegated leaves Recprocal crosses be-
tween two vaneties produce F plants with
green leaves and Fp plants approxumately §
of which have green leaves and % have
variegated leaves Can these results be in-
terpreted on a Mendelian basis?

25.16 Do these results necessarily pre-
clude a possible role of the cytoplasm n
the determination of leaf color 1n the snap-
dragon?

25.17 Certamn hereditary differences (in
antigenc type) in Paramecium have so far
been aseribable only to difference 1n the
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CERAPTER TWENTY-SIR

Genes and development

Between the presence of the genes in the chromosomes and the
appearance of the developed characters in the individual organism
there exists a gap which 1s not yet thoroughly understood How can
a gene or a group of genes influence the development of a character?
What is the connection, for example, between a gene that affects
spotting and the appearance of spots on an animal? How do the genes
result m color blindness or a blue eye or a bald spot? Do genes have
anything to do with such fundamental characters as the presence of
a stomach or a backbone? Questions such as these mevitably occur to
the thoughtful student of heredity

The older view that the individual was preformed in miniature
in the egg, and that it became an adult simply by enlarging, has had
to be discarded. Observation and expernimentation have disproved
such a hypothesis, particularly the observations of Driesch and others
that in many ammals the artificial separation of the cells in the very
early stages of development can result in the production of a2 complete,
though small-sized, embryo from each of them.

The growth and development of an individual from an egg in-
volves a gradual differentiation, an increase of diversity. Such de-
velopment is spoken of as epigenesis, in contrast to preformation.
While preformation of a miniature adult in the egg is no longer
aceepted, we must keep in mind that the egg does have a definite set
of genes, to which are added by fertilization another set from the
sperm. In this sense certain parts of the egg and zygote are preformed.
The development of the embryo from the zygote is, however, epi-
genetic in nature.

Following fertilization, the fertilized egg divides into two cells by
mitosis, then cach of these into two, and so on until a ball of cells is
formed. There may be at this time many hundreds of cells, enclosing
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a hollow central space This hollow ball of cells is called a blastula
It consists of a single layer of cells

Socon the single-layered condition 1s converted into a double-
layered condition by indentation of one side of the blastula This
may be accomplished by a slower rate of growth of the cells of one
side as compared with those of the other The two layers thus formed
are termed ectodersn and endoderm, and from them will develop defi-
nite structures of the orgamsm A thurd layer, the mesoderm, 1s soon
formed between them, derived partly from each of the other two

From these three layers, by outpocketing, indentatton, folding,
and other manifestatsons of disproportionate growth rates, the vanous
organs of the embryo will develop Durning the process of development,
the cells which will compose different tissues and organs undergo
differesttration, that 1s, they become very different from one another in
appearance and 1n function Some become muscle cells, others ept-
thehal cells, some become functionally speciahized to transmit im-
pulses, others to secrete hormones, and so on Since we know that the
cells of different tissues and organs m the same individual very com-
monly {though not mvariably) contan precisely the same chromatin
material, we cannot 1n general attnbute the differentsation of cells
to a differential sorting out of the genes among them 1n the course of
embryologic development

Modern work 1t experimental embryology suggests that imitial
differences 1n the protoplasm of the egg (which are known to exist)
may affect the activity of the genes, which n turn affect the proto-
plasm, thus ing and perp asenesof r
by means of which gradual differentiation occurs

The ongimnal differences m the egg are differential gradients set
up under the imnfluence of the environment (gravity, pressure, distnbu-
tion of the yolk, access of the various parts of the egg to oxygen, etc )
The genes give to the egg and the embryo a certamn capacity to re-
spond differentially to definite stimuli such as these environmental
vanables Thus the normal development of an embryo must depend
both upon a normal environment and a normal make-up of genes
Abnormalities in erther of these will result 1n abnormal development.

An illustration of the fact that primary differentiation 15 an effect
of external factors as well as of genes is found 1 the results of crosses
between two species of sea-urchins, Cidaris and Lytechimes When
eggs of Cidaris are fertilized by sperms of Ljtechinus, the resulting
embryo develops as a typical Cidar:s tarva, forming its two-layered
condition in about twenty hours as Cidarts does, not m nine hours as
Lytechinus does Thus for the first twenty hours the egg controls de-
velopment rather than the sperm At about twenty hours, however,
the first effects of the genes contnbuted by the sperm become ap-
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parent, since the production of the third Jayer (mesenchyme) is like
that of Lyteclinus

The important and interesting thing to note is that the time at
which the genes contributed by the sperm begm to take effect is the
time when the ratio of cytoplasm to nucleus 1 each cell becomes that
which is characteristic of the species The egg because of the inclu-
sion of yolk is larger than other cells of the body As it divides, forming
the embryo, the immediately resulting cells do not enlarge, so that
eventually by successtve divisions they are reduced to the size char-
actenstic of the species From this pomnt on, the cells enlarge before
again dividing At this pomt the ratio of cytoplasm to nucleus in each
cell is a defimte and charactenstic ratio, and at this pomnt the genes
contributed by the sperm begin to act

It may very well be then, as ponted out by Huxley and deBeer,
that the genes of the embryo begin to act at the time of the reversion
of the cytoplasmic-nuclear ratio to ats mitial value. Previous to this
the differentiation has been largely dependent upon external factors,
which act by setting up gradients 1 the egg and embryo There is
a difference of gradient, for example, between the protoplasmic or
amimal pole of the egg and the yolk or vegetative pole There 1s an
exterior-interior gradient, since cells or parts of cells mn direct contact
with the external world are not affected in the same way as cells re-
moved from external contact There 1s a dorso-ventral gradient,
dependent 1n some 1nstances upon the point of entry of the sperm

The early differentiation in a developing embryo, then, seems
largely brought about by the structure of the cytoplasm of the egg,
which 1s formed into differential gradients imposed primanly by the
external environment As development proceeds and the embrye
gradually becomes an adult, characteristics appear as a result of the
production of genic substances 1n dufferential gradient fields.

Bridges has suggested that, when a gene reproduces itself prior
to cell division, the autocatalytic process giving rise to the new gene
involves the production of chemical by-products The raw materials
used in reproduction of the gene are derived from the cytoplasm As
the new gene js formed a scries of chemical by-products returns to
the cytoplasm, which is then of different chemical content than
formerly. The various by-products may react with one another and
the resulting products react again, setting up long chains of chemical
variations

The autocatalytic reactions would be very much the same at each
cell division In addition to this kind of genic action, Bridges suggests
that there may be a heterocatalytic action, which could readily vary
from stage to stage in development. The heterocatalytic action is also
assumed to be enzymatic in nature, that is, the genes or certam sur-
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face areas of the genes act as enzymes or catalysts, absorbing specific
protoplasmic substances i definite proportions and causing mterac-
tions between them,

This type of action could well be different at various stages of
development, inasmuch as certam matenals, such as yolk, might be-
come exhausted and new ones become available through food and
the building up of ly different ds New ct
arrangements, acting m varymng environments brought about by the
posttion of particular cells m the tissue mass and the resulting vana-
tions 1n gradients, according to this hypothests, would produce differ-
entiation The chemical products or enzymatic action of a particular
gene may produce a certain result or perhaps no result in one gradient
or in the presence of one set of chemicals and a totally different result
1n another gradient or in the presence of new chemicals

Beyond then, we must devel as a con-
tinual reaction between chemucal constituents of the protoplasm and
chemical products and enzymatic action of the genes, occurning
varying metabolc gradients

The fact that at least one of each kind of chromosome (except the
relatively inert Y-chromosome) 1s necessary for development was sug-
gested m Chapter 21 Further proof of this 1s found 1n experiments
performed by Bover: 1n which sea-urchin eggs were fertihzed by two
sperms As a result of the entrance of two sperms into the egg, two
spindles are formed, and the 3n number of chromosomes arrange
themselves on these As always happens 1n mitosis each chromosome
divides, and thus 6n chromosomes are distributed among the four
resulting cells Each cell may thus contan, on the average, 61/4, or
1 5#, chromosomes

.Stnce we know that an individual with the haploid or # number
of %chromosomes can develop, it might be expected that any cell re-
ceiving as many chromosomes as the haploid number could develop
(The four cells of a developing sea-urchin’s egg may be easily sep-
arated and allowed to develop separately In a normal zygote they
develop into small larvae.)

In the case of an egg fertilized by two sperms, however, not every
cell receiving as many chromosomes as the haploid number develops;
only some of them The reason ts that any group of chromosomes
totalling # 1 number 15 not sufficient to bring about development.
Only a group contmming at least one of each kind of chromosome can
produce development.

Caleulation of the chances of any particular cell receiving at least
one of each kind of chromosome has been made (cf. Huxley and
deBeer), and the caleul; have been pared with the actual
results obtained by allowing all the cells to develop separately. The
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observations of the proportion of cells which were able to undergo
development proved to be in complete accord with the calculated
probahilities Thus we may conclude that genes are quite necessaty
1n development, and probably at least one of each kind of gene is
essential Moreover, 1t seems clear that, whatever gradients may be
set up in egg or embryo by environmental causes, these gradients are
established in a cytoplasm that 1s already under the mfluence of genic
action

The ways 1 which genes may act in affecting characters are
many and varied Genes may so affect the eytoplasm of the egg as to
produce early and far-reaching changes, or they may affect the final
gradient (and thus the development) of a structure appearmg late in
differentiation They may slow up development in general, or they
may retard it at a critical period They may modify the direction or
the plane of cell division They may produce an enzyme at a par-
ticular stage of development, or they may fail to produce it Ex-
amples of some of these postulated actions are given below

Color 15 one of the most interesting characters to study from the
standpomnt of genetic development because it 15 extremely varable
within many spectes and because we know something of the chemistry
of color and color formation The melanin colors of animals (black,
brown, red, and yellow, and their various shades) are known to be
formed by the oxidation of colorless chromogens The reaction re-
quires one or more ensyimes to bring 1t about In a test tube we may
add, for example, the enzyme tyrosinase to the colorless amino acid
tyrosin and produce 2 dark melanin pigment Other ammo acids may
also act as chromogens and be converted to colored substances by
oudation in the presence of an appropriate oxidase (enzyme bring-
ing about oxidation)

Wnght has suggested a hypothesis regarding the action of genes
on the production of color in mammals, which adequately accounts in
a general way for most of the observed facts He assumes two enzymes
capable of oxidizing chromogen to varous degrees Enzyme I is
necessary for any color production Acting alone on chromogen it
produces yellow or red Enzyme 11 is supplementary to enzyme I and
has no effect alone. Acting together the enzymes ox:dize the chromo-
gen to the point where a very dark color results After an enzyme has
accomplished its catalytic action, it dissociates itself from the con-
verted compound and is available for further activity.

Genetic evidence indicates that certain genes control the presence
or absence of one or the other enzyme, other genes control the relative
amount of one or the other, and still other genes control the potency
of a particular enzyme. The various combinations of these genes will
affect color in varions ways. The gene for albinism, for example,
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probably prevents the development of
enzyme I The restriction gene pre-
vents the development of enzyme II,
at least mn the epithehal cells The
gene for brown reduces the potency
of enzyme I1, and so on Figure 26 1
will help to make this clear

The researches of Scott-Moncnefl
and of Lawrence and Scott-Moncrieff
have resulted 1 much specific knowl-
edge concerning gene control of plant
pigments An interesting example of
the vanous effects of such genes 1s
found in the autotetraploid Dalha
variabilts Here we find a gene, B,
producsng cyamn {one of the antho-
cyanmns, the principal red, blue and
purple plant pigments), and a gene,
1, produting apigen {a flavone pg-
ment) Since Dahlia varabilis 1s an
autotetraploid, we may have one,
two, three, or four of each of these
genes B and [ 1n any mdividual
Increasing numbers of the genes B
and I produce, in addition to cyanm
and apigen, pelargonudin, another
anthocyamin, and finally, as the num-
bers of these genes increase further,
the flavone 1s suppressed The follow-
g selected genotypes and their phe-
notypes express these relationships

bbbbira: no pigment (white flowers)
Bbbbusz: cyanin (chocolate flowers)
bbbbI I apigen (wvory flowers)

@

CHROMOGEN ENZYMES
BLACK
BROWN ¢-c,o
Bic'c

WHITE @

Fig 261 A hypothesis for the genetic

development of color in mammals
Above 15 shown diagrammatically a
chromogen {C), which 15 colorless, but
which may m the presence of enzymes
be ovidized mto pigment Enzyme I 15
basic for all color production and acting
alone on chromogen produces vellow or
red Cnzyme [ has no effect by itself,
but when acting in addition to enzyme I
carries the reaction to black A few of
the possible (ombimations of these en-
zymes with chromogen are shown tn the
lower part of the figure Small symbols
dicate an enzyme of reduced potency
Adapted from Wright sn the Journol of
Hereduty

BbbbIIt: cyanin and apigen (purple flowers)
BbbbIII: cyanin, apigen, pelargomdin (magenta flowers)
BBbbIIu cyanin, pelargonidin (carmine flowers)

The most mmportant advance in biochemucal genetics occurred,
however, when Beadle and his co-workers reahized that the pr:xcucav

bility of artificially inducing
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treatment made it possible to attempt the large-scale study of the
genetics of microorganisms. It was clear that the vital chemical reac-
tions of metabolism took place within cells and that genes might in
some way direct or control these reactions It would therefore be
profitable to work with an organism which could be studied both
biochemically and genetically.

Lindegren, Dodge, and others had already demonstrated the ad-
vantages possessed by yeasts and molds m genetic analysis Beadle
and Tatum saw that by inducing large numbers of mutations in such
organisms, their peculiarly favorable genetic potentialities might be
used to advantage 1n biochemical studies Such studies might in turn
lead to an approach to the solution of the problem of how genes act
in the production of specific characteristics. These hopes have been
abundantly justified in recent years,

In the early days of the study of genetics, the geneticist was con-
tent to establish the correlation between the gene in the chromosome
and the characteristic 1n the individual, without raising much ques-
tion as to the cham of events which connected the two. The attitude
was very much like that of the traveler who boards the Miami train
in New York, confident that he will step out at the Miami station,
but actually knowing very little about the physical-chemical prin~
ciples of the Diesel engine or the intricacies of the switching and
signaling systerns that will get him there

Today, however, the question of genic action 1n the development
of finished characters is uppermost in the minds of geneticists, and
biochemical genetics 1s Jeading the attack on this front

The bread mold, Neurospora, 15 of especial importance for bio-
chemical genetic studies for a number of reasons First, the larger
part of its life cycle, as in other lower plants, consists of a structure
(the gametophyte) in which the cells are haploid, that is, they contain
but one of each pair of chromosomes, and thus one of each gene pair.
In one sense all the cells of the mold correspond to the gametes of
an animal Thus any gene ‘may produce 1ts effect in the cells of the
mold, there 1s no li of d orr i ;and the
commonly observed Mendehan ratio will be one to one

Second, there 1s 2 diploid generation (the sporophyte) in the hfe
cycle of the mold, in which the chromosomes and genes are in pairs;
but this 1s limited to a single cell-generation. Its occurrence, however,
makes it possible to cross two haploid strains, recombine the genes,

and map the chromosomes.

Third, and extremely important, the bread mold, unlike man, is
capable of synthesizing all the purines, pyrimidines, and amino acids
which it needs for 1ts devel and all the “vitamins” but one.
In other words the mold can live and grow on a basic medium con-
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taining merely a soutce of energy and carbon; a suitable source of
nitrogen, such as ammonium salts, a source of inorganic elements such
as salts supplying calcium, phosphate, sulfur, potassium, and iron,
and the one vitamin which the mold cannot make, namely biotin, one
of the B-vitamins From this basic medium Neurospora can synthesize
at least 20 ammo acids, many vitamms, purines, pynmdines, and
nucleic acids, and other substances which go to make up the mold

Beadle and s colll knew that irradhation caused
and that the mutated genes were usually mactive, or at least less ac.
tive, 1n carrying out the particular functions which they formerly con-
trolled They reasoned that irradiation of Neurospora spores might
be expected to inactivate genes which controlled the metabolism of
one or another of the vatious substances built up by the mold from
the basic medium If this occurred 1t should be possible to deduce,
from the change thus brought about, the role of the unmutated,
normal gene

Accordingly, asexual spores of Neurospora were irradiated and
then allowed to germinate 1 a normal culture of the opposite sex,
thus achieving a cross The sexual spores resulting from the cross
were grown individually on complete media contaiming all the sub-
stances necessary for growth and functioning of the mold This, of
course, was to mnsure that the mutations, tf any, would be preserved
After obtaiming a profuse vegetative growth, part of each culture was
transferred to the minimal medmm If 1t grew there, no mutation
nterfering with the d of tial substances had d
If 1t did not grow on the mimmal mediurn, a mutation had apparently
taken place preventing the synthesis of some vitamn, amno acid, or
other necessary building block

About one or two cultures out of every hundred mradiated
showed 1nability to grow on the mmimal medium It was then neces-
sary to discover what particular substance was no longer being syn-
thesized by the mold. A culture was therefore tried on a mimmal
medwm to which all the known vitamins had been added and another
on a mmmal medium to which all the amino acids had been added.

If the culture then grew in the presence of vitamins but not 1n the
presence of amino acids, it was evidence that this strain had lost the
ability to produce some one of the vitamins which 1t formerly could
produce If 1t grew 1n the presence of the ammo acids but not of the
vitamuns, 1t had lost the power to synthesize some amino actd. If
perchance it grew on neither culture, 1t had lost the power to synthe-
size some necessary substance other than the known vitamins or
amuno acids

Supposc a partlcular treated strain will grow on a minimal me-
dium with ins, but not on a suppl of amino
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acids It is then necessary to determine just which vitamin is no longer
synthesized The stram is then tried on a series of minimal mediz,
each supplemented with one vitamun, such as riboflavin, niacin,
thamin, and so on In this way the strain 1s found to be incapable of
synthesizing a particular specific substance

Next it must be determined whether or not the change is con-

nected with a gene This is done by crossing the new strain with an
oppostte-sexed untreated strain. I the two strains differ by a single
gene mutation, half of the resulting spores will give nise to the original
kand of mold and half to the new kind

Tests of hundreds of thousands of spores have revealed many
mutations as a result of 1rradiation, each mutation making the mold
i ble of synthesi: a particular sub For le, various
mutated strans cannot make, respectively, vitamins By, By, By, niacin,
choline, 1nositol, pantothenic acid, or p-aminobenzoic acd. Other
straing can no longer synthesize one or another of the amino acids
phenylalamne, leucine, valne, isoleucine, argimne, proline, lysine,
tryptophane, threonine, ornithine, citrulline, and methionine. Still
others cannot busid specific pursnes or py‘nmxdmcs‘ substances which
go to make up nuclec acds, the p p of ch
somes, and probably of genes

At thus point the umon of genetics and biochermstry becomes ap-
parent Genetic research discloses the fact that each failure i syn-
thesis 1s the result of a single gene mutation Biochemical rescarch
makes it ¢lear that each failure is the result of a lack of a speaific en-
zyme In general, each step in the chemical reactions occurnng in the
cells of living organisms takes place under the influence of a specific
enzyme and in the absence of the enzyme either will not take place
or will proceed at such a slow rate as not to be very effective.

Furthermore we know, due to the work of Sumner and those who
followed him, that al} the enzymes that have been adequately purified
and analyzed are proteins We also knosw, as a result of the researches
of Mirsky and his colteagues, that chromosomes consist of, or at least
contain, protems

It is not difficult, then, to accept Beadle’s suggestion that the
genes serve as permanent models in the images of which enzymes
are constructed Enzymes are very specifie, and it seems highly
probable that each enzyme is referable to a single gene, In other words
the genes appear to direct the production of specific enzyme proteins,
and these in turn control specific chemical reactions.

On this hypothesis a mutation, either natural or induced, is
thought of as being an al in the chemical ar of the
molecule. The mutated gene, in its reproduction, duplicates itself in
its altered form just as faithfully as it previously copied its original
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form This s one of the foundation stones of evolution Further-
more, the molecule after mutation 1s usually nactive, or at least less
actve, in catalyzing the particular reaction which 1t formerly brought
about

Practical applications of this knowledge have been many Such
forms as Newurospora can be used 1 bio-assays, for determning quali-
tatively and quantitatively the presence of indsvidual vitamins, amino
acids, and other substances Moreover, the steps n the syntheses of
such substances can be worked out and the precursors identified In
this way there have been discovered, for example, the steps leading
from ormithine through citrulhne to arginine, and those proceeding
from anthramilic acid to mdole, followed by condensation with serine,
resulting 1n trypotophane Research along simmlar lines 1s in active
progress at the present time, mvolving many biosynthetic processes
and makmg use’of other orgamsms such as yeasts and bacteria

Examples of the production of traits through the genic control of
brochenical reactions are not lacking m man It was first demon-
strated by Félling that among the mmates of mstitutions for the
mentally defective, some mdividuals may be found who excrete tn the
urine about a gram per day of an abnormal metabolite, phenylpyruvic
acid This substance 1s a denvative of phenylalanine, which is one of
the indispensable amino acids 1 our diet Phenylpyruvic acid 1s never
excreted by normal individuals

Phenylalamne 15 handled by the cells 1 vanous ways {see
Figure 26 2) Some of 1t goes to make up our body protemns Some of
1t is converted to tyrosine and eventually to melanin Some of 1t 15
oxtdized to phenylpyruvic acid by replacing its amino group with an
oxygen atom The phenylpyruvic acid 1s then normally degraded by
successwe steps through parahydroxyphenylpyruvic acid, 2,5-dihy-
droxyphenylpyruvic acid, acid, and aceto-acetic acid to
carbon dioude and water Each of these steps requires the action of a
speaific enzyme. All these enzymes are produced by normal in-
dividuals

Those persons suffering from phenylketonuria, however, cannot
convert phenylalanine to tyrosine Lacking the requisite enzymne,
these individuals cannot carry phenylalanine through the steps shown
1n the left hand column of Figure 26 2, and the phenylalamne piles
up and saturates the blood and other tissues of the individual Excess
amounts of phenylalanine and its denivative, phenylpyruvic acid, are
excreted in the unne Ths disturbance of metabolism 1s mvariably
associated with mental deficiency, and certain concomitant char-
actenstics such as light hair and skin and accentuated reflexes are
commeonly observed

Folling, Jervis, Penrose, and others have clearly demonstrated
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Fig, 262 Metabolism of phenylalanine in man. Dotted lines indicate the points at swhich the cham
of steps may be stopped because of the lack of an enzyme, as a result of the homozygous state of a mu~
tant gene. The mutant genes concerned are ¢, the gene for albinssm; , the gene for pheny thetonunia: t,the
gene fo tyrosinosis, and a, the gene for Based on the of Garrod, d others
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.
that phenylketonuria is the result of a single autosomal gene substi
tution, and that the mutant gene fails to provide the enzyme which @
1ts normal ailele provides

Other metabolic anomales 1 man are similarly conditioned If
the conversion from phenylalanine to tyrosine 1s made, tyrosmne 1s
further converted by a series of biochemucal steps through 3,4-di-
hydroxyphenylalagne to melanm, which 1s the pigment of our skm,
eyes, and harr Normally pigmented persons produce all the enzymes
necessary to make each of these steps, but an occastonal“individual
inhents 1n homozygous form a mutant gene (the gene for albinism)
which fails to produce a requisite enzyme Melanin is therefore not
formed, and the individual 1s an albino The enzyme involved has
generally been thought to be the one acting on 3,4-dyhydroxyphenylal-
amune, as shown 1 Figure 26 2, but some recent mvestigations sug-
gest that 1t may be the enzyme acting on tyrosme

Figure 26 2 also 1llustrates the biochermcal blocks resulting mn
two other human anomalies In the right hand column it will be
observed that parahydroxyphenylpyruvic acid may not be converted
to the z,5-chhydroxy form, i which case the individual has ty-

{an extremely rare ) I this step 1s carmed out,
another mutant gene, that for alcaptonuna, will, if present in the
homozygous state, result in the absence of the enzyme necessary to
degrade homogentisic acid to aceto-acetic acid The ensuing disease,
alcaptonuria, 1s marked by the excretion of homogentisic acid 1n the
urine, which then turns black on exposure to air or 1f alkahs are added
Alcaptonuria 15 often harmless, but 1t 1s potentially a severe disease
and may be marked 1n later Iife by a type of diffuse degenerative
arthntis .

Not only is amino acid metabolism subject to breaks in the cham
of reactions, but lipid and carbohydrate metaboltsms are also inter-
fered with by lack of appropriate enzymes Carbohydrate metabolism
1s bemng extensively studied with yeasts by Lindegren and others.
Agan, recent research 1s providing examples 1n man

Normal individuals carry glycogen through glucose-1-phosphate
and glucose-6-phosphate to glucose and H;PO, Those having Von
Gierke's disease, however, fail to produce the enzyme phosphorylase
and so do not degrade glycogen, which thus piles up i the liver, heart,
¥idneys, and other organs dunng infancy, causing characteristic

Other d of carbohy bolism, such as
diabetes, pentosuria, and fructosuna, are also the results of gene
mutations

Turmng to lipid metabolism, an interesting human example is
Tay-Sach’s disease, in which the affected infant becomes blind,
paralyzed, and mentally deficient and invariably dies within a short
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time. Here the oxidation of the lipid sphyngomyelin, which takes place
in normal mdividuals, fails to occur Many other examples, such as
failure to metabolize kerasin 1 Gaucher’s disease or cholesterol in
xanthomatosis, could be cited

Each of the human diseases listed above results from the lack of
a specific enzyme, and each is genetically the result of a single mu-
tated gene substitution Genetics thus provides additional evidence
for the growing behef i a one-to-one correspondence between gene
and enzyme It will be recalled from Chapter 24 that the researches
of Lea and Catcheside indicate that on the basis of iomzation effects,
genes appear to have diameters of 4 to 1o milhmicrons Molecular
weights range from 500,000 to 1,000,000 These values fall within the
size and weight ranges of enzymes

‘The one-to-one relationship between gene and enzyme probably
also apphes to other protein products of the gene, such as the antigens
discussed 1n Chapter 13 1n connection with the blood groups It should
be pointed out here, however, that there are mherent i biochemical
genetics not only tmphcations m regard to the understanding of
particular diseases and anomalies but also of the orgamsm as a whole
It 18 not too much to hope that the day will arnve when the genetic
basis for the complete metabolic processes of man may be bwlt into
a single mosaic Since several of these inherited metabolic derange-
ments, such as Tay-Sach’s disease, epilepsy, and phenylketonuna, -
volve severe mental defects, it 15 also withmn the range of possibility
that the study of biochemical genetics will make it possible to specify
the entire nervous and mental make-up of an individual in terms of
measurable inhented metabolic activities

It 15 relatsvely easy to understand how one gene, acting through
an enzyme, can result m a restricted effect, such as eye color, but it is
more difficult to comprehend at first glance a wide-spread funda-
mental effect such as the complete syndrome of Tay-Sach’s disease
Presumably the magmtude and extent of the effect depend at Jenst in
part on the time during development at which the gene exerts its
influence. The requisite substrate may be available for an enzyme as
early as i the fertilized egg On the other hand, the substrate may oot
‘be built up until many antecedent reactions have occurred.

To return to the analogy of the tran which we used a few pages
back, let us suppose that you have boarded a train in New York.
Just outside the Pennsylvania station is a switch If it is thrown
one way, you will end up somewhere in the south, possibly Mami,
whereas if it 1s thrown the other way you will end up in the west,
pethaps Chicago A simple switch acting at an early stage of your
journey can make a tremendous difference in the outcome,

Assume now that the switch has been thrown so as to send you
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south It is now determined that you will not proceed west, but
there is yet the opportumty of ending up at, let us say, either Miami
or New Orleans. The positions of various switches along the route
will determine this, but at least you will end up m the south as op-
posed to the west

Let us assume, however, that you finally approach Miami Just
outside the Miam station 1s another switch, stmlar 1 1ts intrinsic
action to the others But whether this switch 1s thrown one way or the
other will make only the specific and relatively shight difference as to
whether you armnve on track 1 or track 2 of the Miamm termial

Thus an early-effective gene such as the recessive determmer for
Tay-Sach’s disease, which fails to produce the enzyme necessary for
the oxidation of the lipid sphyngomyelin, may result in profound
physical and mental disturbances On the other hand, the recessive
gene which fails to form the enzyme necessary for the production of
pigment 1n the s, acting very spectfically and at a relatively late
pomt 1n the development of the eye, may make only the difference
between being brown-eyed and bemng blue-eyed

Up to this pomnt we have spoken of mutations as though they
resulted 1n the failure to produce an enzyme or i 2 diminution of its
activity To be sure this 1s frequently the case, and for this reason
many mutations have harmful or lethal effects, because the various
enzyme systems have been subjected to natural selection and as a
tesult the wild-type systems are delicately adjusted mechanisms

Ewidence 1s accumulating, however, that a mutation does not
necessarily result merely in the failure to elaborate the enzyme for-
merly produced, but may cause the production of a new enzyme,
likely to be related to the onginal enzyme but performing a new
function 1 metabohsm The phenotypic effect of the mutant gene 15
then not merely that caused by the lack of the old enzyme but an
effect i from wt may be lished by
the new enzyme

As long as a mutant gene can become homozygous only at the
expense of the onginal gene (that is to say, the genotype aa necesst-
tates the absence of A), the acquisition of a new function implies the
loss of the old one Presumably evolutionary progress could result
more readily 1f 2 mechamsm existed by means of which new functions
could be added while the old ones were maintaned

A mechanism of this sort would mvolve the addition of new loci.
Polyploidy has already been discussed as a source of new loca Another
mechanism shich is being actively investigated is duphcation. The
mant chromosomes of wild-type individuals of various species of
Diptera, for example, show many small *“repeats” of single bands
These are mnterpreted as being duplications of single genes in such
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a way that the old gene and its duplicate He very close together on
the chromaosome s close, 1 fact, that crossing over betweesn them
occurs in only one or a few instances out of ten thousand. (It should
be noted that this figure 13 still far above the usual mutation rate.)
Duplications of this sort may have become established in other osv
gamsms as well as in the Drptera.

A small amount of crossing over has shown that in several
instances what had been considered to be a smgle locus with muitiple
alleles was in reality two or more very closely hnked loct of which the
genes affected the same trast It wiil be recalled that ordinary linked
genes do not, a5 a rule, affect the same characteristic {¢f page 28g).
The finding of a number of examples of closely hinked genes {origi-
nally thought of as muluple alleles) acting on the same tragt would
seem to smply more than comeidence, These cases are now mter-
preted as mvolving closely adjacent duplicate loor {sometimes tripli-
cate or ngher repheas) m which genes which were once identical have
diverged n function by mutation Such genes are demignated pseudo-
alleles, and therr common descent 15 considered to be the eause of
thewr sumiarity of action

Thus Lewss has svorked with a seres of mutations i Drosophila
which affect the thorax in various ways One of the mutations is
bsthorax (bx), which 1 hemozygous state causes the anterior portion
of the metathorax to resemble the antenor portion of the mesothorax
The mesothorax of the Dhptera bears the wings, the metathorax has
small appendages (halteres) mstead In bithorax flies the halteres of
the metathorax becoms winghke

Another mutatson 15 brtfioraxord (bxd) which in homozygous state
eauses the postersor portion of the metathorax to resemble the pos-
tener portson of the mesothorax, plus a metathoracic-hike modification
of the first abdomnal segment The change may proceed so far as to
result in the productson of a pair af tegs on the abdomunal segment,
in addition to the three pairs normally developing on the thorax.

Linkage studies between these mutations and known marker
genes indicate that the two mutant genes occupy the same locus
They should then be alleles, forming with the wild-type gene a series
of three multiple alleles, and crosses between the two mutants should
tesult 1 one snutant type or the other or an intermediate between
them The Fi, however, proves to be wild type, suggesting that fao
pairs of factors are invelved and that each mutant is bringing into
the cross the dominant which the other one lacks Nevertheless the
Fy is produced 1n a one-factor ratio, as would be expected if the genes
are actually alleles )

The drierma is solved by raising enough Fy individuals to permit
the observation of occasions) erossovers (2 or 3 in 1o,000). The genes
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involved, then, are not multiple alleles but are located at closely
adjacent linked loct The double recessive (bx bxd) (bx bxd) shows the
effects of both genes In addition, both types of double heterozygote
(Bx bxd) (bx Bxd) and (Bx Bxd) (bx bxd) are, as expected, wild
type

This latter pomnt, involving the equivalence of the two types of
double heterozygote, was mentioned because 1t serves to mntroduce
another phenomenon which occurs frequently among pseudoalleles
the position effect The two types of double heterozygotes do not
always both produce the wild type For example, a third locus -
volved tn the bithorax series contains the mutant gene for posibuthorax
{pbx) Indrviduals homozygous for pbr have the posteror portion of
the metathorax modified to resemble the posterior portton of the
mesothorax, but the abdomen 1s not affected

Ordiary mapping techmques place pbx at the same locus as bx
and bxd Crosses mvyolving pbx and bxd again tell the story, but not
quite as quickly as mn the previous example The hybrids befween post-
bithorax flies and bithoravad flies are hike the postbithorax parent, 1n-
dicating that pbx and bxd are indeed alleles The F, are produced in
a one-factor ratio at first, but the observation of many thousands of
offspring provides evidence of 2 small amount of crossing over The
#bx locus proves to be closely adjacent to the bxd locus, but on the
opposite side from bx

The cross between postbithorax and bithorazod 1s, then, a two-
factor cross mnvolving closely linked genes, and can be mdicated as
(Bxd pbx) (Bxd pbx) X (brd Pbx) (brd Pbr) The genotype of the
Fy 15 (Bxd pbx) (bxd Pbx) Note that these fhies, because of the way
in which the cross was made, are in the repulsion phase (sometimes
called the trans phase) Since each mutant brought to the cross the
dominant gene which the other one lacked, the question logically
arises as to why the F, did not extubat the wild-type phenotype An
approach to the answer is made when the coupling or czs phase of the
double heterozygote 1s produced, namely (Bxd Pbx) (bxd pbx) These
flies do show the wild-type phenotype

Obviously a position effect 15 mvolved, since both types of double
heterozygotes have exactly the same genes In one case, however,
bath deminant genes are on the same chromosome of the pair, and in
the other case they are on opposite chromosomes

The explanation of the position effect apparently lies mn the bio-
chemical sequence controlled by the genes It 1s probable that gene
Bxd causes the production of an enzyme which converts some com-
pound (Cy) to another (Cs) Ca1s then converted by Pbx to Cy, which
is necessary for the development of the wild type A mutation to pbx
means that C; will not be converted to Cs C; will then accumulate,
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resulting in postbithorax, A mutation to bxd will prevent the con-
version of C; to C; and C; will accumulate, resulting in bitho-
rax
In the s phase, the wild-type genes Bxd and Pbzx lie close to-
gether on the same chromosome When C, is formed by Bxd, it will
be immediately available to be acted on by Pbx, which is closely
adjacent The sequence in the cis phase may be dagramed as fol-
lows, using greatly enlarged small sections of the chromosomes:
The wild-type phenotype will
result But suppose now that Cyis
not diffusible, so that it must be
produced 1n very close proximity [
to gene Pbx if Pbx 1s to act on it. Bxd bxd
If Bxd and Pbr are on opposite
chromosomes (irans phase) this l
condition would not be met, C; €2
would not be available to Pbr,
and would not be converted to Pbz pbx
Ci The resulting phenotype would
be postbithorax This situation may
be diagramed as follows

4]
Bxd bad
1 The necessity for certain
c compounds and the enzymes
2 which act upon them to be pro-
b Pbx duced 1n close proximuty to each

other appears to be a reasonable
explanation of the position effect
Further instances of pseudozlleles
have been descnbed 1 Drosophila
and in scveral other organisms
Position_effects, that is different
phenotypic expressions of the as
and frans phascs, seem to be
the rule in pseudoallelism The organisms concerned are as widely
varied as corn, cotton, fungi, mice, and pigeans
Cytological evidence for the .gene (p

hypothesis 15 available in some instances, Thus in the bithorax series
just described the loci have been located on the giant chromosomes,
and the region shows repetition of a band at that point. Other €ases

doallelism)
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of pseudoallelsm in Drosophila, such as Star-asteroid and Stubble-
stubbloid are also correlated with “repeats” in the giant chromo-
somes In other orgamsms the cytological evidence 1s not always
readily available, but the genetic evidence all pomts to pseudo-
allehsm

Thus n vanous organisms, sets of genes which were ongmally
considered to be sets of multiple alleles have proved to be nests of
closely hnked genes affecting the same trait, and therefore pre-
sumably derived one from the other by duplication and subsequent
mutation It 1s obvious that new concepts of evolutionary develop-
ment are opened up by these discovenes

Although no case of Helism has been 1in man,
the Rh blood type genes, which were discussed 1n Chapter 13 on the
basis of alternative hypotheses of multiple alleles and linked genes,
may prove to be an instance of this phenomenon

The controt of hormone production by genes has already been

d m e with sex deter Ewvid that hor-

mones or hormone-like substances may control other developmental
processes m invertebrate ammals and 1n plants as well as in the
vertebrate amimals 1s rapidly coming to hand Studies by Beadle and
Ephruss: have shown that the developimg eyes of Drosophila produce
at least two h which are ary for the prod: of pig-
ment in the eyes themselves One of these hormones 1s conditioned by
the vermslion gene, the other by the cinnabar gene, and the two are
apparently sequentially related 1 a chain reaction

Both hormones are lacking 1n vermilion flies, one of them is lack-
ing i cinnabar flies, and both are present 1n wild flies and are neces-
sary for the development of the normal wild-type eye color That

Hlssh

the are le and hormone-like 1s shown by trans-
plantation experiments. It has also been shown that at least one of
these sub can be 1y ad. d with food

The inheritance of shape has also provided matenal for the study
of the effects of genes on development. In gourds the elongate, sphen-
cal, and disk shapes have been shown by Sinnott and Durham to de-
pend upon simple genes, but these genes could be analyzed only when
the relative growth rates in length and breadth were studied rather
than the separate or absolute growth rates Here the genes act in at
least two ways One of these controls the plane of cell division
growing tissues, so that cell division is more frequent tn one plane
than 1n the other The other method of genic action 1s by the localiza-
tion or restriction of growth to particular parts of the growing tissues
When the genes are analyzed i these terms, the heredity of shape may
be expressed 1 simple monohybnd and dihybnd ratios
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The chemical activities of genes in their control of metabolism
and development are being actively studied in many laboratones
Molds, yeasts, and bacteria are favonite experimental organisms in
such studies, although higher plants as well as ammals are receiving
their share of attention The use of bactena in the study of genetics is
quite new, but there are already so many nteresting and suggestive
facts emerging from the study of bacteral genetics that the following
chapter will be devoted to 2 discussion of these topics

It is to be expected that a unified set of principles involving
genetics, embryology, and biochemistry will gradually be evolved.
In the meantime we may summarnze present knowledge by stating
that a complete complement of chromosomes as well as a2 normal
environment is necessary for development; early differentiation is
probably effected primanly by gradients imposed from without upon
a cytoplasm already under the control of genes, later differentiation
takes place through interactions of gemic substances in differential
gradients, the whale process bemng a continuous one of reciprocal reac-
tions between genes and cytoplasm in progresstvely diffening gradient
fields, and finally the action of genes may take the form of the produc-
tion of antigens, hormones, and especially enzymes, with the conse-
quent elaboration of reactive ch 1 substances, establist t of
specific bolic rates, or of the plane or frequency of
cell division in locahzed areas

An interesting viewpoint has recently been presented by Gold-
schmidt This viewpomnt holds that the whaole concept of the gene
as a hereditary unit of separate euistence 1s obsolete On the basis of
the position effects, Goldschmidt proposes to substitute, for the idea
of a string of individual genes which we call a chromosome, the con-
cept of a large chain molecule of complex arrangement. If, as seems
certain from the standpoint of chemustry, the chromosome is a long
nucleoprotem molecule, then 1t 1s the real unit of heredity responsible
for the production of the normal “wild type " The changes which
we call mutations would then be mercly stereoisomeric rearrange-
ments of the normal molecule, and the point at which a stereoisomer
occurred would be a so-called mutant “‘gene.”

Mutations and chromosomal aberrations would on this hy-
pothesis be but position effects, and so-called *““wild-type" alleles
would not exist. The chain lecule (the ct )
would be the real unit of heredity, and “‘genes” would be merely
chermical points of reference on such a molecule

Goldschmidt points out that in order to have complex molecules
of this type, highly specific organizers are necessary. For the nature
of these he goes to the work of Bergmann, who has stated that the
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only known substances capable of doing this work are the intracellular
proteinases, which both hydrolyze and synthesize the protein mole-

cule.

Whale this concept s revolutionary, it leads to attractive specula-
tion Its final acceptance by geneticists must await further data, both

genetic and biochemuzcal.

PROBLEMS

26.1 What methods can you suggest,
other than those outhned n this chapter,
by which genes may mfluence the develop-
ment of characters?

26 2 In poultry a lethal gene 1s known,
which m the heterozygous condition results
1n Creeper fowls Embryos homozygous for
the dormnant gene usually die at about
72 hours of ncubation, at which time they
are greatly retarded i development as
compared with normal embryos of the same
age Landauer and Dunn have shown that
when strans of Creeper fowls related only
very distantly are crossed, the embryos
homozygous for the dommnant gene may
1ive beyond 72 hours, even nearly to batch-
mg time How may this be explained?

26.3 The eggs of silkworm moths are

dle-sh

All the eggs lald by any one female are the
same shape Females from a strain i which
only oval eggs are produced will lay oval
eggs even if mated to a male from a strain
1n which only spindle-shaped eggs are pro-
duced Conversely, females from 2 stran
mn which only spindle-shaped eggs are pro-
duced will lay spindle-shaped eggs even 1f
mated to a male from a strain 1n which only
oval eggs are produced What appears to
be the genic action in this case?

26.4 If we assume a pair of genes O and
o, m silkworm moths, so that 00 and Oo
females lay oval eggs, while 0o females lay
spindle-shaped eggs, what sort of eggs
would be produced by the Fy females 1n a

cross between an 0O male and an oo fe-
male? What lands of eggs would be pro-
duced by the vanous F; females?

26.5 The larvae of some strains of silk-
worm moths are striped, the larvae of other
stramns are nat stniped The cross beween a
moth from a stran having striped larvae
and one having nonstniped larvae always
results n striped larvae, no matter which
strain furnishes the male parent In the £y
the ratio 1s always 3 stped larvae 1 non-
stiped larva Taling into consideration
these facts and the facts given i Problem
26 3, what 1s incicated as to the relative
time of effective action of the genes from
the sperm?® How do these conclustons com-
pare with others mentioned tn this chapter?

26 6 Several mutant stramns of Neuro-
spora cannot synthesize methiomne (an
ammo acd necessary for growth) By sup-
plying methiomme to the medm, all these
strains wil! grow, but by supplying methao-
nme or one or another of the substances
thought to be precursors of methionine,
the strains may be differentiated These
substances are homocysteme, cystathio-
nme, and cysteine One mutant, for ex-
ample, wall develop only if methiomne 15
added to the medwm Another will grow
i either methiomme or homocysteine 1s
added, but not 1f either of the others 1s
provided A third stram grows upon the
addition of methionine, homocysteme, or
cystathionme, but not if cysteme is added.
A fourth strain will grow 1f any one of the
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four is provided in the medium, What ap-
pears to be the change i activity associated
with each of these mutant genes?

26.7 Using the nformation 1n Problem
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CRAPTER TWENTY-SEVEN

The genetics of bacteria and viruses

In 1943, on the occasion of reviewng a new hook on bactenal
cytology, Beadle entitled his review “Do Bacterta Have Genes?”
Thus nearly half a century after the devclopment of Mendehan
genetics 1t was still debatable whether hereditary transmussion in
bactersa occurred i a manner sumlar to that of sexually repro-
ducing forms of hife

In recent years, however, the development of new methods of
studying both cytology and hereditary transmussion m bactena has
progressed very rapidly Many research workers are now convinced
that the genetics of bactena 1s essentially similar to that of higher
orgamsms It would be nice to be able to state that nucler and chro-
mosomes have been unequivocally shown to exist 1n bacteria by direct
observation Unfortunately not all workers in the field are convanced
that these structures have actually been seen Probably all workers
are convinced, nevertheless, that nucler and genes actually do exist
in microbes, and some find evidence that the genes are organized into
chromosomes Figure 27 1 1llustrates what are regarded by many as
nucle: and chromosomes n bacteria

There are many good reasons for believing that genes occur in
bacteria These organisms grow and divide, each division resulting in
two daughter cells which are like each other and like the parent cell
in many different traits Bactena can be charactenzed by numerous
specific qualities, such as the shape of the cell and the arrangement of
cells into colonies, the presence of capsules or flagella, the capacity
to form pigment and to ferment carbohydrates, the ability to carry
out specific biochemical reactions such as the synthesis of vitamins,
amuno acids, purines, p, d 1 and 1 des, the
presence of specific antigens, the ibility to drugs, bioti
and viruses, and the virulence of the orgamsms.
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Fig. 27.1  Bacillus megatersum Magnufication X 4800 All cells fixed with osmium
tetroxide except Figure 8, staned with Azure A-SO; stain, and dehydrated i
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1—Early prophase Chromosomes as
contracting threads

2z — Binucleate cell Middle prophase.
Chromosomes as short rods

3—Middle and late prophase Upper
nucleus, chromosones as short rads,
lower nucleus, chromosomes as
pared granules

.~ Prometaphase (unspolar metaphase)
Binucleate cell Three chromosomes
m each nucleus appear as dense con-
tracted granules In lower mucleus
centriole 15 visible

5 — Prometaphase Chromosomes dense-
ly contracted Single centriole has
appeared Upper nucler indicated
show anaphase stages

6 & 7 — Metaphase Dense chromosomes
on metaphase plate lymg between
centrioles

8 — Aceticacid fixation Indicated nucler
Metaphase and anaphase Upper
nucleus 1 metaphase with both
centrioles evident, lower nucleus in
anaphase

9— Polar view of metaphase Chromo-
somes as paired granules

10 — Early anaphase Chromosomes sepa-
rating taward poles,

11 — Later anaphases with chromosomes
separating toward polar centrioles
Spindles evident In upper nucleus
chromosomal bridges evident

12— Arrested anaphases due to cold

A single bacterium may divide
and the resulting cells redivide
at the rate of one cell generation
every half hour It can, for example,
pass through 24 generations i a
peniod of twelve hours, giving nise to
more than eight mullion individuals
The fact that practically all these
organisms are identical with the
ongmal parent cell mn all therr
many charactenstics 1s strong evi-
dence that there 1s some precise
and accurate division of genetic
determiners 1n a fashion similar to
that which we have found to occur
m higher forms It 1s logical to
assume on this basts that bacteria
have genes which duplicate them-
selves, the duplicate genes then
separating into the daughter cells
at cell dvision

Compelling evidence for the
existence of bacteral genes anses,
however, when tt 15 realized that
mutations occur 1n bactena in a
manner sumlar to that in higher
orgamismns  The mutant genes are
transmitted just as faithfully as
were the onginal genes Mutations
occur 1 all the traits listed above,
and a mutation n one gene s mde-
pendent of a mutation in other
genes Mutations may occur spon-
taneously, 1n the absence of extra-

shock  Attenuated
charactersstic

13 — Numerous anaphases in synchro-
mized culture produced by cold shock

14— Telophase stages Nuclei reorganiz-
ing
15 — Three interphase nucter Chromo-

somes as tangled attenuated threads
Courtesy of Dr. Edward D DeLamater

ordmary

but their occurrence may be speeded
up by the same agents that are
known to increase mutations in
higher forms, namely, X rays, ultra-
violet light, nitrogen mustard, and
other mutagenic agents There is
some indication that reverse muta-
tions also occur, suggesting that
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the original changes are true mutations and not losses or deletions

The natural mutation rate varies for different traits, and some-
times for the same trait in different strains, but it is remarkably
constant for any particular trait in a particular strain. The rates for
bacterial mutation range from one in 10,000 to one in 10,000,000,000
per cell per generation.

The above facts on bacteral mutations, coupled with the in-
creasing ewidence that bacteria do possess nuclear structures which
are distmbuted 1n a precise manner to daughter cells, make the
assumption of the existence of genes 1n bacteria highly valid We shall
proceed on this assumption

Bacteria may be grown in many ways One commonly used
method consists of growing them in flat glass dishes called Petri dishes
The dishes are supplied with a culture medium on which the organisms
may grow, and which provides necessary nutrients Nutrient agar is
frequently used, consisting of a mixture of beef extract, peptone, dis-
tilled water, and agar sterilized to insure its freedom from micro-
orgamisms at the start Bacteria may be poured or spread on the agar
in the culture dishes, which are then covered, and the growth of the
orgamisms mnto colonies may be observed By careful techniques a single
bacterial cell may be placed on the culture medum, The resulting
colony will consist exclusively of descendants of this single individual
Such a colony is called a clone

The majority of bactenal cells appear to be haploid, containing
only one of each kind of gene. Since there are practically no reduction
divisions or fertilizations, the usual tools of the geneticists, namely
hybndization, segregation, and re bination, are seldom available
in the study of heredity in bacteria The occurrence of many inter-
esting mutations, however, provides a point of departure which has
proved to be of.great interest and of practical value to medicmne,
public health, agriculture, and industry
When living bacteria are placed on a plate containing nutnent
culture d growth and ltiplication take place. After a slow
start (the lag phase), the rate of division becomes constant and re-
mains so for a time until eventually 1t slows down and becomes sta-
tionary, even stopping entirely unless the culture is re-plated on fresh
medium In the ordinary course of a colony, a single cell may give nse
to more than a hundred milhion descendants Ths is enough to permit
the occurrence and possible establishment of several mutations, espe-
cially those which ordinarily oceur in frequencies greater than one in
a hundred million,

Some mutations are readily visible to the naked eye (Figure 27 2).
Thus it is usual in certain bacterial species to find that the colonies
are moist, round, and glossy with even margins; these are referred to
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Fig 272 A culture of Nocardia corallina, showang colonial mutants
The normal colonual morphology of this organism 1s pigmented, rough
(A) Mutants occur which mav be pigmented, smooth (B), or white,
rough (C). Courtesy of Dr J Bennett Clark
as “smooth” or S type colomes They usually have a high degree of
virulence, which scems to be assoctated with antigens 1n the poly-
sacchande capsules that are charactenstic of smooth forms Indi-
vidual smooth cells, however, may mutate to a *rough” or R form
Rough colontes developing from an R type cell are dry, flat, and
wninkled wath irregular margins The antigenic capsule 1s lacking,
and virulence is absent or greatly reduced The mutation s trans-
mutted to the descendants
Stll other vanations in colomal morphology are known, such as
the “mucotd,” or M type, in which the colony is moist, round, and of
a shmy or gummy consistency due to the presence of mucopoly-
sacchandes 1n the capsules Like the S type, M type bacteria are

usually lighly vimlent.
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Some bactetia produce pigments, and the colonies may be
brightly colored. Mutations in pigments are readily observed and
may be used for study.

Numerous mutations known in bacteria are not identifiable by
simple inspection; for these, tests must be made. Many of these have
proved to be of fundamental importance to the development of genetic
theoty. They have helped, for example, to elucidate problems such
as the chemical structure of genes and how genes act. They have even
provided us with some new and surprising methods of genetic trans-
mission, such as tr ion and t. duction, which we shall
discuss presently,

Bacteria are usually grown on a complete medium which pro~
vides all the building blocks necessary for the synthesis of their
protoplasm. Most bacteria can, however, synthesize these buildmng
blocks from a mimmal medium It has been demonstrated that
Escherscliia coli, a parasite of the human intestine, can grow on a
minimal medium made up of glucose, KH,PO, K.HPO,, sodium
citrate, MgS0,, and (NH4):S04 From these simple substances E cols
will build all the necessary sugars, phosphates, vitamins, amino acids,
purines, pyrimidines, and the other ingredients of its protoplasm

It will be recalled from the preceding chapter that Neurospora,
which can normally grow on a simple minimal medium, produces
mutations which require some preformed substance (vitamin, amino
acid, ete) for growth. In a similar manner bacteria produce muta-
tions of these kinds.

The “ wild-type" parent cells which will grow on minimal medium
are called prototrophs, and mutant cells requiring some growth factor
are referred to as auxotrophs. By wrradiating E. col:, permutting the
colontes to develop on complete medium, and then plating part of
each colony onto di auxotrophic ions may be
discovered by therr inability to develop on the minimal medm It
18 then necessary, by adding various substances to mimmal media, to
discover which substance cannot be synthesized by the auxotroph
Many shortcuts and refinements of techmque have been developed by
bactenologists for discovenng ausotrophs, and the interested reader
is referred to the references at the end of this chapter,

Among the biochemical building blocks which cannot be syn-
thesized by individual auxotrophic strains are phenylalanine, tyrosine,
tryptophan, threonine, methionne, proline, argnine, cystine,
Jeucine, lysine, glutamic acid, glutamine, hustidine, 1soleucine, homo-

cyslmc, biotin, thiamin, pantothemc aeid, p-aminobenzoic acid,
pyridoxin, pyrimidines and purines.

Each of these bolic defici is idered to be the result
of o mutation in a single gene. Their existence, coupled with the fact
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that the deficrency may show up soon after the mutation occurs, pro-
vides genetic evidence for the belief that bacterial cells are haplod,
containing only one gene of each kind Additional evidence for this
belief is to be found in the manner 1 which bacterial cells respond to
jonizing radiations In sexually reproducing organisms we have seen
that biochemical are recesstve In order to be expressed,
therefore, the mutant gene must either be in the homozygous state in
a diplod cell, as albinism in man, or it must bein a haploid cell, as in
the biochemical deficiencies m the haploid stage of Neurospora When
mutations of this sort are produced 1 bactera by iwrradiation, the
mutation 18 expressed in all the cells of the colony ansing from the
affected individual It will be recalled that only one gene mutates at
a time. If bacter1al genes were normally in pairs, the mutation would
not be expressed until 1t had an opportumty to become homozygous,
and then 1t would appear 1n 2 genetic rat:o or proportion

Occasionally a mutation does fail to show up untdl some cell

ions after it 1s bly duced by some agent
such as irradiation This lag may be due to the fact that the normal
gene before mutating has already produced enough of some necessary
enzyme or substrate to last for a time before being exhausted The lag
may in some cases be the result of the occurrence of multinucleate
cells among bacteria A mutation m one gene wonld not express itself
ina mul cell, since the d allele 1n the other nucleus
or nuclet could carry out the normal reaction and would thus show
dominance. The mutation would not show up untal the mutant gene
occurred 1 a haploid cell, or until all the nucler of a multinucleate
cell carned the gene

On the assumption that there might be an occasional sexual
phase in bacteria, Tatum and Lederberg grew mxed cultures of
auxotrophs which differed in regard to several mutations, and
searched for recombinations among the offspring To obtain indi-
viduals having more than one mutation, E cols were irradiated, the
mutants were then in turn 1rradiated, and so on until vanous strains
were developed each of which had several mutations In one at-
tempted cross, for example, a strain which required methionme and
biotin for growth but which could synthesize leucine, thiamin, and
threonine was grown 1in culture along with a strain which could
synthesize methionme and biotin, but which required leucine, thi-
amin, and threomn.

On a mnimal medium, neither of these strains could grow for
very long, but if there should be any sexual fusion of cells of the two
strains, recombination might occur, resulting in some cells which had
all the dominant genes and could synthesize all the substances Pro-
totrophs of this nature did actually occur at the rate of one in ten
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mthon. It is highly unhkely that these could be due to reverse muta-
tion, since to produce a prototroph two simultancous mutations
would be required in one stramn and three in the other,

By enrnching the minimal medium with one or a combmation
of the various substances required by the parent strains, all possible
combinations of characters were detected among the offspring. Thus
some individuals could synthesize biotin, methionine, leucine, and
threomne but not thiamin, Moreover the varous recombinations
occurred m proportions which indicated that the genes are linked and
that crossing over had occurred n a regular and understandable
fashion

These results strengly suggest that oceasionally, perhaps once in
some mmilion times, two bactenal cells come together 1n sexual fusion
and form a diploid zygote, which subsequently undergoes reduction
division with the segregation of genes into the daughter cells, which
are again haplold Tius type of genetic behavior has been demon-
strated only for E colt, but may be found to occur in other species,
So far the evidence for 1t 15 only indirect, based on the genetic data,
and no one has ever observed its occurrence under the microscope.
Using the genetic data, a provistonal chromosome map of E. coli
has been prepared (Figure 27 3)

Auxotrophic mutations have proved of
practical value n determining the sequence

O] INARIITY TO SYNIHESIZE THIAMIN of the biochemical steps in the synthesis
4 Aty 1o syntHesize metmionye  Of varous substances and thus m the

identification of mtermediate compounds

23 - sty 10 syntesize monw which may‘bc used to maxfe possible a
reaction which would otherwise not occur.
Auxotraphs are also of practical use

0 -rEsisTANCE 1O PHAGE & the assay of various biologicals such as

(5} INABILITY TO FERMENT LACTOSE vitamin and amino-acid preparations By
cultunng the appropriate auxotrophs on
media to which the matenial to be tested
has been added, the vitamin content, for
example, of a partienlar commercial prep-
aration may be readily measured and
standardized.

13§ RESISTANCE YO FHAGE T

3 4-IMABIITY YO SYNTHESIZE THREONINE
Fig. 273 A provisional chromosome map of

7 narry 1o synTHEsIZE tEueme f;;):;:ﬂ(h; colt, based on determinations by
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Another property of many bactema 15 the abihty to ferment
specific carbohydrates Bactersa, by the fermentation of mexpenstve
carbohydrates, produce valuable commeraial solvents such as acetone
and ethyl alcohol They produce many commercial acids, including
lactic, acetie, tartane, oxale, and butyre Through their fermenta-
tions bacteria asd 1 the productsen of such foods as cheese, butter,
vinegar, coffee, and sauerkraut Part of the manufacture of linen,
leather, synthetsc rubber, and other products depends on bactersal
fermentation Many yeasts and molds have smular formenting abils-
ties, and some are of even more importance than bactena i some of
the above reactions

Many mutattons ave known which affect the fecmentation abils
ties of bacteria In some nstances the mutation may endow the cell
with the ability o ferment a carbohydrate which 1t tould not pre-
viously affect In other mstances the cell may lose 2 fermentative
capactty which 1t formerly possessed Mutatwons have been noted,
among others, m the alihty to ferment lactose, galactose, mattose,
xylase, aratunose, and manmrtol

Bactena also vary as a result of mutation in their resistance or
susceptibility to drugs and antibiotses The mutations are undirected,
that 15, they ean occur i the absence of the drug or antibiotic to
which sensitiity 15 altered By testing large popuiations wath an
agent which s ordinaniy antv-bactenal, some resistant cells or cloges
will be found, and this charactenistse geperally proves to be genetically
transtutted  The natural occurrence of such mutations s of very
real practical importance to med , since wide-sp
with an anti-bacterial agent often permuts the sele¢tne growth and
development of resistant strans Thus 1a many mstances drugs and
antitnotics become less effective as resistant strains become prevalent
in the population As one method of avoxding this, 3% has been sug-
gested that two antibiotics at o time be used Since mutations are
independent events and resistance s spectfic, the likehihood of the
oecurrence of two confernng to both sut
is very remote

A,

to yein or to 3sonico-
tinic acid hydrazade may be of vanous kinds, some resulting n low
degrees of resistance and others 1 high degrees Apparently different
genes with different potencies are involved In comtrast, gh re-
sistance to most antibiatics 1s reached only by a serses of mutational
steps, each mereasing remstance by a certain amount, but no muta~
tion betsig known which confers high resistance by stself.

Becayse resistant mutations may oceur {n the course of treatment
of a patient, antibiotics are usually gaven 2t a high concentration,
smee a Jow concentration could permat the development of shghtly
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resistant mutants, which could subsequently lead to mutation to
higher resistance, and so on in a stepwise manner. Such stepwise
mutatsons are known to occur in regard to penicillin, neomycin,
terramyecin, aureomycin, and others,

The extreme to which mutations affecting resistance may go is
illustrated by the fact that some bacteria become not only resistant
to streptomycn, but actually become dependent upon 1t for growth
and reproduction

Changes in virulence may also occur as a result of mutation The
change associated with the presence of an antigenic capsule in smooth
or mucord types, and its absence 1n rough types, has already been
mentioned. Virulence may also be related to the production of toxins,
hemolysins, or other substances harmful to cells or to tissues Muta-
tions affecting all these characters have been observed, and non-
virulent strams of various ordinanily pathogeme bacteria are known.

In addition to the smooth, mucoid, or rough colony types, varia~
tions 1n antigemicsty may be associated with other morphological
differences which may be discovered by various techniques, especially
by the use of obliquely transmitted light for microscopic examination
This technique has resulted in the discovery of many morphologieal
traits wihnch were formerly undetected and which, with the altered
virulence, develop because of the basic activity or lack of activity of
some mutant gene.

It has been repeatedly stressed, both 1n this chapter and in pre-
ceding chapters, that mutations occur at random and are undirected.
We come now to a unique phenomenon which takes place 1n bacteria
and provides evidence that under certan conditions specific genetic
changes can be mduced at will. The phenomenon 1s known as trans-
formation.

The studies on transformation have been carried out largely in
poeumococei, although a few instances have been observed in other
kinds of bacteria A pathogenic strain of pneumococcus always bas a
capsule surroundmg the cell The capsule is composed of a polysaccha-
nde Nearly 1co strains are known, each of which has its own poly-
saccharide, specific in regard to ch 1 itiort and qr
antigenicity These properties of the capsule are transmitted from
generation to generation, and cach type remains specific, apparently
not mutating to other S types

An S type may, however, mutate to an R form, which has no
capsule, lacks specific antigenicity, and is not virulent. An R form
apparently does not spontaneously mutate back to S, When S cells
are injected into mice they cause infection, the severity depEndlnH
on which type of § is used; the injection of R cells does not result in
an infection.
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Various investigators, of whom Griffith was the first, have shown
that if R cells are injected 1nto muce, and along with them are also
injected S cells which have been killed by heat, the R cells will change
to encapsulated S cells and wall cause infection The interesting thing
about the phenomenon is that the dertved living S cells are always
of the same type as that of the dead S cells which caused the change

If, for example, S cells of type II mutate to the R form, and if
these R cells are injected into mice along with heat-killed S cells of
type III, the resulting live § cells into which the R cells are trans-
formed will be of type I, not of type II It was later shown that this
same result could be obtained in culture media The transformed cells
henceforth produce offspring only of the new transformed type, and
continue t0 do so in the absence of the transforming materal,

It has been found that a particular substance of the heat-killed
S cells 1s responsible for the transformation Avery, MacLeod, and
McCarty have proved that the transforming substance 15 the highly
polymenzed desoxyribose nucleic acid (DNA) of the cells An extract
of DNA from the donor cells will produce the same result as the use
of the killed cells themselves Capsule transformations of this sort
have been produced 1n several different species of bacterta In addi-
tion, drug resistance and changes 1n colonial morphology have been
brought about by transformation

The use of DNA from a donor stramn differing from the recipient
strain both in capsule type and in drug resistance results in the
separate tr: jon of individual reci cells, some being
changed in regard to capsule type and some m fespect to resistance

The facts regarding transformations suggest that gene matenal,
in the form of particles of DNA, can penetrate bacterial cells and can
become ncorporated into the genetic matertal of the cell, possibly
replacing homologous genic material on a host chromosome In this
way the genotype of the transformed cell is changed, somewhat as
though a mutation had occurred, but in transformation the change
can be speaified and directed

The preparations of DNA which have been experimentally em-
ployed to produce transformations are highly purified, contaming no
more than two hundredths of one per cent of protein, if indeed they
contamn any This fact suggests that the genetic matenal itself may
be desoxyribose nuclerc acds rather than the more complex nucleo-
proteins Although the posstble presence of small amounts of protein
in the extracts has not been ruled out in the experiments just cited,
the work with viruses, which will now be discussed, tends to support
the suggestion

Closely akin to £ is another ph

genetic change in bacteria: the phenomenon of transduction. In the

causing
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case of transformation, it will be recalled, DNA penetrates the host
cell and becomes mcorporated into the genotype of the host, possibly
by replacing homologous gemc material In transduction, a similar
replacement occurs, but the DNA 1s carried from one bacterium into
another by bacteriophage, which penetrates the host cell. The bac-
teriophages are those viruses which attack bacteria Viruses are
orgamsms very much smaller than bactena, wihich can invade living
cells and can reproduce within the cells and only within cells Like
bacteria, some viruses are “virulent” and some are not ““Virulent”
bacteriophages reproduce within all infected bacterial cells to the
point where they ultimately lyse (burst) the cells releasing the many
phage progeny So-called “temperate’ phages do not kill all the host
cells, but live within many of them, establishing a symbiotic rela-
tionship.

Bacteriophages, which are less than one tenth of a micron in size,
can be visibly observed by means of the electron microscope Some are
spherical, some have ovoid or spherical heads with attached tails
Phages may be 1solated by filtration, and a suspension of phage may
be added to a culture of bacteria When phage 1s added to a strain of
phage-sensitive bacteria, a few phage-resistant mutants among the
bactena are usually found The spontaneous mutation rate to phage
resistance 1s about one m one hundred mllion,

In Salmonella {the typhoid group of bacteria) Zinder, Lederberg,
and others have demonstrated that phages may carry particles of the
genetic material of bactena from one bactenal cell to another When
the lysate (the material resulting from the bursting of bacteria by
bacteriophage) from a strain of bactena 1s filtered and applied to
another stramn which differs in 1ts genetic traits, the tecipient strain
will acquire some of the charactenstics of the donor stram The new
traits become a part of the genetic endowment of the recipient stram,
and are transmitted to descendants Each trait is acquired inde-
pendently of others, and any genetic trait of Salmonella may be thus
transduced by a particle of phage Temperate phages are used in the
tests so that not all the recipient cells will be killed

Expeniments thus far seem to indicate that the material which is
transduced is DNA, as in transformation, but that it is incorporated
from the donor mto the phage and later released into the recipient
Thus, as in transformation, individual genes may move from one
bacterial cell to another by a process quite different from sexual fusion
and cell division How the new gene actually becomes a part of the
genetic material of the recipient cell is not 1y und d, but

it probably does so by replacing a homologous gene during chromo-
some reduplication in a manner analogous to crossing-over. Phages
are composed of both protein and DNA, but only the DNA appears
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to enter bactera, the protein betng left outside This is a {urzher
indication that, although ct are d of
tewn, the geme material itself may be only DNA i

Thus at a low fevel of life we find a new possibihity for the ex-
change of genetic matenal and even, perhaps, for the formation of
species 1 bacteria,

As a final pomt of interest, 1t may be added that viruses them-
selves have therr own and hered Bac-
teriophages undergo mutation 1n regard to host speaificity, rapdty
of lysing of the host, and biochemucal actinity Moreover, when two
cfferent strains of phage are grown together, exchange of genetie
matenal can occur between them in a manner suggesting that sexual
fuston and segregation may oceastonally occur 1 addition to vegeta-
tive d clearly indi that a phage particle
may have several genes, and Catches:d ludes that the
number of genes 1 a phage 1s thirty to fifty

Thus the same principles of genetics which were first found to
apply to multicellilar orgamsms have been extended to man at one
extreme of the development of life and to the simplest known or-
ganisms at the other Even filterable varuses are composed of several
genes and transmt them to progeny, sometimes by a process akin to
sexual reproduction Moteover, the study of the genetics of bactena
and viruses is opemng up new vistas of the chemical and physwologreal

ion The eviden

basis of the ultimate units of heredity, and mdeed of hfe itself.

PROBLEMS

27.1 When 2 population of bacteria sus-
ceptible to penicrilin is fnoculated nto a
nutnient mechum contarmng a high con-
centration of pentaifln, colomes never de-
velop When, honever, o population of
bactena susceptible to streptomyan 1s 1~
oculated 1nto a nutrient medium containg
a ligh concentration of streptomycin, a

medium contamung a fow concentration of
perucalhin, a few colontes develop and grow
What additional conclustn an you sow
drasy?

27.3 How might you obtain bactena re-
sistant to high levels of pemaillm?

27.4 Auxotrophic mutants have been
found in bactena, m which the orgamsms
cannot tryptop! {an amino

fow colonses develap and the m
these colomes continue to grow and re-
produce Using only these resalts, nhat can
you conclude as to the sprntaneons occurs
rence of mutations resistant to each of the
antibotics?

27,2 When a papulation of bartena sus-
ceptible to pemsailhin is woculated wto 2

acid} However, niat all “try ptophanless"
mutants are found to be althe when the
precursors nf Aryptophan are provided 1
the medum Some wall grow onfy if trypto-
phan itself 15 provided, others wall grow 1f
ether tryptophan ot ndole 13 provided,
and still others will prow if tryptophan,
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indole, or anthramlic acd is provided
‘What can you say as to the probable action
of the individual mutant genes?

27.6 What information does the preced-
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CRAPTER TWENTY-EIQHT

The mutant gene in man

Throughout the preceding pages we have found evidence that
human bemmgs are subject to the same fundamental laws of heredity
as are other hving organisms We have analyzed, from chapter to
chapter, this or that condition 1n man as an example of a particular
type of hereditary behavior Deaf-mutism, color blindness, hemo-
philia, the blood groups, baldness, and otbers have been discussed,
and their mode of inhertance descnbed

The number of hentable characters in man which have been in-
vestigated runs into the hundreds. For some of these characters the
hereditary basis has been accurately analyzed For many of them,
however, the type of inhentance 1s only vaguely understood, esther
because of the lack of a suffictent number of avatlable family his
torses or because of the impracticabslity of using the experimental
method 1n studies of human heredity

Although the same laws of heredity apply to man as to other
organisms, we must remember that human bemngs are capable to a
large extent of ling thewr own en The resuit may
be a profound modification of the expression of a gene Such modi-
fication does not, however, ohviate the fact of the genetic nature of
any hereditary condition, nor does it change fn the least the poten-
tiality or the mode of 1ts transmussion  For example, a man may in-

’ herit the recessive sex-linked gene which will ordmanly resuft m
Y ilia Yet, by his und with one of the globulin
fractions of the blood, the appearance of the symptoms of the disease
may be effectively prevented To all appearances such a man is non-
hemophilic Yet he will transmut the gene that conditions hemophilia
3n just the same way as though he were himself an active bleeder,

Conversely, 2 man may through inhentance have the usual struc-
ture of the ear and the nerves supplying the ear, thus having the
usual ability to hear, He may, through disease or accident, become
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deaf Yet he will transmit the potentiality of normal ear development,
just as though he himself had never become deaf

Let us keep clearly in mind the fact that any finished character is
the cooperative result of hereditary and environmental influences.
One or the other mfluence may in certain circumstances appear
neghgble, but the dual nature may always be demonstrated These
statements furnish the answer to the question so frequently asked
about a human characteristic *Ts it due to heredity or to environ-
ment?”’ Neither genes nor environmental influences can be sotely re-
sponsible for any character Let us 1llustrate this statement

We may arrange variable characters roughly 1n a senes depending
upon the relative influence of varsability in hereditary or in environ-
mental factors upon them, At one extreme would be those m which
environment 1s the effective vamable influence, heredity being so
simlar in all the individuals studied as to play no part 1n the ohserved
varations of the character Such a trait is measles, with regard to
which everyone, so far as we know, inherits a susceptibility There-
fore whether or not a person contracts measles depends entirely upon
the environmental contact with the causative agent At the other
extreme w ould be characters in which heredity 1s the effective vanable

b} no envi of safficient poteney to alter the expression

of the genes being readily available at present The blood groups are
characters of this sort Any person inheriting the gene for antigen A,
for example, develops antigen A in his cells regardless of environ-
mental influences, and the antigen is not developed if the gene is not
nhented

Between these two extremes he many characters, in the produc-
tion of which may be found variations in both the heredity and the en~
vironment In diphthena, for example, Hirszfeld has shown that the
susceptibility is dependent upon a simple recessive gene and im-
mumty upon its dominant allele. Yet infection with the causative
agent 1s necessary before the disease may be contracted Thus in a
given population all of whom were exposed to the bacillus, those who
inherited an smmunity would not contract the disease, while those
who inherited the susceptibility would develop it. Here the heredity
would be the variable influence In another population where alf the
individuals happened to inherit susceptibility but only some were ex-
posed, those cxposed to the germ would have the disease while those
not exposed would not have it. Here the environment would be the
variable infl Thus one investigator might Tude that diph-
theria was the result of hereditary influences, while another in-
vestigator might with equal logic conclude that environment was
responsible

The point is, of course, that both hereditary and environmental
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influences are at work in the develapment of any character The fact
that we can alter the ion of the hereditary oY must not
be used as an argument agamst the concept of a hereditary back-
ground In the sbove example we can make a person astificially
immune to diphtheria by mmeans of toxin-antitosin even though he
inhertts susceptibility This does not alter the fact that he mhertted
the susceptibility sor does 1t change the fact that he will transmit
the susceptibihty The fact that a causatve agent 15 known for a
condition or that the condition may be modified or cured does not
invahidate the of a hereditary as well as aner )]
influence m the of the Conversely, the fact that
an abmormality 15 known to be genetically determuned does not mean
that 1t cannot be alleviated or controlled by the requisite environ-
mental manipulation

We have become to king of 2 as
“hereditary” when vanations 1 the character are caused mamly by
differences i the genetic make-up Whle thus 15 the common use of
the word, st must be realized that ‘“hereditary " 15 a selative term, all
characters, as stated above, bemng humted by hereditary and envison-
mental influences As we have found again and agam w these pages,
our knowledge of the nature of the hereditary bass of any chatacter
begmns only when we find evidence of mutations aftecting 3t

Huran beings possess all the basic biologieat conditions that are
stbject to the laws of herecity 1 other orgamsms They reproduce
sexually, thewr physiological processes are similar to those of other
ammals, and mmast unportant of all, they have a chromosomal mecha-
msm comparable 1n all respects to that of other liviag things

When the prmaiples of hesedity were discovered, tested, and
finally understood i expermental plants and ammals, 1 was -
evitable that the snterest and attention of geneticrsts should be drawn
to the study of these phenomena 13 man Today there exists a body
of men and women whose chef mterest 1n yesearch lies s the study
of the transmussion of genes for diverse charactenstics from geseration
to generation in human bewngs The data obtamed m these rescarches
are pathered from carcful studies of {amiles, often w therr homes,
sometumes {rom hospital chservations, and sometsmes fram laboratory
tests of wdividuals and therr relatives

One result of such studies has been the increasmg realization of
the importance of human heredity 1 the affairs of everyday life So
important has this knowledge beeome to the physiqan, the socal
worker, and the psychologist that cousses in medical genctics have
been inaugurated mn varfous medical schools, and studies of human
heredity have bees wcorporated mto cusricula of socialogy, socal
admnistration, and psychofogy.

1 +
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Our knowledge of human heredity has now reached the point
where specific practical applications have been developed. These -
clude first, genetic prognosis, that is, giving advice on prospective
marrages and prospective families, second, diagnosis, on the basis
of the family history, of condtions difficult to identify accurately by
other means, third, instituting preventive measures against certain
diseases on the basis of the known genetic background; fourth, testing
paternity, and other medico-legal problems, on the basis of the vanious
blood groups, and fifth, evaluation of eugenic programs for the pro-
tection and improvement of society, a problem which can be scientif-
ically approached only with an intelligent understanding of the basic
genetics

Taking up these practical applications in order, let us consider
first genetic prognosis in prospective marriages and prospective fam-
ilies. The geneticist, physician, or social worker is frequently asked,
“What are the chances that this trait in my family will develop in my
children?”” Sometimes the question concerns a desirable trait such as
musical abihity, intelligence, or curly hair; sometimes the question
concerns an unwanted character such as deafness, feeble-mindedness,
or epilepsy.

Several preliminary steps are necessary hefore such a question
can be answered. First, the trait must be carefulty observed and prop-
erly described and identified Varations within a trait are often
genetically different Second, literature on human heredity must be
consulted in order to learn what may have been already discovered
about the mode of inheritance of the trait. Third, the famuly history
of the person seeking a:d must be carefully charted m order to dis-
cover whether or not the inheritance of the condition is similar in
this family to that of others recorded in the literature Fourth, the
potential effects of the environment on the trait must be reviewed,
and the probable environment in which the trait will develop must
be specified. With all these facts in hand it is often possible to give
accurate estimates of the chances of the reappearance of the character
in the family.

A young husband and wife were recently referred to a medical
genetics laboratory, having just lost their first child from infantile
amaurotic idicey This is a condition in which mental failure, pa-
ralysis, blindness, and finally death occur in early infancy. The ding-
nosis had been made by a competent physician This trait is known to

be the result of an autosomal recessive gene, unaffected by ordinary
environmental variations, 0 that it was possible to tell the parents
that the chance of another child developing the same condition was
one in four.

Several days later the father returned to the laboratory in good
spirits. He had been thinking over what he had learned and had
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made a discovery, Stnee the condition was due to a Tecessive gene,
he reasoned, and since the chance of its appearing was one m foar,
and smce furthermore the first child had actually developed the ab-
normality, 1t followed that the next three cuidren would have to be
free from the dizease A httle reflection on the panciples of prob-
ability outhned tn Chapter 7 wall make 1t clear that thie was false
Teasoning, and that the chance of one i four stall apphes to each
subsequent ¢hitd

"The serond practical application of & knowledge of human be-
redity, diagnosss, 15 of particular smportance to the physicran. It has
repeatedly been shown that the alert physitian may occasionally make
a difficult dtagnosis on the basis of the famiy lustory. An wnteresting
examiple of this application reported by Macklm 1s the case of a chuld
whose skin was very dry, whose harr was sparse, and whose teeth
bad foiled to develop The ctuld had fever and was taken to a physi-
cian The diagnoss was under-activity of the thyraid gland, and the
child was placed on thyrowd medication

The treatment only made the child worse and a consulting phy-
sician was brought n This dactor made a study of the patient’s
famsly and learned that one of the parents and several other relatives
had defectsve tooth Qevelopment and defective body temperature
cosstrols On this basts he wdentified the cordition as the dommant
hereditary form of ectodermal dysplasia, a traxt which mvolves hair
and tooth deficiencies as well as the total absence of sweat glands
‘Thyrold admimsstration was stapped, since st had been as harmful a
type of therapy as could well have been devised Because of the lack
of sweat glands, the chuld was already suffering from defective tem-
perature contrel Thyrosd mereased the metabolie tate, thus caustng
the temperature to become even agher Here the study of the famaly
history and the knowledge of the genetic nature of the dysplasa gave
1he cdue to the correct diagnosis of the ehild's condition

The third practicat application of a knowledge of heredity in
mass, the of p 15 agarnt largely a mechcat
apphication 1t 15 frequently possible to prevent the appearance of
hereditary abnormahties and disezses m the refatives of a patient
When a person with a genetic condition consults a physicaan, the rela-
tives may be examined by means of certain fabomtory tests, in search
of the early prechmieal signs of the disease Where these are found,
preventive measwres are mstituted. Tt mught be argued that this could
be done without any knowledge of geneties, and so it could, were it
possible to esamune everyone m the world for every Alness that he
smight some day have Stnce this is not feasible, 1t becomes important
10 do the feastble thimy, that s, to search for prechitueal signs where
shey are most Iikely to be found, namely. in the relatives of patients
with genetie conditions.
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A good example of the value of genetics in prevention is furnished
by a blood anomaly known as hemolytic icterus. In this condition
the spleen becomes enlarged and holds many red blood cells from
the arculation, gradually destroying them The final result is jaundice
and anemia and frequently death from a crisis Prompt removal of
the spleen may save the life of the patient

Smce hemolytic icterus is inherited on the basis of a dominant
autosomal gene, 1t may be expected to appear in half the offspring of a
person with the condition It 15 therefore valuable to examine such
offspring, looking for the eatly prechnical signs of the disease These
early signs are observable in the laboratory and include certain
changes m the size, shape, reactions, and relative abund of the
various types of blood cells When these are found, the spleen may be
removed at once as a preventive measure, thus removing the possi-
bility of subsequent death from this dangerous trait Already many
lives have been saved by such preventive measures Similarly hves
have been saved m incipient cases of pernicious anemia, hypertension,
diabetes, certamn types of cancer, and other genetic conditions

‘The fourth application, the investigation of disputed paternity
and the identification of individuals, was discussed in connection
with the blood groups in Chapter 13. This application is becoming
of increasing importance, and more and more states are prowviding
laws for the precise use of such tests, which have already prevented
many potential miscarnages of justice

The fifth apphcation, the cvaluation of programs of eugemics for
the protection and improvement of society, will be reserved for
Chapter 20

Now how do we dare to make such practical applications to
human life? What nght do we have to give advice, to diagnose, to
institute preventive measures, and to enter courts of law, on genetic
grounds® The answer 1, of course, that back of such practical applica-
tions 1s a thoroughly scientific knowledge of the mutant gene 1n man
A discussion of the basic facts about mutant genes will not only pro-
vide the techmeal background for the applications under diseussion,
but will review for usn their proper setting many of the principles chs-
cussed individually in earher chapters

Let us, then, turn our attention to the various relationships of
the mutant gene in man Knowledge of some of these relationships is
quite necessary, and knowledge of all of them is desirable, before
attempting practical applications in regard to the trait conditioned by
any gene, We may classify the bastc relations of the mutant gene
under three main headings® spatial relations, ontogenctic relations,
and phylogenetic relations (Table 28 1).

Taking these relations up in order, we may logically ask about
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Table 28 1. Tue Muraxt Gene ™ Max

I Seatran Revamiovs

A Absolute location
an autosome (autoso-
mal)
On  the nonhomologaus
portion of the X-chromo-
some (sew iniked)
On the nonhomologuus por-
tion of the Y-chromosome
{halandric)
n the homo]ngﬂns portions
of the X- and_ Y-thromo-
somes  (mcompletely  sex.
linked;
Relatne location with respect
to any other gene not an allele
a chromosome of an-
other patr {independent}
2 On a chromosome of the
s pr (linked)
the sme chromo-
some of the sume par
n any gven mddual
ther chromo-
some of the same pur
m any given individua)

@

@

-

=]

II OvroGENETIC RrvaTions
A Manfestations with respect to
1ts alleles
Dommant
Recesstve
Intermerhate
Dommant tn one sex,
cessive tn the other (!e‘(qn-

210 ~

=

Manifestations with respect to
another set of alleles
1 Epistatic
2 Hypostahie
8 Additne
4 Multipheative
5 Indifferent
C Penetrance
1 Sumilar 1 both seves
a Complete

b Reduced

2 Different 1 the twa sexes
3 Restncted to one sex (sex-
imite
D Espressivity
1 Sumtlar 1 both seves
a Constant
b Varuble
2 Different i the two sexes
E Viabihty produced 1n an -
dinidual having the gene
1 Suilar m both sexes
a2 Complate
b Redured
¢ Elmnated (lethal)
2 Different in the tno seves

II1 Pavuogexeric RELATIONS

A Frequencies of the gene and 1ts
alleles
1 Constant

a With genotypie equilib-
rium (under a system of
random mating)

b Without genotypic equi-
hbriom GF the lack of
equihbrium 15 due to as-
sortatu e mating)

2 Ch’mgmg
Due to mutation pres-

b Due to sclection pres-
re
¢ Due to random genctic

d Due to_combnations of
a hoand e
B Frequemlﬂ of the genotypes
formed hy & gene and 1ts aleles
1 Constant (in equiibriam)
2 Changng (not i equilib-
rium)
s Due to changng fre-
quenctes f the gene and
s alle
b Due to sssortative mate

mg
e Due to migrition

the spatial relations of 2 gene. We inquire both as to its absolute loca-
tion and as to 1ts relative location with respect to any other gene not
an allele As to 1ts absolute location, 1t may be autosomal, that is,
located on one of the twenty-three pairs* of autosomes (Fig. 28 1)
Such genes, of course, gve no evidence of association with sex m

*Recent sveshigation suggests that man may have only 36 chromosomes, of
which only 22 paus are ahke 1n male and female.
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Fig 28 1 The chromosomes of man Above, three views of the chromosomes n the
cells (spermat ) Below, the hned up in 24 pairs (see footnote page
421) in the order of si1z¢, those from the male in the upper row, those from the female in
the lower row The sex chromosomes are at the extreme right 1n each row Note the
two X.chromosomes in the female row, one X-chi and one Y- m
the male row. From Erans and Swezy sn Memoirs of the Unnersity of California

transmission  Autosomal mbheritance has been thor-
oughly discussed in previous chapters and requires
no further comment here The number of well-
established autosomal genes 1n man runs into the
hundreds

Instead of being in an autosome a gene may be
located i the sex chromosomes, in which case there
are three possible regions 1 which it may be found.

" ORDINARY SEX-LINKED It has been shown by Koller and Darlington that

GENES there are three distinct portions of the sex chromo-
somes in mammals The three portions are as follows*
first, a part of the X-chromosome homologous with
a corresponding part of the Y-chromosome, the two
parts synapsing in maturation and forming chias-
mata, second, a portion of the X-chromosome non-
homologous with any part of the Y-chromosome; and
third, a portion of the Y-chromosome nonhomolo-
gous with any part of the X-chromosome. The non-
homologous portions do not synapse during the

HOLANDRIC GENES

INCOMPLETELY maturation process (Fig. 28 2)
SEX-1INKED
GENES In human beings genes have been found to occur

in each of the three regions. Best known as well as

Tig. 282 Diagram of the human sex chromosomes, showing
the three regions in which genes may be located.

<~ Ik
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Jongest known are those in the nonhomolo-
gous portion of the X-chromozome We calt
them sex-linked genes, and therr behavior
avasdiscussed 1n Chapter 8 More than thirty
such genes are known in man, vanously
affecting the eyes, the skin, the muscles, the
aerves, the glands, and the blood (Fig 23 3
and Table 28 2)

Advice to fatmbes carrying sex-hinked
mutant genes can be fawly specific The
men in the famdy who are free from an
unwanted trait condttioned by one of these
genes do not have the gene, and of course
cannot transmut X, and may safely marry
Some of the apparently normal women 1
such families may, however, carry the reces-
sive sex-finked gene and thus have sons
whom the character wall develop The
daughters of an affected father Wil all be
carrters  The sisters of an offected man
whose father was normal have an even
chance of carrying the gene, while the meces
have one chance 1n four of bewng carners
Aflected men cannot transmit the gene to
thesr sons, since the X-chromesome carty-
ng the mutant gene goes only to daughters,
the sons recerving the Y-chromosome

In addition to the sex-hinked genes in
the nonhomologous portion of the X-chro-

s y
LAY

o o
L I

Fig 283 Progressve muwular
dvstrophy, a trait here condi
toned by a recessve sex-hinked
gene

mosome, there are genes m the nonhomologous region of the Y-chro-
mosome Such genes are spoken of as holandree The transaussion

Table 28 2. Soxe Huosavw Tratrs Depevoent vrov Sex-Eivien Geves®

Red-green calor blindaess Iyopa
Hemophulsa

Thrombasthema

Night blindoess
Retinal sdetachment
Miscraphthalsses
Albimam restnctei to the eyes
Coloboma trutis

Glavcoma of the gt esle type

efective ins
wetrdohypectrophic muscular dystraply
by

Anhurdratic ectodermal dy<plssis

Ophc atrophy Peraveal atrop!
Nystaguius ehthyous
Slhicrocornes erntons
Megalacsenea.

Day biindness loperia rongenita

pulermal eyata
Distichmns (double eyriaches}
Vhite ncautal

feetive fiaee folleckes
Defeetrve tonth enamel

loch, of haar

* Maay of thene Lracts have altormatizs baross depemlcat wgow sntmamnal geace.
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will be from an affected father to all his sons, and the trait
conditioned by such a gene will not occur i women. Evidently mu-
tations do occur in the nonhomologous region of the Y-chromosome
in man, but those with noticeable effects are of excessive rarity.
Thus, a single pedigree exists exhibiting clearly holandric inheritance
of an otherwise unknown abnormality, ichthyosis hystrix gravior.
The affected individuals 1n early infancy develop horny scales over
the whole body with the exception of the face, palms and soles In
the one family in which 1t has been found, the condition was trans-
mitted by affected males to all of their sons through six generations.
There 1s a stmlarly unique pedigree of hypertrichosis of the ears in
which Y-chromosome mheritance 1s clearly indicated A type of kera-
tosis, characterized by small, hard, nonpamnful nodules on the hands
and feet has been reported 1n one pedigree which strongly suggests
Y-chromoseme transmussion And in one pedigree of a much less rare
(and quite trivial) anomaly, webbed toes, holandric nheritance ap-
pears to be involved, although in most families this abnormahty is
transmitted without limitation to the male sex,

The third kind of hereditary behavior assocrated with the sex
chromosomes mvolves genes located on the homologous portions of
the X- and Y-chromosomes Such genes are spoken of as incompletely
sex-linked They will behave as ordinary autosomal genes except for
one thing about half the families in which the father carres the gene
will contain more affected sons and unaffected daughters than would
be expected on the basis of autosomal mnheritance, while the other half
will contain more affected daughters and unaffected sons

Crossing over of imncompletely sex-linked genes can occur i both
sexes, but 1n women it merely transfers the gene from one X-chromo-
some to the other, while 1n men 1t shifts the gene from the X- to the
Y-chromosome or vice versa, so that a2 differential sex ratio of affected
offspring 1s produced

There are mine or more pathological conditions 1 man which,
sith varying degrees of assurance, can be attributed to incompletely
sex-linked genes (sce Haldanc 1936, 1944, Kaliss and Schwertzer;
Snyder and Palmer) The traits resulting from these genes are total
color blindness, xcroderma pigmentosum (a skin disease), cpider-
molysss bullosa (malignant skin blisters), Oguch’s discase (a type of
blindness), spastic paraplema (a neuro-muscular defect), hereditary
hemorrhagic diathesis (a blood dyscrasia), retinitis pigmentosum
(another type of blindness having two allelic genes involved), and a
type of cercbral sclerosis (a mental defect)

Thus a mutant gene n man may have its absolute location in any
one of four general regions. 1 an autosome, in the nonhomologous
portion of the X-chromosome, in the nonhomologous portion of the
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Y-chr or m the t logous portions of the sex chromo-
somes Next we may inquire as to the relative location of a gene with
respect to any other gene not an aflele Two nonallelic genes may
both be located m chr of the same )l parr, in
which case they belong to the same Linkage group, or they may be
located mn chromosomes of different pairs, and hence show nde-
pendent scgregation

In order to test whether or not two pairs of genes are linked, we

must of course study the amount of recombmation between them
This 1s difficult to do 1 man, partly hecause the low frequency of
many mutant genes 1 human populations mcans that we are seldom
able to find two of them in the same famuly and partly because we
cannot usc experrmental matings in man Some progress has been
made mn the ot human chr s , however, in spite of
these difficulties

To begin with, 1t 15 obvious that the thirty or more sex-linked

gene pairs 1n man must be hinked with one another, since they are all
carried 1 the homologous part of the X-chromosome Since the
mutant alleles are rare, very few cases of two in the same famly have
been observed Nevertheless, enough stances of the simultaneous
t of the genes for hilia and for red-green color blind-~
ness have been studied to establish the linkage between them, crossing
over 1s 1n the neighborhood of 10 per cent

In the casc of the incompletely sex-linked genes, crossing over can
always be studied 1n males between an incompletely sex-hnked gene
and the junction of the homologous and nonhomologous regions of the
sex chromosomes The techmique of analyzing the linkage strength
1 such cases 1s rather specialized, but from such analyses have come
the first chromosomal maps of human bemngs (Fig 28 4) We should
emphasize, however, that at the present time these maps must be re-
garded 1n large part as provisional

Specialized techniques have also been developed for studying
autosomal linkage 1n man As would be expected, because of the large
number of chrormosome patrs, most of the genes studied have been
mdependent of each other As we pomted out n Chapter 1o, there
are at the time of this wnting just two instances of autosomal linkage
which we may regard as safely established One of these involves the
Rh locus and a gene for elliptocytosis; the other is hnkage between
the O A B locus and a gene causing a malformation hnown as the
nasl-patella syndrome (onycho-arthrodysplasia)

Next ne may mvestigate the ontogenetic relations of the mutant
gene These tnclude the manifestations of the gene with respect to
1ts alleles and with respect to other genes which are not alleles Onto-
genetic relations also include the penetrance of the gene, its expros-
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RED-GREEN COLOR-BLINDNESS,
HEMOPHILIA, OPTIC ATROPHY,
AND OTHER SEX-UINKED GENES

ICHTRYOS1S HYSTRIX
GRAVIOR AND OTHER

HOLANDRIC GENES

Fig. 284 Maps of the hu.
man sex chromosomes, While
this book was in press, the
evidence for partial sex hinh-
age was reanalyzed by more
cnitical methods than were

previously available[ Morton,
N. E, dmer. J. ITum, Genel,
955 (1957)] The data sug-
R o . [SUR——
TOTAL COLOR-BLINDNESS ®  gusting partial sex l(mkage
A PIGMENTOSUM 14 were found in every instance
F ~—=—OGUCHI'S DISEASE ——=~=~=—~ 37 to fall short of statistseal sig-
T~~~ SPASHIC PARAPLEGIA ——~" __ 12 nificance The occurrence of
“REC. EPIDERMOLYSIS SULLOSA™ 20 this phenomenon in man,
therefore, while possible, 15
RETINITIS 28 a5 yet unproved
bom o~ -~ HEMORRHAGIC DIATRESIS oo (44
T T~ < CONVULMIVE DISORDER -
Y

sivity, and the viability produced in an individual having the
gene

With respect to its own alleles a mutant gene may be dominant,
recessive, or mtermediate. It may be dominant in one sex and te-
cesstve in the other, in which case the resulting trait is said to be sex-
influenced With respect to ancther pair of genes, a mutant gene may
be epistatic, hypostatic (the converse of epistatic), or indifferent. In
the case of multiple genes 1t may be additive or multiplicative in its
cffect The ontogenetic relations of the gene have been thoroughly

d in di hap and need not be elaborated here.

In the study of heredity in man we frequently find that what
appears to be the same trait will be inherited in one family on the
basis of an autosomal dominant gene, in another as due to an auto-
somal recessive gene, and perhapsin a third on the basis of a sex-finked
gene Possibly such i represent separate similar
perhaps they indicate translocations and position effects Careful
observation sometimes reveals variations between the differently
inherited forms of the same trait, while in other instances no differen-
tiation can be made in the character even though more than one type
of genetic behavior has been clearly demonstrated in various families

In giving advice to families 1t is therefore important to know not
only the diagnosis of the trait but also the family history of the person
secking advice. Only in this way can the ontogenetic relations of the
mutant gene considered be discovered and the genetic prognosis
properly made.

Next we shall discuss the namely
penetrance, expressivity, and viability. Penetrance is a statistical con-
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Fig.285 X-ray of the petvic
tegion of 2 man suffering from
multiple cartilaginous  ex-
ostoses Note the growths on
the femur heads.

cept of the regulanty with which a gene produces 1its cffect If a
dominant gene produces a trait 1n every individual carTymng 1t or if a
recessive gene produces a trait in every individual homozygous for st,
we say the gene has complete penetrance If, however, some mndi-
viduals fail to manifest the trait even though havimg the gene in the
required homozygous or heterozygous state, we say that the gene has
reduced penetrance.
The reduced penetrance may be due to the residuat heredity, such
as epistasis or other inhibiting efects, or 1t may be the result of en-
al inhit The p of human genes 1s difficult to
establish with assurance, except 1n cases of dommant genes with high
penetrance The blood group genes, for example, appear to bave
Every dual who inherits a gene for a spe-
cific aggluti ps that aggl On the other hand some
genes give evidence of having reduced penetrance Thus, diabetes
ipidus (not to be confused with the far and more familiar
diabetes mell a dati ized by the discharge of
enormous quantities of urine, 1s found n numerous pcdxgrccs i which
it is clearly dependent on a single dominant gene. But in several of
the pedigrees there is a “'skip,” that 1s, an individual whose father
or mother exhibited the condition and some of whose children are
affected also, but who himself is free from it. In these pedigrees, the
gene shows very high, but not quite complete penetrance Systematic
studies by Lewit and Pessikova, however, have indicated that high
penetrance for this gene may be the exception, rather than the rule
In pedigrees of families with multiple exostoses (cartilaginous tumors
of the long bones, usually benign, but occasionally becomng malig-
nant, Fig. 28.5), *“skips” in otherwise apparently dommant trans-
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mission are relatively frequent, particularly among females Pene-
trance of the gene may be lower than 75 per cent 1n women, in men
it 15 considerably higher Obviously genes with complete penetrance
are the easiest to study, but since all genes do not have it, the degree
of penetrance should be stated for each gene if it is known.

The differentiation betw cen a deminant gene with low penetrance
and a recessive gene 1s dufficult, since both will appear sporadically in
pedigrees Statistical methods have been worked out, however, which
make use of data such as the relative abundance of affected siblings,
parents, offspring, and other relatives of affected individuals

Penetrance may be equivalent in both sexes, or it may be higher
in one than in the other. Pylonc stenosis (obstruction of the orifice of
the stomach), for example, appears to be due to a recessive gene with
some reduction in penetrance in boys but much more reduction in
girls When penetrance 1s completely reduced in one sex, we speak of
the trait as sex-hmited

Another ontogenetic relatton of the mutant gene ss its expres-
stvity When the trait produced by a gene is varnable from individual
to individual, we speak of the gene as having variable expressivity.
Many genes have rather constant expressivity, regularly producing a
defimte degree of the charactenstic Other genes do not have this
constant expressivity

M)otomc dystrophy, for example, is named for its nervous and

ifestations But very co ly associated with these
is a unique type of cataract. In pedigrees in which this condition
occurs, the same dormimant gene produces the disabling neuromuscular
symptoms of the disease — with cataract in some cases, without 1t in
others — 1 about 6o per cent of the individuals who mhent tit, 1n the
remainder, 1t results mn cataract alone, sufficiently severe in some to
seriously impatr vision, 1n others so slight as to be imperceptible
except on meticulous examination

An “allergic diathesis™ has also been attributed to a dominant
gene, vanously mamfested as asthma, vasomotor rhinitis, atopic
dermatitis, or hay fever (Schwartz 19353) Here again the variations
may be due to the residual heredity in some cases, to the environment
in others. A knowledge of the vanable manifestations of a gene is
essential to instituting preventive measures in relatives of an affected
person

Among the ontogenetic mamfestations of a gene is the viability

which results 1n an indivaidual possessing it Some genes do not notice-
ably decrease the length of life. Others, like the gene for hemophilia,
defimtely reduce the chances of hving cut a normal span. Still others
are lethal in the homozygous state. Many lethal genes arc known in
man,
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Funally, we dsseuss the phylogenetic relations of the mutant gene.
These mclude the frequency of a gene and of its allele in the popula-
tion and the frequencies of the genotypes produced by a gene and its
allele. Phylogenetic relationships of a gene are relatrvely unimportant
in labosatory genetics, where the emphasis s placed on experimental
matings mn which the genotypes are known or can be detected There-
fore we have had no need to discuss them i previous chapters They
become extremely unportant, however, in natural populations The
study of human inhentance 1s 1 farge part a study of population
genetics,

Perhaps the most smportant concept in population genctics is
that of equilibrium, One of the commonest misconceptions in genetics
is that a ch a dent upon a d gene wall m tume
increase in proportion m a pepulation merely beczuse of the dom-
inance This does not happen As long as all genotypes in the papula-
tion have equal opportunstses of producing offspring, a domant gene
wilt not ordinarily change in frequency with respect to its recessive
allefe, but the frequencies of the two alleles will remam constant from
generation to generation, Under 2 system of random mating the fre-

of the genotypes prod by a mutant gene and 1ts allele
will likewse remain constant

Constder a parr of alleles T and ¢ In a given population most of
the genes of this pair at this Jocus may be 7T allcles, with ¢ alicles
making up only a small fraction of the total Or it may be the other
way araund, so that ¢ alleles make up a larger proportion of the genes
of this pair If 70 per cent of the alleles of thus pair are T alleles and
30 per cent are ¢ alleles, we say that the frequeney of T1s o 7 and the
frequency of ¢ 15 o0 3. The gene frequencies of different genes may
differ in the same population, and the frequencies of the same gene
may vary from to i? The fo in freqs
may range from o to 1, these betng only hauting values.

It 15 easy to show that in the absence of disturbing factors, the
relative frequencies of 7 and ¢ alleles, as well as the relative frequen-
cies of TT, Tt, and ¥ zygotes, tend to remain constant from genera-
tion to generation Factors which may upset the canstancy include, of
course, ion (ie, 1 reprod: by different genotypes}
and mutation, in a quite small population, the gene frequencics are
Iikely to be shifted by a phenomenon known as genetic drift, eves in
the absence of selection or mutation. Assortative mating and inbreed-
ing alter the relative frequencies of 77, 1, and 11 zygotes but in them-
selves do not affect the equilibrium between the of Tand
1 genes
We shat see later how some of the disturbing factors listed in the
preceding paragraph may affeet pene and zygote {requencics. But first
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it is necessary to understand the tendency toward equilibrium which
is inherent in the Mendelian mechamsm. Considering our pair of
alleles T and ¢, let us represent the proportion of T genes in the popu-
lation by p and the proportion of ¢ genes by q Then, since genes
at this locus are either T or ¢, p+ q must equal 1. Of the sperms
produced by the men in the population p will contain T, and q will
contain ¢ Likewise the proportion of eggs containing 7 will be p, and
of eggs containing ¢ will be @ The random umon of sperms and cggs
in the population would thus be as shown in the diagram

It can be seen that 77 mdividuals will occur

in the population in the proportion p?, Tt ind:-

SPERMS:
P q viduals in the proportion 2pq, and # individuals
£6s, (€] [G] in the proportion q* To prove that this ratio
N of pX(TT) 2pq(T?) q'(#t)is truly an equilibnum
ratio, let us see what proportions of T and ¢
d P ra gametes would be produced by this generation.
(¢y] In e The TT indrviduals will produce only T gametes,
while half of the gametes produced by the Tt
N individuals will contain 7 and half will contain ¢
q P4 q The proportion of T gametes will thus be p*+
®© @ < 3Gpa) =p*+pa=pp+q =p Likewise ¢

gametes will be produced n the proportion q* 4

3(2pq) = a* -+ pq = q(q + p} = q Thus this gen-
eration will again produce T and ¢ gametes 1n the ratiop : q, and the
gene frequencies are the same as in the preceding generation Neces-
sarily the zygotic frequencies will consistently be reproduced in the
tatio pX(TT) 2pq(7T?) : q¥(#t) Itisalsoapparent thatin a population
to which the foregoing dentvation apphes (large, random mating, and
without mutation or selection) there is a predictable relation be-
tween the frequency of heterozygotes and the frequencies of the
two homozygous classes* the heterozygote frequency is always equal
to twice the square root of the product obtained by muitiplymg
together the fr of i and ive homozyg
(2qp = 2v/p*X q?) This important relation 1s known as the Hardy-
Weinberg equiltbrizm

We will best understand what the Hardy-Weinberg equilibrium
means, and at the same tume we shall be able to test its validity, by
examining some actual data, such as those in Table 28 3. The data
relate to frequencies of the M, MN, and N blood groups, as found
in samples of various populations, You will recall from Chapter 13
that the presence of either or both of the M, N antigens can be
detected serologically. C q 1y, the freque of heterozygot:
given in column (b) are actually observed frequencies, as are those
of the two homozygous classes; and the gene frequencies (p’ is the
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‘Takle 28 3. Cowranison or O B or Fli
wits Esrnusres Frequevaps Baseb ox ane Hanoe-Wesere Equr
LIBRTUM

f—— Humtes c:nm» in:w_.i.}_ Seom Freguroer T Evwned
oyl ] ;
v Seovie | 0P ok N [reim =S ] TR
Navahos B01 ] 845 i o1t 217 88 52
Hweala Arabs 208 | 875 887 058 | 769 Qi1 365
Fnns (Karjata) 898 { 457 437 Ti 678 327 440
Swedes 1208 | 361 470 159 596 403 481
Polag 6o {282 480 ¥R 527 13 499
Australien 872 | ot 308 e g 824

Aborigines

frequency of the 3] aliele, g that of the A gene) are, in effect, actua)
counts of the Telative nambers of 3 and N alleles in each szmple
The column 2p'q” gives the frequencies of hetevozygotes predicted
Srom the Hardy-Wemberg forsmula on the baws of the cbserved gene
1t we pare the predicted n this column

with the frequencies of heterozygotes actually found, columa {b), we
see that the agreement is remarkably gond, m only one case do the
absérved and predicted values differ By as much as o or We do not
always find agreement as good as this, but we do find 1t mn the overs
whebning majonty of all populatsons that have been studied

One of the many sets of data on the M, N blootd groups not in-
cluded 1 our table relates to 2 sample of 1100 Japanese w Tokyo.
The frequency of the MM genotype was o 324, of MN, o472, and
the NN frequency was o zoq4 Can you apply the methods we used 1
Table 28 3 to find out hew closely the observed frequenty of hetero-
zygotes compares wath the frequency which would be predscted by
the Hardy-Wessiberg rute?

If we can be counfident of the vahdity of the Hardy-Wenberg
rule, we have a way of esti the freq of hete
carriers of recessive genes Remember that g stands for the frequency
of the recessive allele, and that g¥as the frequency of recessive homa.
zygates It 1s obwious, then, that to fnd the value of q (which we
cannat, in this case abserve directly) we need onfy take the square
raot of the fs of tecessive g With ths as a begret-
aung, we can seadity aaswer such & questeon as What ate the chances
that you are heterozygous for the 2lbina gene? Say that one person m
10,000 35 20 albina {ag) Then g? = o voar, so that g, the frequency of
the gene o must be v2 0001, or aat, The frequeney of 1ts normal
altele, A, 15 of course pls 1 = 1), or 0 99. The estimated frequency of
heterozygous Aa mdnduals wn the general population is therefore
2 X o9y X o o1{= 2pg), or very neacly ooz Hence the chance that
an individual picked at randoat fracr the population 15 an Aa betero
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zygote is about 1 in 50 — probably rather higher than you would
have guessed

Misunderstandmgs of equilibrium and its impheations are all too
frequent 1n discussions of human inheritance Examples of false state-
ments based on lack of knowledge of equilibrium are the following
* Albinism is due to a recessive gene, whch explass why it 1s so rare
*“Left-handedness occurs 1n 25 per cent of the population, which -
ducates that 1 15 & Mendehan recessie ” Neither statement is correct.

A recessive trait may be common or rare in a population, de-
pending upon whether the recessive mutant gene is common or rare.
This in turn will depend upon the past history of the population 1n
terms of mutation, selection, migration, system of mating, and popu-
lation size

‘‘Lobster claw,” a mutation m which the human hand has only
two large fingers, is in some farmhes dependent upon an autosomal
dominant gene, yet the recessive normal five-fingered condition is
common and the *“lobster claw’ rare (Fig 28 6). *‘Lobster claw " will
not become common just because this mutant gene 1s dominant A
recent prize-winmng essay on mental health contained the statement.
“We are mndeed lucky that the mental disorders are not dominant
traits, or we would all be insane by now, according to the laws of
heredity * This is a glanng misunderstanding of the principle of
equilibrium It 1s important to recognize and reject fallacies such as
ths
“  The discerning student will at once realize that human *“‘races”
are populations in the sense in which the term has been used in this
chapter, Insofar as differences between races are conditioned by genes,
these differences come about largely as a result of variations in the
frequencies of the alleles from race to race Most of the known human
alleles are represented to some extent in all racial groups which have
been studied It 1s concervable that a certarm allele might not be repre-
sented at all in a particular population, but it is probable that such
circumstances are uncommon within the human spectes. Races duffer
in the frequencies of vanous alleles, and obviously it would be most
unhkely that any one race would have high frequencies of all the
desirable genes or that any race would have high frequencies of all
the undesirable genes

We are now ready to consider some of the conditions under which
gene and zygote frequencies do change The problem is of considerable
interest, because the whole process of evolution depends to a major
degree upon extensive shifts in gene frequencies Mutations occur,
and the mutant genes may be eliminated from the population, or they
may gradually increase in frequency at the expense of therr respective
alleles. If a given allele at any locus spreads through an entire popula-
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Fig. 28.6 Roentgentograms of ty pical “lobster claw™ (4), and of vanations of the con-
dition which occasionally occur (B=F) From Graham and Badgley sn the American Journal
of Human Genetics
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tion, it is evident that other alleles at the same Jocus must be elimi-
nated in the process. Obviously, if initially rare mutant genes at a
sufficient number of loci become widely disseminated through a popu-
lation, the phenotype of the population must become substantially
altered, and transformation into a new species may be under way. In
human populations consideration of the rates at which gene frequen-
cies may shift under various circumstances is relevant to the evalu-
ation of eugenics programs, as we shall see in the next chapter.

One of the factors which obviously may alter the genetic compo-
sition of a population is selection, Selection is operative whenever
individuals of different genotypes have, on the average, effectively
different reproductive rates. An effective difference in reproductive
rate may result from differential fertility, differential viability, or
both Thus an individual’s effective rate of reproduction is zero if he
produces no progeny, but it is also zero if he produces a dozen off-
spring, none of whom survives to matunty.

The effects of selection can be most readily computed for the case
of selection of maximal intensity, when all individuals of one pheno-
type are letely el d from the breeding population in every
generation The simplest case is that involving complete dominance.

Suppose we start again with a population produced by gametes
among which the frequencies of the alleles T and ¢ are p and qe,
respectively. (The subseripts are used to distinguish the frequencies
in this generation from the frequencies which will be found in sub-
sequent generations, and which we shall designate as py, qi; ps Q2
ete.) The zygotic proportions wall be, as we have seen above, po*(T7) @
2paqe(T?) qo*(tt). If complete selection acts against the dominant
phenotype, so that none of the TT or T¢ individuals leaves any
progeny, 1t is clear that all T genes are at once elumnated, m the
absence of mutation, all subsequent zygotic generations will consist

lusively of homozygous T

Consider, on the other hand, the results of complete selection
against the recessive phenotype. If all # zygotes are eliminated from
the breeding population, what remains will consist of 77 and T?
individuals only, in the ratio pe?(T'T) : 2peqe(T1). As we know, the
TT individuals will yield only T gametes, while half of the gametes
from the T¢'s will carry T and half will carry £ Hence the effective
breeding population will produce gametes in the ratio

oot + 4(2peq) XT) : 22peasd() = plps + @ HT) 2 poso(8)
=1(T) : o)

1t is important to notice that these gametic proportions do not add
up to unity but to (1 + qo). If we wish to compare them with the
gametic { ies of the preced: ion, po and qo (which do
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add up to unity), we must express them as fractions of the total
gametic population. To do this we divide by the total, (x + ), and
this gives us the gene frequencies resulting from one generation of
selection:

1+qu(T) x+qq( @
The new frequency of the ¢ allee, which we may conveniently desig-
nate as qi, 1s therefore given by the formula q, = D
1+ q

Thus if we start with a population n which there are, say, 36% #
individuals (so that g, = v/0 36 = o 6), complete selection agamnst #
homozygotes will give us q; = % = 0375, and there will be only
1450 1 zygotes (@’ = (0 375)% = o 1406 formed 1n the next genera-
tion If the same selection 1s apphed for another generation, we may

: @ 0375 _
compute g, in exactly analogous fashion g = !—‘*'E = HT = 0273,
and the number of # zygotes (q»?) has become reduced to about 7 5%
of the total zygotic population

If we have to compute the effect of complete selection over any
large number of generations, the repeated application of the method
used 10 the preceding paragraph becomes tedious It 1s very simple,
however, to dertve a formula with which we can immediately predict
the value that q will have after 5, 500 or any number of generations of
complete selection The student will find m the Appendix to this
Chapter (page 4$2) the denvation of this formula, and of an equally
simple one that tells us how nany generations of selection would be
required to accomplish a specified reduction 1 the value of ¢ This
permuts us to answer such a question, for example, as this If one
person in 10,000 is an albmno, aa, (1e, q* = o coor) and no albtos
were to reproduce henceforth, how many generations would 1t take
before the frequency of albmism would be reduced to 1 in ¢o,000
{q® = 0.000025)? To answer this, use formula (A3) of the Appendix,
n= ql - qi' writing o oos for q, and o ox for s, the solution may
surpnise you!

The same kind of question (over a much more hmrted range,
however) can be answered by consulting the graph in Figure 28.7.

On this graph we can see at once app: y how many
are needed to effect any specified rcduchon m q’ Suppose we wish to
know how many of lection 1t would take to

reduce the freg y of homozyg from 10% to 1%. The
graph shows that reduchon of q* from o 9999 (its first plotted \'.A]uc)
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10 o.10 is almost accomphished in two generations, and that reduction
from o 9999 10 0.01 requires nine generations, The difference between
these two values of n, g — 2 = 7, gives the number of generations
required for q? to change from o 10 to ¢ o1.

A striking characteristic of the action of complete selection is
readily apparent in Figure 28.7. A reduction of q* from approximately
1009, to 109 is nearly lished in two g jons; but it re-
quires seven generations to effect a reduction from 105) to 1%, 22
generations to reduce q? from 1% to 0.1%, and 65 generations to
reduce 1t from o 1% to 6 01%, It is seen, m fact, to be generally true
that the rarer a recesswe trail becomes, the less effective is any further
selectton agatist ¢

Complete selection against a recessive homozygote, or fethal selec-
fion as 1t 1s called, is a ph of some ¥
in population genetics Genes with recessive lethal action (Chapter 3)
are subject to selection of this intensity, provided the lethalty is
expressed before sexual maturity In man a considerable number of
genes are known which, when homozygous, effectively prevent repro-
duction, esther by causing death before puberty or by producing
stenlity. Among these are the genes for the infantile type of pro-
gressive muscular dystrophy. a congenital form of severe iehthyosis,
and a malignant type of epidermolysis bullosa “The pathologic traits
in man which can be attributed to the homozygosity of a pair of
genes with recessive lethal action are dividunlly quite rare; the
homozygote frequency (at birth) is in almost every case 1 in 10,000
or lower

Although 1n any animal species there is a fairly large number of
mutant genes which may be classed as recessive lethals, an over-
whelmingly larger number of mutants have much less drastic effects
on viability or fertility. It is therefore necessary to consider the effects
of partial selection as well as complete sclection 1n approaching prob-
lems of population dynamics Consider the case in which #t genotypes
may survive and reproduce but are inferior in viability or fertility {or
in both) to TT and Tt zygotes; the surviving progeny of a given
number of # zygotes might be only 950% as numerous, for example,
as the surviving ptogeny of the same number of phenotypic dominants
(TT and Tt zygotes). The consequences of a situation of this kind

can be worked out by fally the same proced as we used
in analyzing the effects of p fimination of ive homo-
zygotes

We start, as before, with the zygotic population produced by pr T
gametes and g gametes, viz., pe{TT) : epeal T9) © Qo*(18). Tnstead
of ehminating all of the #t zygotes, however, from the effcctive breed-
ing population, we climinate only a fraction, k. This leaves TT, 1,
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Fig 287 The abscissal distance between ordinates at any two values of g* shows the
time, in generations, required to change the frequency of recessive homozygotes from the
higher to the lower value of qt, when complete or lethal selection operates aganst them,
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and # individuals in the ratio pe(TT) : 2peqe(TH) : (1 — k)qo®(ts).
With this as a start, you should be able to derive for yourself the rela-
o = kas?
1 = kqo
formula too will be found in the Appendix of this Chapter, where we
also show how to evaluate n, the number of generations required to
accomplish a specified reduction in gene frequency, for the case of
partial selection,

It is extremely important at th|s point that we understand cle:u'ly
the ing of k Thisis ly called the coefficient of
acting against recessive homozygotes We can also think of it as the
selectsve disadrantage of the recessive homozygote as compared with
individuals showing the dominant phenotype. A concise definition,
which 15 far less complicated than 1t may at first appcar, would st:m:

tion, qi = - If you need help, however, the derivation of this

that k is the average deficst sn net reproductivity of recessive h
expressed as a fraction of the net reproductivily of the domnant phe-
notype

All that the above definition really means is, that if the intensity
of selection acting against recessives 1s indicated by a coeflicient of
selection of k = o o5, say, then phenotypic dominants and recessives,
respectively, 1nstead of producing the same average number of off-
spring per parent will, on the average. yield progeny in the ratio of
v (x—Xk), orhere, 1 00 " 09s. In shghtly different words, a given
number of recessives born in any generation will be represented by
(z ~ %), or 95%, as many progeny as have been produced by the
same number of phenotypic dominants. (We should understand, of
course, that the counts of parents and progeny are made at the same
stage of development — at barth, say, or at sexual maturity.) When
the coefficient of selection 1s unity, k = 1, we have the case of com-
plete selection against recessives which has already been discussed

Under partial selection, when the value of k is around o1 or
lower, we find that the reduction i q or in q* resulting from two or
even a dozen generations of selcction is very slight indeed The graph
in Figure 28 8 will enable us to determine, at least roughly, the time
required for partial selection to accomphsh any given change in q%
‘The graph is plotted for direct reading only when the coefficient of
selection is o o1, that is, when the net reproductive rate of the re-
cessives is 997 that of the dominant phenotypes. If you will examine
the formula on which the curve is based, however, (formula (A 6) in
the Appendix) you will see that wath partial selection the number of
generations needed to effect any given gene-frequency change is
proportional to 1/k — that 1s, the time required 15 inversely proportronal
10 the intenstty of selection ‘Thus we may read directly from the graph
that to reduce q? from o 15 to o or would take about goo generations
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Fig 288 The abscissal distance between ordimates of height qqt and g? shows time {in
hundreds of generations) required to change ¥, the frequency of recessive phenotypes,
from one value to the other when the coefficient of selection 1s .01,
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{the difference, in hundreds of generations, between the abscissaf
value, 12, corresponding to gf = o 15, and 21, the abserssa at gf =
©.01); this is for k= o0t If sclection 15 five times as intense, so
that k = 0,05, the same change would be effected in one fifth the
time, viz, in about 180 generations, If the coefficient of sefection 15
only o o1, 1e, one tenth the value for which the graph is plotted,
the process would take ten times as long as for k = o o1, or about
Ho0o generations

The graph 1n Figure 28  can also be used to determine rates of
change when selection s against demunants, that 1s, when recessive
homozygotes, on the average, leave wore surviving progeny than in-
dividuals of dominant phenotype Algebraically this 1s equivalent to
changing the sign of k, so that the effectave breeding population sur-
viving from a gencration produced by pe T gamctes and qof gametes
is represented by the zygotie frequencies po(TT) 2puqe{70) ¢
(x4 K)q’(e2), instead of pTT) 2puqs{ 7). {z — K)qa"(#), as was
the case when selection was aganst recessives. In terms of the sfow-
selection graph, this means simply reading from night to left, instead
of from left to right Thus we found that when k was +- o o3 (selection
against recessives) about 180 generations were required to reduce ¥
from © 15 to o.01; when k = ~ o 03 (selection against dominants},
q* 15 ncreased from oot 10 oag (ie, the frequency of dominant
phenotypes is reduced from o gg to © 83) m approximately the same
fength of time *

The slow-sclection formula and graph we have presented here
apply, of course, to only one type of inheritance  single-pair autosomal
t ission with plete domi Anal expressians have
been worked out, however, for sex-linked t jssion, incompl
domunance, muluple-gene inheritance, and many other situations.
In general, selection agamnst a sex-linked recessive proceeds much
more rapidly than against an autosomal gene, selection against
trasts dependent on multiple genes is, on the other hand, very much
slower than in the sigle-pair ease

Before we consider some of the implications of the rates at which
gene frequencies shift under slow selection, 1t would be well to em-
phasize that the conditions which were tacitly or expressly postu~
lated in deriving our formula are, in fact, very madequately satisfied

* The equvalence 1s close enough for most purposes but 15 not exact. A net
yeproductive defieit of o og (1e, 1/20) among individuals of dominant pheno-
type would correspond ot 1o a coefficient of selection of — 0 03 acting upon
recessives but to a k of ,___q:(’; or, very nearly, — 0 0526; {t/20 — 19/20 =
1/19). Hence, the time required to ncrease the frequency of recessives from
q* = 001 to gt = 0,15 when the selective disadvantage of the dominant pheno-
1type is 0.05 would be aboat 0037 0526 (quite exartly, 130 + /19 = 19/20}
or 95% of that computed for k = ~ 005
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by natural populations For example, the intensity of selection, as
measured by k, has been treated as constant from one generation to
the next; actually, the intensity of selection agamst any one genotype
often vanes markedly with changes i external environment Recur-
Tent mutauon, nonrandom mating, and the effects of hmited popula-
tion size have not been taken into account Perhaps most important
of all we have considered selective advantage or disadvantage in terms
of the situation at a single locus, asa matter of fact the fitness of an
orgamsm, even in a stable environment, is never determined by the
presence or absence of one particular allele (except in the case of some
lethal genes) but 1s a function of the genotype as 2 whole We shall
bnefly consider below some of the factors which were 1gnored 1n the
derivation of the slow-selection formula Extensive analysis of the
whole problem will be found 1n the works of Fisher, Haldane, and
Sewell Wright which are cited at the end of this chapter

In spate of the oversimplifying assumptions mvolved 1 its dertva-
tion, formula (A6), with 1ts graphic evaluation 1n Figure 28 8, does
mnform us, to a first approximation, of a number of important char-
acteristics of selective processes n Mendelian populations It 1s
evident, for example, that 1t would take an inordinately long time for
a new mutant gene to replace 1ts allele throughout a populatxon at
such selective as are d-
ing, say, to values of k from o o1t00 0§ On the other hand we can also
see that the process of sel if dis given
enough time, a persistent selective adv:mtagc of even o oo (one tenth
of one per cent) must result n the spread of a new mutant through
any large population

‘There s hittle doubt that a great part of adaptive evolution in the
plant and animal worlds has been a consequence of the spread of
genes with ndividually rather low selective advantages The geologic
time available for the requssite gene-frequency shufts can be shown to
be adequate To take only one index of the evolution of the horse, for
example, there has been roughly a so-inch increase in height from the
ancestral Eohippus to the modern Equus But this has taken place
over a period of some 50,000,000 years, involving 10 to zo milhon
generations On the basis of known mutation rates among animals
generally it 1s easy to show that there has been ample time for the
appearance of a sufficient number of mutant genes affecting height to
serve as an ili i

reservorr of y for to act upon,
and that there has been ample time for genes at sereral kundred loci
— shich individually might produce a height increment of but one
tenth of an mnch — each to be spread through more than 99<% of the
population, even if each of them on the average had a sclective ad-
vantage n the neighborhood of only one per cent.
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On the other hand the rate of selective action, in terms of indi-
vidual generations, should make it apparent that no appreciable
adaptive evolution in the biologic sense could have taken place in our
own species within historic or near-historic times Such major changes
in ways of hfe as have been seen among mankind in the past so00 or
10,000 years must therefore teflect primarily social, rather than
biologic, evolution,

Finally, information regarding rates at which genes producing
advantageous effects may be disseminated by selection makes it
possible to compare the effectiveness of selection with that of recur-
rent mutation in accomplishing evolutionary shifts of gene fre-
quencies

It is not difficult to determine the rate at which allelic frequencies
are affected by recurrent mutation, If m is the mutation rate from
tto T (1¢, the fraction of 1 alleles which mutate to T in each genera-
tion), a zygotic population produced by py T gametes and qo 2 gametes
will yi1eld gametes in which the frequencies of T and ¢ alleles after
mutation are m the ratio [py+ mae}(7) : {qo — mqg,] (). Hence,
Que=qo— mqo= (1 ~m)qe In each following generation the new
value of q will again be reduced by a fraction, m, of itself, so that we
shall have for consccutive values of q:

Q= (1 —m)q,
qr = (1 —m)q = (1 ~ m)’qe
a = (1 —m)qs = (x — miq

Oa = (x = m)*qq (2)
The successive values are seen to form a geometrical progression, and
the value of qa can readily be obtained from (z) by writing it in
logarithmic form log qu=n X log (I — m) + log qo. From this we
can get at once’
_log g, = log qo

~ Tlog (1 —m) )

which tells us the number of generations it would take for the fre-
quency of ¢ alleles to be reduced from o to g, in consequence of re-
current mutation from ¢ to 7° A slightly simpler expression gives the
value of n to a very close approximation and has the fusther advan-
tage of showing an analogy with the slow-selection formula (Ap-
pendix [A6]), viz, that the time required to effect a given change in
gene frequency is inversely proportional to the mutation rate, this
formula, which we shall not undertake to derive here, is:
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n = 239 flog g - log a )
If we wish to assess the 1 of i

pressure, we need to consider how long 1t “ould require a recurring
mutant to replace its aflele mare or less completely throughout a
population. We might compute the value of n, for example, Tequired
to reduce the frequency of ¢ from go = 1 to g, = 0 1 {@,* = 0 0t); this
would mean increasmg the frequency of the T allele from zero to a
level at which it would appear in 6% (= 1 — q,?) of the poputation.

By formula (4) we find that n ~ "'E:l[c ~(~2)]= %? For a muta-

tion rate of o.00001 {one mutation from ¢ to T tn 100,000 gametes
each generation) this would give n = 460,000, for 3 mutation rate of
© acox {one tn 10,000), o = 46,000 generations If we consult the slow-
selection graph (Fig 28 8), we find that the same effect would be ac-
complished m about 2,100 generations of selection with k= oor,
and 21,000 generations, therefore, with k as low as o 0or Now a
ion rate in the hborhood of 1/100,000 to 1/50,000 appears

to be charactenstic of some of the most rapidly mutating loci
human chromosomes, a rate of 1/10,000 15 extraordinaniy high On
the other hand an i ity of selection corr ding to k= cox is
a rather modest one, and 1t seems fairly certam that most. if not afl,
genes have coefficients of selection as high as o 0or or ugher These
considerations allow us to conclude that the evolutionary sigmficance
of gene mutatson hes primanly in ats providing the materwals for
selection and other processes to act on, as compared with selechon,
mutatton pressure must be of neghgibl quence in the d
tion of genes through populations

Generally speaking, mutation 1s a reversible process, and at many
or most Joci we may expect mutations to occur sn both dsrections, 1e,
from T to ? as well as from £ to T At any given locus mutation rates
to and from a particular allele may be about the same or they may
duffer in any degree It 1s evident that the igher the frequency of one
allele, say T, becomes, the more numerous will be the rautatsons from
T tot If 7 has an imtally low frequency but ss gradunlly increasing
as a result of mutations from ¢ to 7, this process simultaneously
diminishes the supply of # alleles avarlable for mutations to T We
might espect that a point would ultunately be reached at whick
rmutations from T to 7 would be just as numerous, 1 any generation,
2s mutations in the reverse direction. The frequency of the T allele
svould then cease to increase or, what is the same thing. the respective
frequencies of T and ¢ alleles would be in equilibriam That reversible
mutation does cause gene frequencies to tend toward an equilibrium
point is readily proved And you will sce in the Appendix of this
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Chapter (page 455) that 1t is also casy to show that cquilibrium s
reached when the frequencies of T and t are proportional fo the respective
rates at which they oniginate by sutatson. That s, of in each generation
a fraction, m, of ¢ alleles mutate to T, and a fraction, m’, of T alleles
mutate to £, then mutation will cease to have any effect on the relative
frequencies of T and ¢ when
| ..3
q

If sclection and mutation are hoth operative on a particular pair
of alleles, 1t should be obvious that their effects will reinforce each
other when the predomunant mutation rate is in the direction of the
allele which is also favored by selection, and that they will oppose
each other when the converse 1s true In the latter event, an equilib-
rium can again be predicted For the case of complete selection against
recessives, equbibrium 1s reached when q*=m’ (sce Appendrs,
page 455) That 1s, when mutation to a recessive gene is opposed by
complete selection against the recessive homozygote, the mutant gene
tends to spread until %, the frequency of the # homozygotes, is equal
to the mutation rate from T to ¢

Procedures like those used to determine the equilibrium between
complete selection and mutation can be used also to find equlibma
between mutation and slow selection It wall be found that in the case
of slow selection agamst recessives an equlibrium 1s expected when
q* =m’'/k, for sclection agamst phenotypic dominants, equilibrum
15 reached when p?+ 2pq = 2m/k where, 1t should be noticed,
p? + 2pq is the total frequency of dominant phenotypes (77 and T1}

The estimate of mutation rates in man has in part been made pos-
sible by consideration of such equilibrium conditions as we have just
discussed The method, unfortunately, 1s not reliably applicable to
deletenious autosomal recessives in human populations In order to
apply 1t properly we must have some assurance that mutational and
selective processes are n at least approximate equilibmum at the
time our gene-frequency estimates are made Now the equilibrivm
conditions we have derived are those for a random-mating population
Equilibnum conditions may equally well be computed for a popula-
tion with any specified amount of tnbreeding But if the amount of
mbreeding decreases, the frequency of any deleterious autosomal re-
cessive will begin to increase toward a new equilibrium because there
are now relatively fewer of the recessive alleles 1n homozygous condi-
tion and therefore fewer exposed to adverse selection, Progress towm:d
the new equilibrium 15, however, extremely slow We have good evi-
dence that in recent generations the amount of inbreeding, m Europe
and Amenca at least, has been diminishing there are fewer consan-
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guineous marriages now than 1n the past But we do not know how
long this process has been going on, consequently, while we can be
fairly sure that most or all deleterious autosomal recessive genes arc
below equilibrium frequency, there 15 no way of telling how far they
fall short of it

On the other hand the extent to which selection acts on infre-
quent sex-l1nked recessives 1s hardly affected by changes in the amount
of inbreeding, because selection 1 this case acts chiefly through
affected males and therefore does not depend an homozygosts of the
deleterious allefe There 1s good reason to beheve that the gene for
hemophilia, for example, 1s at or near its equihbrium frequency, n
this instance, therefore, we are justified i estimating mutation rate
from gene-frequency data

If k15 the coeffictent of selection acting aganst hemophilics, we
may say that a fraction, k, of all & alleles carred by males 15 lost 1
each generation But only one third of all X-chromosomes and there-
fore only about one third of all ; alleles are carned by males, hence
k/3 of the total k genes in the population are lost, per generation, as
a result of selection If p and q are the respective frequencies of
H and I alleles, the reduction n frequency of I ts kq/3 For equt-
librium to obtain, this reduction must be compensated by the muta-
tion of kq/3z H alleles to s 1n each generation Thus, under the
assumption that equilibrium has been reached, we conclude that m’
(the mutation rate from H to k) = kq/3 On the basis of hfe expect-
ancy data on hemophilics, Haldane estimates their net fertility to be
about } of normal, that 1s, their selective disadvantage 1s k = 3 The
population frequency of hemophilics at birth (which 1s also an estr-
mate of q, the gene frequency) appears to be somewhere between
© 00004 and o coor7 Hence the mutation rate, m’, 1s probably be-
tween o coco1 and o oooos or between 1 1n 100,000 and 1 m 25,000
per X-chromosome per generation

Thus far we have been discussing gene-frequency dynamics

lations under the pretense that the [ were infintely
large, that 1s to say, we have ignored whatever effects santpling errors
mght have upon our e tions Errors of ling (or perhaps
better, ling f e a ch of the Men-

delian mechanism as inherent as any of its other properties, and
populations of hmited size 1t can be shown that they may have some
rather surpnsing effects.

Mare often than not, what appear to be very large natural popu-
lations ~ mllions of individuals spread over an extenstve continuous
terntory — are 1 fact composed of numerous local and more or less
self-contamed breeding units If each of these units is completely self-
contained and there 1s no intermigration among them, the gene-
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{requency dynamics of each is determined by its own size and mating
pattern If there is a certain amount of intermigration, the evolution
of the whale super-population depends in very major ways on the
numbers n the individual subgroups, as well as on the extent to which
intermigration occurs We shall consider here the effect of the size-
factor only in the population of an fsofafe, i ¢, a breeding unit which
does not exchange members with other groups

It is important to recogmze that the effective breeding popula-
tion of an 1solate 1s not the same as the apparent population size. The
effective breeding number 15 determined by the number of mating in-
dieedials who are progemstors of a subsequent gencrafion In many
1 insects, for ple, local populations may number
1n the tens or hundreds of thousands toward the end of the summer,
bat as few as orie i a thousand may survive the winter’s hibernation
1o carry on the population m the ensuing spring: in such a case it can
be shown that the effective breeding population mn the long run is
more closely dependent on the small numbers that survive the winter
than on the enormously larger numbers that appear later in the year,

Populations of the human species numbering in the hundreds of
millions have continuous distributions over targe arcas of the carth’s
surface There nre, however, countless isolated rural groups which
contribute only an occasional enugrant to the outside world; their
apparent populations may each comprise only one or a few hundred
individuals, and ther effective breeding numbers are of course still
smaller Even in urbanized regions mating contacts are significantly
restricted by geopraphse distance, social class, religious affiliations,
and other factors The mating pattern of modern Europe and Amer-
1ca, in fact, i3 essentially that of & farge number of partial isolates
Dablberg has very roughly estimated, from the frequencies of vanous
types of consanguineous marriages, that the average cffective mating
number of the quasi-solates lies somewhere between 400 and 3ooo.
It should be obvious that in carlier centuries the sizes of mating
groups must have becn appreciably smaller than now. Archeologic
evidence indicates that neolithic human communities through centrat
Europe were commonly composed of only 25 to 35 houscholds
(Gordon Childe), and most subhuman primatcs appeat to live in
groups compristng from a dozen to a few score individuals, It seems a
rather plausible inference that a grent part of primate evolution has
been accomplished 1 populations with very small effective mating
numbers

In order to understand why population size is a factor of major
importance n determsmng the distribution and movements of gene
frequencies, we need to consider briefly certain elementary prinaiples
of sampling. This discussion will be an outgrowth of the principles of
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probability which were taken up in Chapter 7, and of the principles
of statistical analysis discussed 1n Chapter 15

‘When we toss  com ten or a dozen or a hundred times, the results
we get represent a sample from what may be thought of as an infinite
source of supply In the supply source the frequencies of heads and
tails (for an ideal or perfect coin) are exactly equal, we shall indicate
this m a convenient notation, by wntng p=1} for 0 30), =13
(or © 50), using § and § to designate frequencies (of heads and tails,
respectively) i ihe mnfinte supply source Frequencies of heads and
tatls 1in 2 sample (composed of any given number of tosses) drawn
from the supply will be designated by p. and q, Values of p, {or of q,)
in different samples drawn from the same supply will of course tend to
fluctuate arcund the supply value, p (or §)

Now, 1f we were to toss an 1deal comn a million times, 1t would be
surprising if the frequency of heads, p,, which we turned up should
exceed or fall below the supply frequency of heads, p = o 50, by as
much as o ooz * But 1f we should toss the comn only four times, say,
it would occasion hittle surprise if the frequency of heads 1n the sample
should be only o 25 (i e, one head m four tosses) — a divergence of
o 25 from the supply value § = o g0 — or even if we turned up no
heads (p; = o) or all heads (p, = 1), reflecting divergences of — o so
and + o 50, respectively, from the supply frequency The probabilitres
of obtaining the various posstble values of p; 1n 2 sample of four tosses
are, as we should recall from Chapter 7, given by the successive
terms in the expansion of the binomial (B + §)®, in this case [} (heads)
+ 3 (tails)]¢, it will be convenent to have this expansion before us
tabular form (Table 28 4) We may read this table as showmg (for
example, from night to left) that there 15 1 chance mn 16 of turning up

Table 28.4, PROBABILITIES OF TRE VARIOUS PossiBLE CowBINATIONS OF
Heaps axp Tans v Foun Successtve Tosses or A Corv

[

No of heads 1 sample 0

No of tals in sample
Probahihity of obtaining s sample with | (3 | (490 | (65241 | (4849 (ﬁ:)
]

1

4 3 2
0 1 2

1
3
indicated numbers of heads and tatls | 75 T T T

075 { o050 | 025

= frequency of heads in sample) | 1
I ¢ _ A i 0 025 Q450 075

o {= frequency of tasts in sample)

* This s due to the fact that the standard error (see Chapter £5) of a binomial
frequency is, for large samples,
P §/n— here, V(0 50) (0 50/1,000,000), or 0 0005}
and the chanee is Jess than T i 100,000 that a frequency in a sample %l diverge
from the supply frequency in esther direction by &s much as four times its standard
ervor. This method of computing the Likelhood of divergences 1s not applicable
to small samples, and for these we shall use agother ure.
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no heads (p; = o), 4 chances in 16 of tuming up one head (p; = o 25),
and so on

Now the genes in the sperm and ova, respectively, which actually
particapate in the formation of zygotes, may quite properly be re-
garded as representing finite samples drawn from what are, in effect,
infinite sources of supply {(all of the spermatogoniz and oégonia which
mght have contnbuted participating gamctes), Fraom this viewpoint
supposc we consider the extreme case of a human mating population
which consists of just two individuals, one male and one female, who
produce two children * Suppose each of the parents is heterozygous,
Tt In the supply source of the gamctes (the combined parental
gametogonia), the gene frequeneies are therefore 3(7):1(f); this is
the same as wnting § = 0 50, § = ¢ 0. A sample of 3 genes drawn
from this supply will compose the genotypes of the two children;
hence the probabilities of getting the vanous possible frequencies of
T and ¢ genes in the progeny generation are the same as those shown
1 Table 28 4 (simply read *“ T for *heads,” “t” for “tails”). We
see at once that the gene frequencies, p; and qs, 1n the sample which
we are most likely to obtain (probability = %) are the same as the
gene frequencies p and § (each = o 50) m the parental supply. But
we must also notice that a gene frequency in the progeny generation
1s somewhat more likely to diverge from the parental gene frequency
than it 15 to duplhcate it There are 6 chances in 16 that there wifl be
two T alleles and two # alleles in the sample, which would mean that
the progeny would exhibit the same gene frequencies as the parents;
but there are 1 + 4+ 4+ 1 = 10 chances that there will be o, 1, 3,
or 4 ¢ alleles among the four genes drawn to produce the progeny,ie,
that q; will be o, 0 25, 075, or 1 These possible and moderately
probable values of q, diverge by — o 50, ~ 0 25, + 0 25, and + 0 50,
respectively, from the supply value, § = o o In any very large gene
sample, on the other hand, samphing fuctuations even approaching
these magnitudes would be stmply out of the question, as we have
seen in our consideration of the million comn tosses; even in a sample
of 100 genes (where the SE of § = o.50 is o o0g), they would be
practically smpossible (although i samples of this size we would find
q.'s quite frequently rangmg down to o 40 or up to o 6o}, and in
samples of 2500 we would not very often encounter a q; below 0 49
or above o 51

We may conclude from the di; in the preceding paragraph

* Strictly spealang, the kind of sampling involved in our llustration would
be found only in a random mating population of monoectos mdividuals 1 whick
self-fertilization and cross-fertilization occurred with equal facihity. The principles
llustrated, however, are identical With those which would obtain in a dmccno?s
species, and the quantitative results in the dioecious case would be onfy neghgibly
d}:ﬁerem from those m the model described.
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that (1) in large populations (numbering 1 the thousands) sampling
Auctuations are hikely to result s only neghgible shifts gene frequencies
from generation to generation, while (2) 1 swall populations (of a few
hundreds or smaller) radical alterations 11 gene frequencies are fo be
expected as a consequence of samphng fuctuations alone, 1e., in the
absence of selection, mutation, or other disturbing factors

An equally significant feature of the sampling mechanism we are
concerned with lies in the fact that the sample of genes drawn from
the parental generation's supply wn turn generates the supply from which
a sew sample will be drawn when the progeny generation reproduces
Thus, 1f sampling fluctuations result m drawing from the parental
supply 3 T alleles and 1 ¢ allele, the sample values p, = o0 45 and
q. = o 25 are the gene frequencies of the progeny population, when
the progeny population reproduces, these now become the frequencies
in the supply which furnishes the gene sample that will constitute
the next generation, 1¢, we have now, =075, § =025 If this
generation agamn compnses a sample of just four genes, the prob-
abilities of obtaining the various possible frequencies of T and
¢ alleles are therefore given by the terms 1n the expansion of [o 75(T)
+ 0 25()7]¢, or [§(T) + ()14, as shown 1n Table 28 5

Table 285 ProBABILITIES OF THE Various PossieLeE FREQUENCIES oF
T AND ¢ ALLELES IN A GENE SaMPLE OF 4, DRAWN FROM A PARENTAL
SuppLy IN WunicH p = 0.75, ¢ = 025

No of 7 alleles in sample-
No of £ alleles 1n sample

Probability of obtainng a sample with | (p9 | t4p’a) | (6p%a®
ndhicated numbers of T and ¢ alcles | ody | 125 | 2%

8 2 1 [
1 2 8

=
2
~o 32

requency of Tallelesmsample) | 1 | 075 | 050 | 025
requency of f allelesm sample) | 0 | 025 | 050 | 075

Here we see again that the gene frequency in a sample is more
hkely to diverge from the frequency mn the parental supply (148
chances 1 256) than to duphcate it (108 chances tn 256)

Over many generations, sampling fluctuations may have cumula-
tive effects of considerable magmtude Change i gene frequency

from hing fl 15 known as geuetic drift Genetic
dnft can lead to the spread of a new mutant gene through a small

\! until every mdividual is homozygous for 1t (random
fixation), or m many more cases, 1o the loss of a new allele before 1t
has had a chance to spread appreciably or at all (random extinction).

What appears to be an effect of genetic drift may be seen in.the
distribution of the antigen-A (blood group) allele among American
Indian tribes These tribes, for the most part, have constituted rela-
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tively small self-contained mating units for as fong as their history is
tmown and probably for as long as they have inhabited this hemi-
sphere, Among other peoples, where it is usually not possible to
delimit parable mating isolates, the v of the A gene in-
vanably ranges between o 15 and o 30 In about one quarter of the
Amentean Indian tribes which have been adequately investigated,
however, the frequency of the A4 allele 1s below o.o5, i ¢, very much
lower than in other parts of the world; in about ten per cent of the
tribes, on the other hand, the frequency of A ranges from o 5o to
0 6o — the Jughest values known anywhere. It scems probable that
the prehistone immugrants who were the ancestors of our modem In-
dans possessed a frequency of the A gene in the neighborhood of
o 20 1{ their descenclants have in fact lived for long periods in rather
small 1solated mating units, the concept of genetic dnft wonlg lead
us to expect a situation like that which we now find. In a considerable
proportion of the 1solates, we would expect the gene frequency to
have dnited downwards to extinction or near-extinction of the A4
alfele, and we would expect that in a smaller proportion {as is the
case) the frequency would have attamed aberrantly high values

We might reasonably suspect, from the stnking gene-{requency
changes 1n small populations that can bo accomplished by genetit
dnft (samphng fluctuation) alone and from the neglgible shifts at-
tnbutable to the same phenomenan in large populations, that the di-
rective effects of selecton would be less in small populations than in
large ones This proves to be the case It can be shown, in fact, that
in populations numbenng a few dozen or score of mating individ-
uals, the direction of gene-frequency shifts at any locus 1s i large parl
wndependent of the relative selecttve talues of the alleles; wnless the
sntensidy of selectton as quite high, fixation or extinction of an ollele de-
pends alimost exclustuely on genetic dnft In large populations, on the
ather hond, even a very low vensuly of selection overrides the effects
of random fluctuction, and the direction of gene-frequency shft is de-
ternuned altogether by selection or by the interaction of selection and
multalion

Whether genetie drift or sclection dominates the direction of
gene-frequency changes 15 not merely a matter of the ratio between
population size and mtensity of selection; the dircction depends in a

lex way on the domi lations bet the alleles involved

on mutation rate, and on the mating system of the population Butas
& very rough generalization, it may be said that the direchion of gene
shift 13 virtually unaffected by cocfficients of selection in the neighbor-
hood of k = a o1 in a population of two or three dozen mating in-
dividuals and only slightly affected in populations numbering around
100, wherens in popul of several hundreds, genetic drift 1s likely
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to be of little or no significance in comparison with selection of the in-
te'nsity mdicated Coeffictents of selection around k = o ooz are nearly
without effect 1 populations of several hundred mating mdsviduals
but are often decisive in determning gene-frequency changes in popu-
lations of thousands
The effects of migration and hybridization on gene-frequency dis-
tributions are, in a sense, the reverse of those of genetic dnft Matings
of members of one population with mgrants from another (and zice
ersa) should obviously tend to reduce genetic differences between
the two groups, whereas the tendency of genetic dnift 1s to increase the
Aff If intermigration 1s on a ly large scale, 1t would
ultimately amount to a merging of the two populations mnto one In
the particular case that members of an expanding population tend to
spread out over large distances from therr center of concentration, a
kind of gene-diff may oceur, 1 n the 3 ofa
cline (more lly, a Iing), te, a hie gradient 1
the frequency of a particular gene The distnbution of the antigen-B
allele in the populations of Asia and Europe seems to afford a rather
clear 1llustration of this phenomenon The B gene has its highest fre-
quency (o 25 and above) 1n the peoples of central Asta, toward the
periphery of the Asmatic continent 1t dechnes to around o 20, and it
tends to be still lower on the eastern coast and the coastal 1slands If
we go westward from central Asia mto and through Europe, we find
a systematic trend toward lower and lower frequencies of the B allele
In eastern Europe 1ts value centers around o 13, in central Europe
around o ro, and still lower average frequencies are found 1n the west
‘The situation just described 1s easily explicable f we assume that
the B allele first became prevalent, through genetie dnft, m a small
central Asatic population which subsequently expanded greatly tn
size and by large-scale emigrations spread the gene through the rest of
Asia and into Europe The assumption finds historical support mn the
migratory conquests of the Huns, Avars, and other Mongolod
peoples Some of them are known to have mvaded China as early as
400 R ¢ and to have occupied extensive areas until they were driven
back about 6oo years later During the next thousand years several
Mongoloid mvasions of Europe occurred (e g , under Genghis Khan),
and the imvaders penetrated well into central Europe It seems a
reasonable hypothesis that the various invading hordes mtroduced
the B allele into mdigenous populations of Lurope and Asia which
had previously not possessed it The absence of the B gene among the
earher inhabitants of these areas would mmply erther that they were
descended from mmitially quite small groups in which the a]lellc was fost
through genetic dnit or, perhaps more plausibly, that their progeni.
tors had separated from an ancestral human stock before the /7 allele
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had become established. Tntercsting support for the theory we have
outhned 15 found in the situation of the Basrue peoples in France and
Spain On both anthropometric and cultural grounds, the Basques
appear to be more nearly representative of the neolithic inhabitents of
Europe than any other living group, i ¢, they appear to have heen the
Ieast affected by non-European contacts Consistent with this is the
finding that they have also the Jowest frequency of the B allele {about
© 02) found anywhere in Europe.

The of mutation, . and genetic drift together
with internugration and hybridization among groups can very ade-
quately account for all or very nearly all of the phenomena of animal
evolution in terms of Mendelian mechanisms. As we have secn, the
relative importance of the various processes differs, depending on
such conditions as population size, ndividual and group mobility, and
the intensity of selective factors m the environment. From this we
may reasonably infer that the mode of evolution has been rather
different in different groups of amimals and even in the same group at
different tumes m its istory Sindies of natural popuiations, both in
the field and m the lat y. and 1 Juation of pal logi
data m the hght of the theorctic i of the Mendel
mechanism are just now beginning to indicate, in broad outline, the
nature of gene-frequency dynamcs, that 1s, the character of evolu~
tionary patterns

In this chapter we have examined briefly the various basie rela-
tions of the mutant gene with especial reference to human popula-
tions Upon such a scientific foundation are hased the practical
applications of which we have spoken  With the further growth of our
basic knowledge of human heredity, we may confidently expect the
development of added practical uses of this knowledge and of a deeper
understanding of the problems of man’s individual, socia), and eco-
nome welfare,

APPENDIX

1 We wish to find g, the frequency of
an antosomal recessive gene after n genera-
tions of corplete selection agamst reces-
sive homozygotes.

We can do this most easily by consider-
ing the change sn the value of the ratio,
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P/q. from one generation to the ned. We
have already learned (page 435) that if we
start with a population m which the fre-
quencies of T and § gametes are po and g
respectively, the gametic frequencies alter
ane generation of complete selection a1¢



The change in the ratio p/q which results
from a single generation of complete selec.
tion 15, of course, pi/gy — po/Qe Since
/% = 1/q0, we may write

P _1_
Q1 Qo G Qo
l-m

Q@

=1

of, more concisely, A(g) =1 This means

sumply that the ratio of T to ¢ alleles 1.
creases by 1 in any single generation of
complete selection agatnst recessive homo.
zygotes Obviously the ratio will merease
by 2 1n two generations, by 3 in three
generations, and by n in n generations
Hence we may wnte

Pa_po
@ et

.

It we for pa and po, TESp
{t ~ ga} and (1 — qo). this becomes

D=y 1= n
Qo o

1 1
S mp=o 141
=g +

EN
5o that
R S I Aan
G G
1+ 090
£y

Now by simply inverting the fractions on
the two sides of the eguation, we obtan

PR

TFoq A2

The application of this formula may be
rllustrated with the problem which was
solved on page 435 by other means The
1mtial frequency of # individuals was 36%,
and qo =06, after two generations of
selecion we would therefore have, by
formula (A 2}, a2 = 06/22 = 0273, and
q7 13 0075, as before But with the for-
mula, we can compute the effects of selec-
tion for 10, 20, Or 100 generations just as
easily as for two generations Thus, for

= 20 {and qo = 06}, we find

s = 06/13 = 0046,

and the frequency of #2 1ndividuals has been
reduced to (0 046)%, or about 0 2%

II Qute often we wish to know how
many generations of selectton will be re-
quired to produce a specified reduction in
the frequency of a gene, rather than how
great a reduction will be accomplished 1n a
given number of generations, This ques-
tion can readily be answered for the case
of complete selection For 1t follows directly
from equation (A 1) above, that 1f

LA &
nat®
then,
I 1
—— A
W (A3)

With formula (A 3) we may answer such
a question as How many generations of
complete selection will be required to re-
duce the frequency of # zygotes from 365
to 19%? Here qo = 06, q, = 01, whence
n=1/01—1/06 =831 Eght genera-
tions, then, would almost effect the re-
quired reduction, while mine gemerations
would more than accomplish 1t,

It To determune the effects of partial
selection, 1in which a fraction, k, of the #
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zygotes arc eliminated 1n each generation,
we start, as noted on page 136, with the
population of zygotes produced by pe I*
gametes and qo f gametes, that is, a popula-
tion 1 which the zygotic frequencies are

PMTT) 2pao(TH)  qo'(t8)

Ii we eliminate a fraction, k, of the #
zygotes from the effective breeding popula-
tion, this leaves T'T, T4, and # individuals
in the ratio

pMTT) 2pee(TH) {1 — K)q*(2t)

The po® (TT) individuals produce only
T gametes, and half of the gametes from
the T¥'s (1e., 1/2 X 2poqe, of pocla) also
carry T'; simularly, poqo# gametes are pro-
duced by the Tt individuals and (1 — k)qe*¢
gametes by #'s Thus one generation of
partial selection results 1n the production
of gametes 1n the ratio

ot + (7Y potto + (x = K)qJ()
=po(T) [poge + qe* — kas?]()
=po(T) Lo ~ kao'}(t)

Here agam. 1 order to have the gametic
proportions expressed as fractions of unity,
we must divide through by therr sum,
Pa -+ o — kqe? or 1 — kgo* The new gene
frequencies are then

@ — kast
= an M = kqe O

so that the frequency of the ¢ allele, after
one generation of partial selection 1s ;iven
by the formula

Qo — kad
1 — kqo*

@ = Aaq

IV An expression which will enable us
to predict the effects of partial selection
over a large number of generations cannot
be dertved completely by algebraic methods,
but the first step 1n the dertvation 1s one
which is already farmliar, We must find
A(g), the change m the value of q in a
single generation, This is simply the dif-
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ference between q; and go, expressed in
terms of qo*
-~ kas?

Q= = %“-_'% Qe

- = ka¢ + kad
1 — kgt

— kg1 — q)
1 — kq?

ar, Alg) = s

When k is quite small (say 0.03 or less)
the value of A(q) is suffictently low for it
to be treated by techniques of the calculus
as g so-called differential (an infimtesimal
increment), to which the process of nte-
gration can be applied * Ths process, in
effect, gives us the approximate sum of any
number of successise values of A{q) with-
out the necessity of computing them 11
dividually and therefore 15 a way of finding
the total change in q oser any specified
number of generations After integration
has been performed, we finally obtamn the
following rather complicated-looking ex-
pression as the formula for slow selection

[—- - + Iog.
q“ (A6}

log

* For those who have a modest acquaint-
ance with the calculus, the whole denvatxe]n
should be qute easy to follow We smply
treat (A 5) as a differential equation, wnting
dg

" T _( k—’ 9 Separation of the varia:
bles gives
_ - (i =k,
4= g~ @

(1 — L
sothat[ - (:( 1950 e
gration Detween e mdlcated limss g%
il 3 ~ Io .——
n k s +logs 2 2. .
—lop 1

When k is small the quantity outside of the
L Gn 4 negligible i compar

brackets, loge
and

1son with the remauner of the expresson,
1t has been 1gnored m formula




V To show that reversible mutation
causes gene frequencies to tend toward an
equilibrium pomt, and to find what this
point 15, we may consider a population 1
which the gene frequenctes for any given
generation are po(T) qo(f) If the rate of
mutation from ¢ to 7 1s m and the reverse

VI We wish to find the equiltbrium
value of g, the frequency of recessive
homozygotes, when recurrent mutation of
T to ¢ 15 opposed by complete selection
agamst # zygotes

We saw on page 435 that complete
elrmnation of recessive homozygotes re-

rate — from T to ¢t —1s m', the
of ¢ alleles will be decreased by the amount
mgqy through mutations from ¢ to T and
will be wncreased by m’py through mutations
from T to ¢ Conversely, the frequency of
T alleles will be decreased by m’ps and
increased by mq, The allehic frequencies,
as changed by mutations occurring 1n one
generation, will therefore be

[po—m'pot-mgeX(7) Cae—maot-m’po](8),
so that the new value of q 15
4 = go — mao + W'po

We have then, for the change m q during
one generation,

%= qo = (o — mQ -+ @'P) — W
= — mq+ m'p
or, Alg) = —mq+mp

Now the condition for equilibrium between
the frequencies of T° and ? 1s that there
should be no further change 1 their respec-
tive values; this 1s the same as saymng that
A(g) must equal zero The condition 13
satisfied when (— mgq -+ m'p) = 0; that
is, when m’p = mgq, or p/q = m/m’ We
leave 1t for the student to solve this equa-
tion for q (start by substituting 1 — q for
p); he will find that the equilibnum value
of q is m'/(m - m’).

PROBLEMS

28 1 Discuss some of the possible inter-
actions of hereditary and environmental
nfluences n the decay of teeth

282 In studying the hereditary basis

sults, 1 one 1n a change of the
allelic frequencies from po(T) qo(f) to

[¢4)] 4]

1 o

1+ Qe I+ qe

Mutation from T to ¢ at rate m’ would

change this ratio (assuming reverse muta-
tion neghgible or nonewstent) to

! 4 - o
TFa T+ m — =
1+ G 1+qnm |+qu+x+q..()

_ G+ m
From this 1t 1s seen that q = T +q°-

whence the change i q resulting from a
single generation of the opposing actions
of selection and mutation 1s

o = Gtm
IR s

-

of,

Recalling that equlibnum 1s attaned

m —q*

when A{g) =0, we set TFa

Hence, at equbbnum, m’ — g =0, and
qt =m’

=0,

for goiter what attention should be pad, if
any, to the environment of the persons
studied?
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28.3 Suppose that a definite germ were
to be discovered as the cause of cancer.
Would this do away with the possibiity
of a hereditary basis for the susceptibility
to cancer? Discuss thoroughty

28.4 It 1s somctimes stated that if a
hereditary basis were established for any
human abnormality or disease, medical re-
search on that condition would be of no
use and could make no further progress Is
this attatude justified? Discuss questton.

28.6 How might the study of identical
twins be of value in investigating the
hereditary basis for susceptibility to tuber-
culosis?

28.6 On what biological grounds would
you expect human beings to obey the same
laws of heredity as expenmental animals?

28.7 Of what advantage to the student
of human heredity would be the discovery
of a pair of 1dentical twins who had been
separated at birth and reared apart?

28.8 If such separated identi al twins
should be quite different m regard to the
expression of a certain character, what
would you conclude as to the relative effects
of genetic and environmental vanation m
the production of the character?

289 If separated identical twins should

that fecblemindedness occurs in about one
half of one per cent of the population (for
convemence In taking square root, use the
figure 000349) Disregard possible effects
of mutation and assume random mating in
regard to this trait, \What s the frequency
of the gene involved? What effect on the
frequency of the gene would be brought
about by five generations of sterlization
of alt fecbleminded individuals? What effect
would this have on the inadence of the
trait?

28.11 How many generations of sterhza-
tton would 1t take to reduce the frequency
of the trait from the imstial value of 0 0039
to 6 oor? To c.0001

28.12 If only one tenth of the feeble-
minded were sterihzed each generation,
what would be the effect on the frequency
of the trait of five generations of sterliza-
tion, agan assumung an initial frequency
of ponyy® What would be the effect of
fifty generations of such sterilization? How
long would this degree of stenlization take
to reduce the frequency of the trait from
00049 to 0 001?

28.13 If mating in regard to feeble-
mindedness were not random but assort:
ative, would this fact hasten or retard the

d of 1ts mnad by sterlszation”

be strikingly simlar 1 a certain cf

1n spite of differences m their environments,
what would you conclude as to the relative
mfluences of environmental and genetic
varation 1n 1ts production?

28.10 In this and the next three prob-
lems assume that feeblemidedness 1s the
result of the homozygous state of a single
autosomal recessive gene Assume further
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CRARPTER TWENTY-NINE

Eugenics

Throughout the preceding pages we have seen that many human
traits, both mental and physical, have definite hereditary components.
From the standpomt of society some of these traits arc desirable,
others undesirable To the thoughtful student many questions are
likely to anse Is the genetic composition of the human species
changing? If so, at what rate and in what direction, and what, if any-
thing, should be done about 1t? One of the first students to give atten-
t10n to these and sinular questions was the versatile Bntish scientist,
Sir Francis Galton (x822-1911).

Galton was strongly impressed by Darwin's explanation of evo-
lution through natural selection He reasonably concluded that man,
as well as other animals, must be subject to evolutionary processes;
and he felt that the time had come for man to undertake the con-
scious direction of his own evolution From about s870 until the
end of his Ife, Galton spent the greater part of his energies urging
that public attention should be given to this problem It was Galton
who coined the term eugenics, which he defined (in 1go4) as “‘the
science which deals wath all influences that improve the inborn
qualities of a race; also with those that develop them to the utmost
advantage

The formation of the Eugenics Society in 1908 by Galton marked
the beginning of eugenics as an orgamized movement in England A
similar society had been founded in Germany a few years earher,
and duning the next several decades the movement attracted many
followers, especially in England, Germany, and the United States
A sub; ial number of ind dent organizations have been estab-
lished in these and other countries for the dissernination of eugenic
1deas and the promotion of eugeme policies.

In the early years of the eugenics movement and to a large extent
down to the present time, the p d by eugenists have
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placed almost on which they believe
would improve the genetic composition of the human species, or which,
at the least, would prevent or retard its detemoration Until quite
recently, little or no effort was made to promote environmental im-
provements which might permit more effective expression of existing
genotypes * The methods of genetic improvement proposed by the
orthodox eugemists have, naturally enough, centered around the
of lection to human d That 1s,
eugenists would encourage reproduction by those whom they consider
to possess superior genetic endowment, and discourage or prevent
reproduction by those of infenor genotype
Unfortunately, the knowledge of basic prnciples in human
genetics which was available to the early eugenists (and to many of
their followers) was woefully incommensurate with the tasks which
they set themsclves There was inadequate comprehension of the dis-
tinction between phenotype and genotype. and the complexity of
interactions between hereditary and environmental factors was httle
understood  Methods for predicting the effectiveness of selection
under different circumstances, such as we have outhned 1n the previ-
ous chapter, were nonexistent, and the vital relation between gene
frequency and the efficacy of selection was, of course, not even
suspected
Unfortunately, too, 1t was almost mevitable that a movement
whose program predicated the evaluation of inrate superionty and
mferionity should attract many persons with strong prejudices regard-
ing the special status of their own race, nation, or soctal group It
is undensable that the constructtve atms of eug have drawn mto
the movement many who have been motivated by exclusively al-
truistic considerations, but 1t 15 equally undeniable that the eugenics
movement has been severely handicapped throughout its history by
adherents who have been more conspicuous for enthusiasm than for
cnitical acumen As early as 1008 Galton himself pointed out “A
danger to which these [eugenics] societies will be liable anses from
the inadequate knowledge joined to great zeal of some of the most
active among their probable members. It may be said without mne-

* There is perhaps some signaficance 1n the fact that when eugemcs was
formally Sefined on the vecasion of founding the Eugemcs Laboratory at the
Untversity of London, the second part of Galton's earher deﬁm.(.km which we
have quoted above was dropped. Eugenics was now defined as “the study of
agencies under soctal control that may improve or smpair the racial Eunhlle.s'
of future generations, erther physically or mentally " In this context, racal’
means “ heredutary

Th: alton recognized some of the dufficulties here 15 indicated by his
staterzxentﬂ:hgt “Man 18 s0 educable an animal that 1t s ddfficult to distinguish
between that part of his character which has been acyuired through education
and that whnch ws an the omginal grain of his constitirtion.
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ing words, with regard to much that has already been published, that
the subjeet of cugenics is particularly attractive to ‘crapks.”

The foregoing discussion indicates that we should hesitate at ac-
cepting without carcful analysis the claims and recommendations
that are presented in a large portion of the eugenics literature. It afso
suggests why prolessionally trawned geneticists, on the whole, have
mven relatively little support to cugenic theories and programs A
number of prormnent geneticwsts i fact, including T H. Morgan,
H S Jenmngs, Th Dobzhansky, L. C Dunn, Lancelot Hogben,
J B S Haldane, H J Muller, and J V Neel, have been explicitly
criseal, with varying degrees of wigor, of substantial portions of
orthodox eugenmec doctnine The entioisms leveled aganst the eugenics
mavement by these and other geneticists are undoubtedly in Jarge
part justified, masmuch as many who write as cugenists even today
have not assimsfated modern advances in genetic knowledge, par-
ticularly w the haghly relevant fields of developmental and population
geneties  Thus, the deficencies which Galton recognized m the
eugentes movement at sts meeption, and which we have called atten-
tion to above, are still pereeptible 1n extensive areas

There 1, howeves, another side to the picture In recent years, at
lenst a few of those i with the i have
taken cogrizance of progress in the ficld of human genetics since
Galton's time and have largely dissociated themselves from both the
naiveté and the prejudices of the orthodox eugemsts Frederick
Osborn, notably, has repudiated the unscientific somal-class bias and
racal prejudice m eugemes which, he points out, were npatural de-
vel of the ok society of Galten’s England and
the race conscrousness 1n the United States dunng the extensive m-
mygrations i the carly part of the present century He has, moreover,
recognized more clearly than maost other eugenists the interconnec-
tion of hereditary and environmental factors m the determination
of phenotype, consequently, an essentisl element in hus program
is the ameHoration of environmental conditions which in many sec-
tions of our society tend to prevent the full expression of socully
valuable genctic potentialities Thus, amang mensures which Osborn
regards as promusing are

Communty efforts, such as cooperative nurseries, providing fre-

quent relief and relaxation for mothess, ive medical serv-
ices for familics; reduction of medical costs for middle income
groups

Greater assurance of scholarstups for intetligent children in large
famities, a changed bhasis of schofasships for graduate studests
and others now often restricted as to marnage 3

Tax reduction favoring parents of large famuhes, especially in-
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come tax changes wherehy exemptions are more closely related

to the actual cost of rearing cluldren

Provision of adequate maternity leave, with salary, for teachers

and others employed 1n public and mstitutional service

These are suggestions with which probably few geneticists could
quarrel It should be noted, however, that acceptance of these meas-
ures would probably be based primarily on an opmmon that they
are in themselves socially desirable, that 15, that they would improve
the social effectiveness or phenatyprc “quality” of our population,
whether or not they might in the long run affect 1ts genetic compost-
tion Thus, the validity of these and other measures wonld be assessed
by the geneticist on the basis of what observable effects mght be
expected from them, rather than on the ments of their utention,
which 1s, according to Osborn, *'to modify the conditions of modern
soctety 1n such 2 way that the distribution of births will be favorable
to the improvement of inherent human capacities from one generation
to another ™

It 15 too early to predict the extent to which eugenics groups on
the whole are hkely to have their views modified by the results of
modern research 1 developmental and population genetics In the
meanwhile, 1t 1s desirable that we scrutinize their programs with con-
siderable critical care In particular we should consider what quants-
tative results might be expected, 1f the various proposals should be
put into effect, mn terms of reduction m frequency of undesirable
genotypes or increase in frequency of desirable ones Only by con-
siderations of a quantitative nature can we judge whether the poten-
tial gains are likely to outweigh possthly undesirable side-effects of
the programs proposed

In broadest terms, the programs of eugemsts have been of two
general kinds, designated as positive eugenics and negative eugenics,
Tespectively Positive eugenics involves attempts to establish a se-
lective advantage for desirable genotypes over undesirable genotypes,
by encauraging an sucreased birth rate among the desirable group,
negative eugenics seeks the same tesults through reducing the birth
rate in the undesirable group Positive eugenic measures would there-
fore tend to accelerate population growth as a whole, while the
methods of negative eugenics would tend to retard it Prowded that
the same defimtions of desirable and undesirable are used in each case,
any effect on the genetrc compositron of the population (i e , on the popu-
lation frequencies of different genotypes) would be the same whicherer
hine of attack was employed e

We shall consider some of the possibilities and limitations of neg-
ative eugenic measures first, because the advocates of these measures
have on the whole been more vocal, and often more extravagant in
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their claims, than those whose primary efforts have been in the direc-
tion of positive cugenics

The specific methods proposed for minimizing the production of
undesirable genotypes have ranged from recommending the wider
use of voluntary birth control by individuals presumed to possess un~
desirable genotypes to advocating the compulsory sterilization * of
persons beheved to fall 1 this category The vigor with which the
more extreme proposals have been urged is reflected in the fact that,
between 1907 and 1931 thirty states in this country passed statutes
either requiring or permitting the stenlization of various classes of
defectives, The intentions of the statutes, as implied in the wording

of the legislation, are said by Land: to be “eugenic” (usually 2lso
‘“therapeutic”) in almost every mnstance In the majority of the laws,
tenhi is made pulsory for certain cases. Enforcement of

these laws, however, has on the whole been very lax.

The various stenhzation laws in this country list, in all, some
two dozen classes of defectives to which they are applicable; many
of these classes are subject to stenlization in only one or two states,
however ‘The only conditions which are very widely stated as grounds
for stenlization are idiocy, imbeclity, feeblemindedness, insanity,
and epilepsy, and these are mcluded in virtually all of the statutes.
It 15 important to notice that very rarely, if ever, does a statute
designate as grounds for stenlization any specific defect which we
know to be a genetic entity, quite on the contrary, the conditions for
which sterilization 1s prescribed represent broad classes of defects,
the causal factors of which on the whole we know little about.

Tt will perhaps be profitable for us to discuss briefly each of the
major categories of conditions for which sterilization 1s recommended
or required under the statutes mentioned above We should take mto
consideration, first, the extent to which genetic factors appear to be
involved in the etiology of these conditions; and, second, the effect
on the genetic composition of the population which we might expect
from systematic sterilization of individuals exhibiting these various
conditions Three of the categones listed (idiocy, imbecility, and
feeblemindedness) concern smental deficiency, i e., retarded intellectual

*Stenlization, as usually performed, is an operation which permanently
prevents parenthood, without 1n any sense *unsexing** the individual subjected
to'it In the male, 1t 1s & very minor operation, entaiting httle discomfort, and
performed 1n a very few mnites under local anaesthetic It conststs merely of
cutting and tying off the ducts which carry the sperm After sterilization the
patient has normal feelings and desires, has not Jost any organ nor had any nerve
supply or blood supply changed He is not in any sense “mutilated ” He has
simply had the normal passage of the sperm shut off, and can no longer become
a parent
In the fernale the operation s a little more compheated because the abdomen
must be opened 1 order to tie off and cut the Falloptan tubes which conduct the
egg cell from the ovary to the uterus It 1s not, however, any more serious than &
simple operation for appendicitis.
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development or subnormal ntelligence An adequate consideration of
'these conditions demands that we digress long enough to inquire what
is meant by intelligence, how 1t 15 measured, what is known regarding
the involvement of genetic factors n the determmation of intelligence
level, and how such genetic factors as may be mvolved appear to be
distributed in the population

Intelligence in the abstract 15 not easy to define, although most of
u$ in a general way are mn agreement as to what 1t means. It can
perhaps be designated roughly as facihity i making use of past ex-
perience to adjust to new situations Since the new situations may
be of various types (e g , a problem n anthmetic, a crossword puzzle,
a social } many psychol have d whether
there is such a thing as general wntell which mmplies
facility in adjusting to situations of all types Some have suggested
that instead there are a number of special abilities which can be
measured more or less independently of one another, and that any
evaluation of general intell:gence must be a kind of werghted aver-
age of these Still others find evidence that both general and spe-
cial factors are discermible in intelhgent behavior Perhaps we shall
be on safest ground 1f we follow the advice of Penrose and regard
at present the eustence of general intelligence as only a convensent
hypothesis It is well to remember, he suggests, that the facts are
the test scores, and that to be really precise we should speak of the
abnlity of each subject on a given test rather than of his *‘mtelligence
Tevel.”

A vartety of mental tests has been devised to measure intelli-
gence, the most widely used mdividual tests being the Stanford revi-
sion of the Binet-Stmon tests The tests generally consst of a series of

or of i d ity In order to avind as
much as possible the effects of different degrees of famuilianty with
the test materials on the part of different subjects tested, an effort
15 made to utihze ether material which is presumed to be equally
unfamiliar to all subjects or materal which 1s common to the experi-
ence of everyone to whom the test 1s apphed This requirement is
obviously almost impossible to meet, and there is ample evidence that
it has not been adequately satisfied except for subjects of relatively
homogeneous cultural and educational backgrounds

Intell tests were origi designed for cluldren of school
age, and they have been standardized by administering them to large
numbers of children in each age group The average score attained
by ten-year-old children, for example, establishes the norm for th‘e
ten-year age-group, and any child who makes this score, whether he is
6, 10, or 15 years old chronologically, is said to have a mental age of
so0. In general, it has been found that children whose mental age,
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determined in this fashion, is in advance of their chronologic age do
better in their school work and on the average are more successful in
intellectual activitics of diverse kinds than children whose mental
and chronologic ages coincide (“*average” children), The converse 1s
true of children whose ntental age is lower than their age in years
It 15 well to keep in mind that the validity of intelligence tests rests
ultimately on this observation.

Qute early in the history of intelligence testing it was discovered
that children whose mental age was 6 when they were chronologically
8 years old, would on the aterage exhibit a mental age of about 73
when they became 1o ycars old, and a mental age of 9 when they
became twelve It appears then, that the rafio of mental age (as de-
termined by these tests) to chronologie age tends to remam constant,
1n the 1llustration given, 1t 18 334 or o 75, regardless of chronologic
age This ratio multiphed by 100 (merely to get rid of the decimal)
1s known as the mtelligence guotzent or 1.Q Thus, to find the 1 Q of
a child, we simply divide his mental age by his chronologic age and
multiply by 100, 1f an eight-year-old child has a mental age of 6, his
1Q 18 100X § =75; a child of the same chronologic age, with a
mental age of 10 has an I Q of 100 X 4 or 125

Dafficulties anse when we try to compute 1 Q 's for persons be-
yond the childhood years because after about age 135 there is rela-
tively little general improvement in the abilities which are measured
by mast of the standard intelligence tests For this reason, in com-
puting adult I Q 's from mental ages determined by Binet tests (and
some others) the chronologic age used as the divisor 1s more or less
arbitrarily taken as 15 (formerly 16 was generally used) In the latest
(1037) revision of the Stanford-Binct, special adjustments are pro-
vided for computing I Q ’s of ndividuals between ages of 13 and 18

It should be obvious from the way the intelligence quotient 1§
defined, that the average I Q 1n the general population should be
100 The average I Q among college students 1s about 115 or 120
Table 29 1 shows the frequencies of different I Q 's found in a sample
of 884 Scottish children (aged ¢ to 12), together with certain com-
monly used descriptive terms which are roughly applicable to the
respectively designated I Q levels These data are based on one of the
very few almost perfectly representative population samples ever
tested; frequencies need not be the same in the U S, for which no
comparably representative data exist. The designations attached to
the different I Q classes must be recogmized as rather arbitrary, and
they are intended to be suggestive only. There is no magic dividing
lineat I Q 110, for example, 2bove which one automatically achieves
*superiority” and below which no superior person 1s found; nor docs
1 Q. go sharply separate normal from dull.
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Table 29.1. IQ Lzvews: FrequENCIES axp CounroNLy Appriep Des—
IGNATIONS *

F
REgEINer 1Q Desiavation
140 or over “pear gemus™ or “genus”
47 { 130-139 “yery superior”
210 110-139 “superior™
186 90-109 “normal™
80— 8O “dali*
22 70- 78 “borderline”
50- 63 “moron”
13 25 40 “ymheeile” | Fentally
0- 21 “rdiot™ ent

¥ Frequency data from 1835-87 Scottuah aurvey, after Rusk

The three categortes listed at the bottom of the scale require
special comment The mentally defictent are those whose level of
intelligence 15 s0 low that they require some degree of supervision 1
performing some or all of the everyday activities ordmanly expected
of adults 1 our society [dots are persons who have failed to develop
mentalty beyond the level usually attained by a child of about two
years of age Like most two-year olds, they are unable to guard them-
selves aganst ordinary physical dangers and cannot adequately per-
form even such operations as eating and dressing Imbeciles are those
whose intelligence develops beyond this level, but does not exceed
that of an average six- or seven-year old, they are capable of guarding
themselves agamnst common physical dangers, and can feed and dress
themselves, but are mcapable of earmng therr own living

Morons have been defined as persons who are mcapable of man-
aging themselves under conditions requinng judgment or mvolving
much competstion, but who, under supervision, Tay become at least
partially self-supporting, they have also been defined as those who
cannot recetve proper benefit from ordinary elementary schools but
who may be benefited 1 special classes Adults whose mental ages
are between eight and ten are generally classifiable as morons, but
it should be obvious that diagnosis of mental deficiency at this level
must be based primanly on social competence We can be fairly
sure that anyone with an 1Q below 6o will require supervision, and.
therefore be classfiable as 2 moron But, depending in part on their
temperaments and 1n part on the environments 1n which they find
themselves, some mdviduals with 1 Qs over 70 may have to be
considered in the moron category, while others, with 1Q's of 65 or
even lower may be iently self-relrant to escape this cl

At one time the I Q, largely because of its observed constancy,
was regarded almost reverentiolly 3 3 measure not merely of an

indwvidual's intellectual ability at the time he was tested, but of the
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hereditary capacity or potentiality for intellectual development which
he had possessed from birth or conception. Insofar as educational
differences were shown to affect intelligence-test scores, it was felt
that the tests were defective, and that further refinement would
eliminate the disturbing effects of environmental influences. It is now
quite generally recognized, however, that if measurements of intel-
tectual atality or intelhigence are to have any practical meaning, they
must measure what an individual can do with the cxperience he has
had up to the time of testing. 1Q. differences may indeed reflect
genetic daff in neural organization or the fike when the subjects
tested have closely comparable backgrounds in respect to education
and intellectual stimuli of various sorts But it has hecome quite clear
that the degree to which hereditary factors are concerned in the
determination of the 1Q is something to be investigated rather than
categorically assumed

In the past 25 years numerous efforts have been made to dis-
cover the relative importance of hereditary and environmental factors
in determining intelligence-test scores.® Investigations in this field,
no matter how carefully carned out, are extremely difficult to make
foolproof. Consequently their vesults have aroused a great deal of
discussion (frequently referred to as the “‘naturc-nurture” contro-
versy) which has not yet altogether died down. We cannot undertake
here a detailed evaluation of any of these studies; but we shall try to
indicate their general character and what seem to be the broad con-
clustons that we may safely draw from them

One of the best known nature-nurture studies 15 that of Newman,
Freeman, and Holzinger which deals primarily with separately reared
identical twins In order to understand the reasoning behind this
study, we must recall that twins are of two kinds

The commoner type of twins, fraternal {or, more technically,
digygotic) twins, results from the independent fertilization (by sep-
arate sperm) of two ova that have been released from the mother’s
ovaries during the same ovulatory cyele In effect, then, they are
simply sibs that happen to be conceived together and bhorn together.
From a genetic standpomt they are no more alike {and no mere
different) than ordinary brothers, sisters, or brother and sistes born
at different times, and they are as often as not of opposite sex Physi-
cally, too, they resemble each other to about the same degree as
ordinary sibs, when allowances are made for age differences among
the latter.

*The more important studhies are summarized, wath much vafuable mhc;ﬂ
comment, in the volume by Anastasi and Foley and the two Yearbooks of ef
National Soctety for the Study of Education histed in the references at the end o
this chapter.
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Idenfical (or monogygotic) twins, on the other hand, result from
the splitting of a ssngle zygote during 1ts early stages of development
That 1, both members of an identical twin parr are derived from a
single fertihzed ovum. Consequently, they are of 1dentical genetic
constitution, and are necessarily of the same sex Physically, identical
twins are often almost mdistingmshable, but not “identical” in the
strictest sense of the word In fact, the physical resemblance between
two members of an dentical twin pair 15 on the average of the same
degree as that found between the nght and left sides of a single 1n-
dividual

Intelligence tests have been given to a large number of 1dentical
twins, and the average intra-pair difference n [ Q (1¢, the average
IQ difference between the two members of respective pairs) 1s no
greater than the average difference found when a single individual 1s
tested on two different occasions {about 6 or 7 pomts on the IQ
scale)} These results relate, of course, to cases i which both members
of respecttve twin pairs were reared 1n the same household, and
therefore under closely similar environmental conditions Data of this
sort cannot, of course, tell us whether the close resemblance of the
twins 1n IQ 15 to be attrbuted wholly to their 1dentical heredity,
wholly to their common environment, or partly to each It occurred
to Newman and hs collaborators that if they could examine 1dentical
twin pairs whose members had been separated from each other since
early infancy, they might get at Jeast a partial answer to this question
If increased intra-pair differences in IQ should be found 1n such
cages, their magmtude might be a measure of the degree to which
environmental factors are involved in determiming test-intelligence
If the I Q differences between separated 1dentical twins (even when
they were reared i widely differing environments) should be no
greater on the average than the differences found between members
of jdentical twin pairs reared together, 1t would indicate that en-
vironmental factors have little or no effect on the development of test-
intetligence

Unfortunately, identical twins are relati to begin
with (only about one birth 1n 300 1s a monozygotic twin birth), and
identical twins which have been separated since infancy or early child-
hood are very rare indeed, 1t took Newman nearly ten years to locate
just 19 pairs Other investigators have reported psychologic studies
of one sort or another on 5 or 6 additional pairs, but since their data
are not comparable in certain essentral respects to those obtained in
the Newman series, we shall not include them in the present dis-

cussion, i .
In the Nesyman study there was found an average intra-pair dif-

ference of 8 2 =& 1 6 in the L.Q's of the 19 pairs of separated iden-
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tical tsins This &s Jarger than the average intm-pair difference of
5 9 which was found for sdentical twins reared together, and smaller
than the average difference of 9 g scen 1 ltke-sexed fraternal twin
pairs, but, in view of its relatively large standard error (see Chap~
ter 15)  cannot be statistically distinguished from either of these
values

At first glance, these findings scem to afford no basis for a sus-
picion that environmental differences play any appreciable role in
determining 1Q level We might be tempted to wfer that at most
the differences sn environment between membess of separated iden-
treat pairs do not result s 1Q differences any larger than those
referable to genetic differences between fraternal twing And this,
in fact, is frequeatly cited as a general implication of the Newman,
Freeman, and Holzinger results But a conclusion based only on the
aterage 1@ differences found 1w the scparated identicals fafls to
take mto account the magmtude of the intra-pair differences i en-
vionment To determine the extent to which environtental difs
ferences may affect the devek of test 11 it docs not
suffice that members of 1dentical twin pates should be reared merely
m separate environments, 1t 15 necessary that their respective environs
ments should be measurably dyferent 3n respect 1o factors which we
gl reasonably suspect of having an mnfluence on 1 Q Asa matter of
£act, the environmients under winch the two membets of 2 separated
pair nere reared were generally, m the present matenal, not strikingly
dissmitar In the majotity of cases, the two twins were adopted into
homes of comparable socio-cconomue and cultural status and were
given rather similar educational advantapes

Table 29 = shows the I Q differences found i the individuol twin
pairs refated to ratings of intra-pair diferences in educational and
social environments, respectively The ratings ave composites of in-
dependent estimates by five judges, and the scale of ratings runs
from s, which would indicate a minimal intra-payr & in en-
vironment, to §o, which would mdieate the largest possible environ-
mentat ddfesence It will be observed that most of the environmental
difference matings were well under 25, which rmght be regarded
roughly as the avernge difference which the judges would expect ¥
find between two homes simply picked at mandom.

When we examine the data arranged in this fashion we may see
at once that there appears to be at least a rough paralielism (tech-
nically, a correlation) between the amount of rated dufference in
environment and the difference in intra-pair I ¢ Morcaver, if we con-
sider only about the upper third of the table, which sactudes all of
the cases where any sub 1 envi 1 diff was noted,
we ohserve that the 1 Q. differences in those cases are quite frequently
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'l.l)‘ahle 29.2. Dzrn-mmicx-:s BETWEEN Mempers oF Ipevrrcar Twry
AIRS SEPARATED 1N INFaxcy or Eawuy CriLbaoon (F N )
Freeman, and Holznger, 1931.) > {From Newmar,

(A) Pars arranged m order ofmtrapar  (B) Paurs arranged m order of intra-parc
ifferences 1n educational environ- differences 1n soctal environment
men
Raten Rurep
Par Dirr v DirF 1y Parr DifF 1IN Drrr 1N
No  Eoucws BusrIQ No Soctan  Buxer 1Q
Exviron- Exvirov-
arEnT WENT
11 37 21 8 32 15
32 12 18 31 19
18 28 15 1 27 12
22 17 T 27 -1
12 19 7 13 26
1 15 12 11 25 24
17 15 10 4 15 17
14 15 17 15 10
12 -2 3 15 -2
14 12 -1 14 15 -1
13 I 4 10 15 5
18 1n 1 2 14 12
10 10 s 18 14 9
15 9 1 14 6
7 9 -1 12 18 T
19 9 -9 13 18 1
16 8 2 18 12 2
8 7 8 6 10 8
9 7 6 15 7 1
(A minus sign before an 1Q difference indicates that the twin 10 the more highly
rated environment had the lower [Q)

of iderabl de an IQ 4 of 12 pomts, for ex-
ample, corresponds to the difference 1n mental-test level between an
average 14- and an average r2-year-old chuld, a difference of 24 points
corresponds to the difference i level between an average chuld of
14 years and a child of ten

It can readily be shown in spite of the small numbers mvolved,
that the 1 Q differences associated with moderately large differences
in environment are, from 2 statistical standpoint, sigmficantly in ex-
cess of 1 Q differences found among 1dentical twins reared together
Among the latter, only about 10 per cent reveal differences as Iarge
as 12 pomts m Bmet T Q If we take the top six of the separated twin
cases, we find that five of them in Part A of the Table, or four mn
Part B differ n I Q by 12 or more ponts If, on the other hand, we
should test six pairs of unseparated identical twins chosen at random,
there would be a chance of less than 1 in oo that as many as four of
them would show intra-pair I Q differences of this magnitude {If
instead of the top six pairs in the Table, we use the top four or five
or seven for our significance test, the result will be essentially the

same.) Thus we have a substantial basis for inferring that under
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fficiently diverse envi appreciable differences in 1.Q. may
develop from identical genotypes, and that these differences may be
at least of the same order of magnitude as those which are character-
istically found between fraternal twins (or between siblings) who have
been reared 1n the same environment
At the same time, we should remember that, on the whole, iden-
tical twins who are reared in separate households, provided the en-
vironmental differences between these households are not remarkable,
tend to resemble each other rather more closely than fraternal twins
reared together This gives us strong reason to believe that genes also
play an appreciable role mn determining phenotypic intelligence. It
should be noted, however, that none of these data permits us to
estimate Jiow mnch of the total vanability in 1.Q found in the popula-
tion at large 1s referable to genetic differences and how much must be
attributed to the action of environmental factors Moreover, these
data cannot give us any clue to the mode of transmission of whatever
genes may be mvolved
Other 1mportant studies which have shed light on the nature-
nurture problem have made use of foster or adopted children, com-
paring them 1n respect to I Q with their own parents and sibs on the
one hand and thor foster parents and sibs on the other Investigations
of this type have been reported by Freeman, Holzinger, and Mitchell,
Burks, Leahy, Skodak and Skeels, and others We shall not attempt
individual summaries of these In general, they tend to confirm the
conclusions we have drawn from the twin studies, viz, that intel-
lectual development as d by 1 tests is sigmficantly
affected by both genetic and environmental factors, and that differ-
ences 1n environment, even when not extreme, may account for
differences in 1 Q of 15 or 20 ponts, or even more
The data from the foster-children studies (as was the case with
the results of the twin investigations) do not provide a basis for appor-
tioning the relative importance of hereditary and environmental fac-
tors in determuning the vartability in intelligence of the general popu~
lation, Burks 1s often quoted as inferring from her material that “'the
total contribution of heredity 1n determining 1.Q is probably not far
from 75 or 8o per cent.”” While the quotation is correct, 1t is worth
noting that Burks' estimate involves a rather complicated analytic
procedure at several stages of which assumptions have to be made 10
lien of actual mformation. Making hat dafferent pti
(and as far as can be judged, equally reasonable ones) Woodworth
concludes from the same data that the contribution of hereditary fac-
tors to I Q, vanability is in the neighborhood of so per cent, rather
than Burks’ 75 to 8o per cent The really émportant povut, however, 45
that whichever of these estimates 15 vahd (i either), its applecability s
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lmuted to the particular matersal which was investigated, We have al-
ready seen 1n the twin studies that obserzable wnfluence of enzironmental
Jfactors on the development of the I depends on the range of enviromment
which is sampled. If the separated twins had all been reared under

fficiently similar di to merit 1-di Tat-
ings of 15 or below, we should not have percesved any effects of en-
vironment at all, If, on the other hand, the ratings had alf ranged
from 25 to 5o, it is reasonable to suspect that the effects of environ-
mental differences would have been more conspicuous than they
appeared in the sample studied The same pninciple applies to the
foster-child studies. The greater the homogeneity of the environment
provided by the foster homes the smaller will be the discernible share
of the in d i the bility m [ § among the
adopted children, and the larger will be the relative sigmificance of
hereditary differences Foster homes are, in fact, required to meet
certain socio-economic and cultural standards Thus the environ-
ments they provide are by no means a representative samphag of the
total range of environment existing in the general population Con-
sequently, any estimate of the relative contributions of genetic and
environmental factors to the vanabihity of intelligence among foster
children is likely to assign greater relative importance to heredity
and less to environment than would be appropniate for the population
at large.

‘While what we have learned from the nature-nurture studies does
not allow us to make a quantitative assessment of the respective roles
of heredity and environment in determimng the population variabiity
of test-intelhgence, st does help us to understand certatn aspects of
the distnbution of 1.Q ’s 1 varous sections of the population

Intelligence tests have rarely been administered to representa-
tive samples of adults in this country or any other But schoof children
have been rather extensively tested One of the more consistent results
of these tests is the finding of significant differences among children
drawn from different socto-economic (or occupational) levels Results
of a typical survey (Haggerty and Nash, 1924) of nearly jooo cle-
mentary schoo} children in rural New York are shown 1n Table 29 3
Table 29.3. Averact 1Q’s oF Chiprex CLASSIFIED ACCORDING TO
FaraErs' OCCUPATIONAL LEVEL

OCCUPATIONAL Averson 1Q
ar CHiLoREN

Grovr
Professional 18
usi:m and clerical 107
katled trades 8
Semi-skalied 3
Farmers o1
Inskalled fabor 89
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It is suggested from time to time that class differences in intelligence
such as are shown in Table 29.3 ore a reflection of differences in the
genetic composition of the various groups It is conceivable, of course,
that a certain amount of genetic differentiation may have occurred:
the abler children of skilled workers may enter clerica) occupations,
for example, and the least competent may become unskilled laborers,
This would involve shifts which would tend to be mutually compensa-
tory among the intermediate occupational levels, but which might in
the long run tend toward dsfferentiation in genetic composition be-
tween the uppermost and Jowermost occupational classes. On the
other hand, simce the sclection involved would be based on pheno-
types and concerns a character which we bave yust seen is faisly sen~
sitive o environmental influences, we would expect the process to be
a very slow onc Whet we constder that our present social stratifica-
tion hardly goes back more than a century or two, it scems rather
unhikely that there has been time for appreciable genetic stratification
to oceur, even if there are selective factors acting in the manner sug-
gested

On the other hand, the demonstrable dependence of 1 Q develop-
ment upon environmental factors, and especally on such {actors as
are assocsated with educational facihties and cultural stimuh, appears
adequate to explain in Iarge part, af not altogether, the observed socio-
economic differentrals in test intelligence An hypothesis based on this
dependence recerves additional suppost when we realize that L.O.
differentials of ! ble to those d with socio-
economic differences are also found betsveern rural and urban popula-
tions and, further, that there are similar regional differences associ-
ated with diff in public d on schools Scotland is

perhaps the only country i which a marked rural-urban difference
m average test wtelligence has not been found, it is also a country in
which remarkably uniform edueational facilities are provided in afl
areas There are ample data, both for the United States and elsewhere,
which show that isolated populations i very depressed regions (2,
in certatn mountam willages) yield average mte“igmce-\est scores
that arc abysmally Jow It is of interest to note that in one of these
areas 10 which representative samples of several thousand school chil-
dren were tested 1 1940, following a considernble improvement in
economic, sacial, and educational conditions, the average 1.Q.'s (for
comparable age groups) were more than to points higher than they
had been a decade before (Wheeler)

We may now reasonably consider the probable eugenic {mplica-
tions of the sterilization laws cited on p 462, which include idiocy,
imbecifity, feeblemindedness, insanity, and epilepsy as their major
grounds for sterilization We shall take up idiocy and imbecility o
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gether, and then discuss the higher
grades of mental deficiency.
Several specific (although inds-
vidually quite rare) types of diocy
and imbecility are known which,
at least in some cases, have a de-
finable genetic basis The system-
atic studies of S)ogren, for ex-
ample, establish beyond much
doubt that the preponderant ma-
jority of cases of juvenile amaurotic
wdiocy (see p. 418) are contingent
upon the homozygosity of a fully
penetrant recesstve gene A single-
recessive basis for all or nearly al}
cases of phenylketonuric amentia
{see p 389) appears to be equally
well established On the other
hand, there 15 good evidence that
the idiocy assoctated with micro-
cephaly (“pmhbeadedness,” Fig
29 1) is transmitted as a sumple
recessive, but only in a fraction
of the families 1 which 1t occurs
In addition, a rather extensie

varicty of individval pedigrees
has been reported in which idiocy

A Microcephahie Idiot This man
18 30 years old, with a mental age of one
year, He has a sister like lumself Courfesy

Fig 291

Dr Leon Addis

or imbecility appears to have a
sex-linked basis The only nstances
in which mental defect of these grades 15 assoctated with dorunant
transmission seem to be those 1 which 1t occurs as an occasional
manfestation of a syndrome such as epiloia (p 350)

Microcephaly, referred to above, appears to be without a discern-
1ble genetic basis in perhaps a majority of the families in which 1t
occurs There is direct evadence that pelvic X-radiation during early
pregnancy may result an the birth of a microcephahe child, and it
seems probable that a vartety of antenatal acaidents may have a
similar result Aongolosd 1diocy or imbecility onginally received its
name because some of its more common symptoms, € g., 2 relatively
round head, a flat face, the presence of epicanthic folds which cause
the eyes to appear oblique, give a somewhat onental appearance to
its victims A furrowed tongue 1s frequently found (Fig 292) A
single member of a sihship is affected about roo times as often as two
sibs, and 1t has not been possible to discover whether genetic factors
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1t is suggested from time to time that class differences in intelligence
such as are shown in Table 29 3 are a reflection of differences in the
genetic composttion of the various groups It is conceivable, of course,
that a certam amount of genetic differentiation may have occurred:
the abler chuldren of skilled workers may enter clerical occupations,
for example, and the least competent may become unskalfed laborers.
This would involve shifts which would tend to be mutually compensa-
tory among the intermediate occupational levels, but which might in
the long tun tend toward differentiation 1n genetic posi be-
tween the uppermost and lowermost occupational classes On the
other hand, since the selection tvolved would be based on pheno-
types and concerns a character which we have just seen is fairly sen-
sitive to environmental influences, swe would expect the process to be
a very slow one When we consider that our present social stratifica-
tion hardly goes back more than a century or two, it scems rather
unlikely that there has been time for appreciable genetic stratification
to occur, even 1if there are sclective factors acting in the manner sug-
gested

On the other hand, the demonstrable dependence of 1.Q. develop-
ment upon environmental factors, and especially on such factors as
are associated with educational facifities and cultural stimuli, appears
adequate to explain in large part, if not altogether, the observed socio-
economic differentials in test intelbigence An hypothesis based on this
dependence receives additional support when we realize that 1Q
differentials of magnitude comparable to those associated with socio-
economic differences are also found between rural and urban popula-
tions and, further, that there are similar regional differences associ-
ated with dsfferences in public expenditures on schools. Scotland is
perhaps the only country in which a marked rural-urban difference
in average test intcliigence has not been found, it is also a country in
which remarkably umform educational facilities are provided in all
areas There arc ample data, both for the United States and elsewhere,
which show that ssolated populations in very depressed regions (e £
in certamn mountain wllages) yield average intelligence-test scores
that are abysmally low It 1s of interest to note that in one of these
areas mn which representative samples of several thousand school chil-
dren were tested mn 1940, following a considerable improvement in
economic, social, and educational conditions, the average I Q.'s (for
comparable age groups) were more than 1o points higher than they
had been a decade before (Wheeler)

We may now reasonably consider the probable eugenic imphca-
tions of the sterihzation laws erted on p. 462, which include idiocys
imbecility, fecblemindedness, insanity, and epilepsy as their major
grounds for sterilization We shall take up idipcy and imbecihty to

472 CHAPTER TWENTY-NINE



Fig 293 Cretins.
The three boys in
the picture are from
teft to right 21, 16,
and 28 years of age,
Each has & mental
age of three. Cour-
tesy Dy, Leon Addss

Thus we see that the categories of idiocy and mmbeeility mclude
a wide variety of conditions Seme of these are properly attributable
11 most or all cases to sunply transmitted genetic factors, others may
sometimes have a genetic basts, sometimes not, still others may be
Primarily contingent upon environmental factors, and finaliy, it some,
both genetic and environmental factors may be sigmficantly mvolved
It is difficult, however, to sce any rational basis for the sterilization
of idiots and imbeciles on eugenic grounds even in mdiidual cases
where there 15 strong presumption that thewr defect is primanly
genetic The simple reason for this 1s that idiots practically never
and imbeciles only 11y reproduce at all X

The third category of mental deficiency which isincluded in most
of the sterlization statutes 15 “'feeblemindedness ™ In the United
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States, the term as ordmanily used covers all grades of mental de-
fiesency, oceastonally, however, it s restricted to include only the
higher grades of the mentally deficient, ie, those designated in
Table 29 1 as sworons, m England, this s the customary usage.

The problem of the kigher grade mentally deficient is a very
complex one One aspect is the dfficulty of definition, esproally av
the upper Jevels of the class, which we have already discussed Partly
hecause of uncertanties of definition and partly because no adequate
survey data are avasiable, the total number of morons in our popula-
tion cannot be stated, except within rather broad fimits The fre«
quency of mental deficiency of all grades has been competently esti-
mated (Doll) as between one and two per cent (Osborn eates estumates
of “'at Jeast two per eent ), and 1n these groups morons constitute
the overwhelmng majority, being almost certainly at least 2 or 3
times as numerous as diots and mbectles combined

Morans, in contrast toidiots and imbecsles, are able to reproduce
The excessive fecundity which 1s poputarly attributed to themss, how-
ever, largely mythscal, as was discovered by the authors of the famous
Wood Report (1929) i Great Bntain and reiterated in 1934 by the
Cammittee of the Amencan Neurological Association for the In-
vestigation of Dugemeal Stenhzation. The myth of prochgal fertibty
among morons artses no doubt from the occasional fanuhes which
contamn 10, 12, or mare children and are ly tar to
distract public attention from the nearly or altogether snfertile mar-
nages, which 1 the experience aof the Wood Committee, were very
much more numerous than the excessively prolfic ones Practically
all of the systematic data winch are adduced 1n support of the high
fertility of morons are, m fact, data on the swze of famehes 1 which
sorans are found, sather than on the fecundity of the morons them-
selves Diata of this kind are subject to certamn recogmzed biases and
they fail campletely to take tnto account marrage and mortahity
rates, both of which must be considered 1n any vahd estimate of net
reproductivity Data bearing directly on net reproductive rate as re-
lated to test-mtelhgence level are almost nonexistent It ts known, of
course, that the net fertility of college graduates {who almost always
have I (2 's m excess of 113) 15 much lower than that of other popula-
tion groups, but httle or nothing 1s known of the actual festilsty of
others of the same I Q level n different strata of saciety Neverthe-
less, there 15 good deal of indirect evidence to suggest that in general
net fertility does tend to increase with decreasing 1.Q. level But, a8
Penrose shows, there 15 equally good basss for being fairly certan
that maxmal fertelaty 1s reached at 1.Q."s somewhere in the neighbar-
hood of Bo or go, and that 1t dechues rather rapidly below this intell-
gence level (As we shall soon see, the likelihood that this s the case
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is one of the factors himiting any eugenic effects which might be an-
ticipated from stenlization among the moron group.)

Our knowledge of the genetic factors which may be 1nvolved m
mental deficiency of the moron level 15 practically ml Some of the
rare recessive genes which usually produce imbecihty or wdiocy may
on ocrasion result 1n a mulder degree of mental deficiency, and 2 few

d d dent on d genes with variable manifestation
sometimes (about 10 per cent of the time m the case of neurofibro-
matosss) nvolve ighgrade deficiency But as this manuscript goes
to the printer no specific genes have been 1dentihed which are char-
actenstically associated with moron-level mentality Morons fre-
quently are found several to a family, of course, but the majorsty of
the familial cases occur among socto-economcally depressed groups,
so that 1t 1s generally impossible to be sure whether hereditary or en-
vironmental factors ate primarily to blame In contrast, idiocy and
imbecility (where we know that at least a portion of the cases have
a clear-cut genetic basis) are distributed rather evenly throughout
the population without regard to sacal class or economic level,

Tt 15 quite probable that hereditary factors are to some extent -
volved 1n the etiology of the mmlder degrees of mentat defictency But
the question of how and to what extent they are involved 1s 1n much
the same state of uncertainty as the guestion of the respective roles
of genetic and environmental determinants of intelligence differences
in general In fact, the two questions are quite probably in large part
the same, that 1s, the genetic and environmental mnteractions involved
in the differentiation of morons from cases of borderline and average
intelhigence may very well be largely of the same sort as those respon-
sible for individual differences 1n ntelligence at hagher levels

The twin data assembled by Rosanoff, Handy, and Plesset are
representative of the kind of evidence we have which may bear spe-
cifically on the problem of hgh-grade fecblemndedness However,
this matenal includes not only a substantial proportton of cases Wh'lch
on the basis of [Q alone would ordiarily be classed as borderline
but also a number of very low-grade defectives Among 126 morio-
zygotic twin pairs of which one member was feebleminded by
Rosanoff's criteria, the other was smularly deficient i 115, 0 91 per
cent{ among 101 like-sexed dizygotic pairs with at least one feeble-
minded member, the other was feebleminded n only 61 per cent of the

cases, . .
The observation that in ¢ per cent of the monozygotic pairs only

one member was affected is adequate demonstration that feeble-
mindedness is not etclusively determined by genetic facfors The fact.
that hoth members of a monozygotic pair were affected in g1 per cent
of the egses while both members of a dizygotic pair were deficient 1n
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only 61 per cent suggests that genetic factors, nevertheless, are also
significantly involved. This inference 1s based on the assumption that
the two members of a dizygotic twin pair share a common environ-
ment to the same degree as do the members of a monozygotic pair.
This assumption, especially in regard to psychologically significant
aspects of the environment, is, we must confess, open to some ques-
tion. the psychologic environments of two identical twins may quite
well be more alike in important resp than the envi; under
which the respective members of a fraternal twin pair develop. In so
far as we may assume cqually siumlar mntra-par environments for
1dentieal and fraternat twins, however, the difference in the respective
frequencies of doubly affected paurs in the two types of twins must be
attributable to the segregation of genetic factors in the production of
the dizygotic pairs Finally, several investigators have found that
doubly affccted pairs of ordinary sibs constitute only about 15 per cent
of all s1b paurs tn which at least one member 1s feebleminded Geneti-
cally, of course, the difference between two sibs is on the average of
the same magmitude as that between the members of a dizygotic twin
pair Hence, when we find that fecblemindedness in both members of
dizygotic twin pairs 15 three or four times as common as in both
members of pairs of ordmary sibs, we are mclined to infer that such
differences of environment as are found at different times wrthin the
same household are sufficrent to have major effects on mental develop-
ment at the levels involved in these studies Some authors, however,
wterpret the data as suggesting that twin pregnancics themsclves
mvolve intra-uterine conditions favoring the development of deficient

mentality
From the preceding discussion 1t appears safe enough to conclude
that both genetic and env al factors are signifi in the

etiology of feeblemindedness of lugher grades But it is evident (as in
the case of intelligence level in general) that we do not at present have
any vahd basis for estimating the relative degree to which the two
lands of factors are implicated In particular, we have no mformation
regarding cither the population frequencies of the relevant genetic
factors or the ) of their t i

We come now to the question of possible grounds for stenlizing
fecbleminded individuals of the moron level While there are, as we
shall sce below, a number of plausible arguments both for and against
stenlization of morons, there is at the present time httle or no vahd
basis for stenlizing them on engense grounds if this imphes (as ortho-
dox eugemstis would generally insist) that eugenic measures are those
which appreciably improve the genefc comsposston of the population
For, as we have seen in the last chapter, in order to predict the effects
of phenotypie selection on the distribution of genotypes, it is neces-

478 CHAPTER TWENRTY-NINE



sary to know the frequenctes of the relevant genes and haw they ore trans-
sntted {autosomal of sex-hnked) as well as thew ontogenelic relation-
ships {dominance relations, penetrance, natuse of wteractions, ete }
Information of the kind just indieated 1 needed, 1 fact, to pre-
dict even the direction of the effects which will result from phenotypie
selection In some genetic sastions phenotypie selection may have
pao effect at all. This would be true, for example, if one attempted ta
increase the proportion of Blue Andalusians n a flock of poultry ta
more than 5o per cent by culhng aif black and splashed-white burds
1In other situations selection agamst 2 gven phenotype can actually
ncrease the frequency of the fenes or gene mierachions responsible for
the phenotype Thus w a population in % ch the gene 7 (see Chap-
ter 13) has a frequency of about a 6, as 1t appears to have amang the
Basques, the fasiure of snfants wath erythroblastoss to survive tends
progressively Lo increase the frequency of the 7 aliele, nnder these con-
dations, it can be shown that the frequency of erythroblastosis will
actually increase for about 8o generalwons {2000 years'), although
ultimately tt wll tend to dimsmsh Perhaps genetic sruations of this
sort are relatively unusual, but 1t 15 not unusuat to find character~
1stics, especially of 2 quantitative nature, which are contingent upon
multple-gene snteractions, where the expression of the genotype s
to a large extent dependent on envirosmental factors In these itna-
tions phenotypic selection may be effective w the expected direction,
bat its effects can be sa slow {depending an the numnber of genes in-
volved, their sensitiveness to envronmental wifluences, and the degree
ot b v m the en t) as to be mmperceptible within
any histone time span
Now the question of the stenlization of morens 15 clearly a eon~
troversial one This fact umphes that the problem s not 1 black
and white, with all the vahd arguments o2 one side, a senmble de-
cision on the question therefore must invehe weighing thc(ve}alwe
merits of op argt This ds ¢ oV o
It 35 frequently argued erther exphatly or mphaitly (as by urging
Yeps on eugenic g is) that stenlization would bave eugeme
value, in the sense of unprovang the geaotypie quahity of the popu-
lation, mercly because there 3s evidence that genetic facters are in-
volyed in the cticlogy of anental defieney This argument 1 mistead.
ing unless st is made clear that our genetrc knowledge 3 inadequate
10 toll ys whethes the mprovement can be substantial enough ta
overbalasce al} countervaihng arguments oF whether it wil be so
sminute as to be completely overshadowed by even merdentat abjec-
tions to a stenlization Program
As a satter of fact, at cant
that stesihzation of morons oft &

be shown on pusely ermpiical grounds
farge scale probably wewdd reduce
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only 61 per cent suggests that genetic factors, nevertheless, are also
sigmficantly involved This inference 1s based on the assumption that
the two members of a dizygotic twin pair share a common environ-
ment to the same degree as do the members of a monozygotic pair.
This assumption, especnally in regard to psychologically significant
aspects of the environment, is, we must confess, open to some ques-
tion the psychologic environments of two identical twins may quite
well be more ahike 1n important respects than the environments under
which the respective members of a fraternal twin pair develop In so
far as we may assume equally similar intra-parr environments for
wdentical and fraternal twins, however, the difference in the respective
frequencies of doubly affected pairs in the two types of twins must be
attributable to the segregation of genetic factors in the production of
the dizygotic pars Finally, several investigators have found that
doubly affected pairs of ordinary sibs constitute only about 15 per cent
of all sib pairs 1n which at least one member is feebleminded Geneti-
cally, of course, the difference between two sibs is on the average of
the same magnitude as that between the members of a dizygotic twin
pair Hence, when we find that feeblemindedness 1n both members of
dizygotic twin pairs 1s three or four times as common as in both
members of pairs of ordimary sibs, we are inclined to infer that such
differences of environment as are found at different times within fhe
same household are sufficient to have major effects on mental develop-
ment at the levels involved in these studies Some authors, however,
interpret the data as suggestng that twin pregnancies themselves
involve intra-utenne conditions favoring the development of deficient
mentality

From the preceding discussion it appears safe enough to conclude
that both genetic and environmental factors are significant in the
etiology of feeblemindedness of higher grades But it 15 evident (as in
the case of intelligence level 1n general) that we do not at present have
any valid basis for estimating the relative degree to which the two
kinds of factors are implicated. In particular, we have no information
regarding either the population frequencies of the relevant genetic
factors or the ) of their t issi

We come now to the question of posstble grounds for sterilizing
feebleminded individuals of the moron level While there are, as we
shall see below, a number of plausible arguments both for and against
sterthzation of morons, there is at the present time little or no valid
basis for stenlizing them on eugensc grounds if this implies (as ortho-
dox eugenists would generally insist) that eugenic measures are those
which appreciably improve the genetic composition of the population
For, as we have seen in the last chapter, in order to predict the effects
of phenotypic selection on the distribution of genotypes, it 1s neces-
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That 2 reduction by onc tenth in the number of phenotypie
morons in our population would be a destrable accomplishment no
one would deny. And one might easify argue that if a program of
sterilization can accomplish such a reduction 1t makes no difference
whether it is represented as 2 eugenic measure which promises genetie
improvement i the population er not But it Joes make a great deal
of difference Speerfically, 1t 15 a matter of wagor smportance whether
the prethcted results are achievable because the sterilization program
would remove a sigmificant share of “defective” genes, or because 1t
would prevent an appreciable number of children of nermal genetic
potentiafities from being bomn into environments which would doom
2 substantial proportson of them to mtellectual mfertonty If the
former is the ease, 1t could be argued that preventing the morons from
Teproducing {whether by sterlization or segregation) 1s a rational
Procedure But if the second afternative s the correct one, stenliza-~
tion is neither a rational nor an econormical approach to the problem;
sather, the emphasts showld most profitably be on the amehoration
of unfavorable epvironmental conditions At the present time, we
have no evidence which permuts us to decide between the two alterna~
faves or between erther one and a combmation of the two. Conse.
quently, any argument for a program for the eugenic stenhzation of
the feebleminded which purports to be demonstrable on genetie prin-
ciples is ly spurious Moreover, p da for such a pro-
gram is Iikely to be successful only by forusing puble attention on
the aflegedly irremedible genetie basis of mental deﬁcm}cy‘ And
such 1215 kely to be to the extent that it diverts
atten;jox: from the necessity for ivestigating nongenetic factors
which may be of equal etrologic significance and of very much greater
potential sigmificance from a preventive standpoint .

There are, of course, arguments for and against sterslization other
than those based on eugenic grounds Respecting these, the student
of genetics can speak with only a layman’s knowledge. It would be
well for him (and others) to bear 1 mund, howeyer,. that the ahex.-na-
tive to stenlization 15 not lawsses farre but nstitutional segregation.

1t is sometimes argued, for example, that 'the feeblerminded

]
should be

) dless of cugense beeause they
ate not sufficiently responsible to be fit parents Probably most of us
would agree with the latter part of this statement, b}xt. we might
feel that for those who are clearly Iack!ng i1 responsibility super-
vision would be desirable (both from their own standpomnt and that
of society), so that segregation mthcj.' than stcnhﬂ.mon. would be
indicated it may be noted here that in general sterifization should
not be necessary in wstitutionalized cases to prevent reproduction
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because segregation itself ordinarily accomplishes this end It is often
urged that sterilization of institutionalized females would be a humane
procedure in any case because patients could be allowed more fre-
quent leaves from their mstituttons without risk of becoming preg-
nant; and cases are cited of pregnancies contracted during leaves or
paroles Unless it 1s shown, however, that cases of this sort are more
than occasional in their occurrence they hardly constitute any sub-
stantial argument for the romiine stenlization of institutionahzed
females

Finally, the weighticst noneugenic argument cited in favor of
sterilizing the mentally deficient 1s an economic one, and eugenists
themselves use this argument rather extensively in addition to their
eugemic thesis There is indeed considerable expense involved in the
maintenance of state mstitutions for the feebleminded and other
deviate groups in spite of the fact that only a smalt proportion (prab-
ably Jess than 1o per cent of the feebleminded) 1s institutionatized
But the total cost of maintaiming welfare institutions altogether repre-
sents only a small fraction of a per cent of the state’s gross expendi-
tures It is not for a geneticrst to say whether this 1s exorbitant or not
Certamnly most mental hygenists would feel that ten times the cur-
rent outlay needs to be spent on mental institutions.

The saving that would appear to ensue from sterilization as a

for 1 is, moreover, 1n large part illusory
As was pomted out by the Commuttee of the Amencan Neurological
Association, “'placing a case of feeblemindedness 1 an nstitu-
tion does not necessanly increase the cost of caring for hum It may
be just as costly to care for him, financially, and more costly from the
standpaint of social disorder and famihal suffering, in his own home ”
In their opmion, when a patient 1s placed in an institution, " the social
order is enhanced and the family can go about their Iife business with
more effectiveness and greater comfort "’

Tt would seem evident, even to a layman, that sterilization of
those who are currently cutside of institutions would not reduce the
expense of mantaining those mside, and that we need nstitutional
facilities for a far larger number of the feebleminded than can now
be accommodated, as well as better facilities for those who are now
within mstrtutional walls It might be better overall economy to di-
vert to these ends whatever costs a blanket sterilization program
might entail

Nothing that has been said should be construed to reflect ad-
versely upon the validity or value of genetic prognosis (see p 418)
in mdividual cases The point 15 mentioned here, because the predic-
tion of risk in such cases 15 frequently referred to as eugenic prognosis
In many circumstances 1t is possible to advise prospective parents of
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the likelthood that a future chuld will be defective m one way or
a.nother It is the parents’ right 1n these cases to be apprised of the
risk mvolved, and to weigh the nsk agamst their desire for parent-
hood, and 1t would seem to be the geneticist's obligation to supply
the progriosis when the requsite mformation 1s available

Very often prospective parents who are warned of a high risk
of having severely defective progeny may thereby be saved from a
good deal of tragic misery, erther beeause (feehng that the nisk 18 too
great) they derade agamst having a child or becanse (bemng willing
to proceed in spite of the risk) the smpact of having an affiicted child
is lessened by virtue of the torewarmng In exther case the benefit of
the prognos:s has been primarily to the indwndual famuly concerned,
in neither case 15 1t likely to affect to any appreciable degree the
genstic composstion of the population It 1s rather important to keep
in mind the distinction here between problems of individual health
and happimess and those of public welfare Applications of genetic
principles which may be definitely helpful in the former context may
have little or no value as measures of population mmprovement

Insansty (or psychosis), like the general category of feebleminded-
ness, includes a miscellany of canditions of different types and diverse
catises Whereas, i general, feeblernndedness may be regarded as
reflecting simply 2 retarded or arrested mtellectual development
(roughly, a quantitative d ncy in § ), psychoses repre-
sent severe personality disorders often mvolving extreme behavioral
eccentricities, excessive emotionality or total lack of normal emo-
tional responses, and m some types, delusions and hallucinations
Some psychotic diseases (dementras) mvolve a progressive deteriora-
tion in 1ntelligence, others are compatible with the persistence of m-
telligence of any level

Psyct may be 1 fied as organsc or functional
The former are characterized by the presence of discoverable physical
abnormahties i the nervous system At least one of the rarer orgame
psychoses, Huntisigton’s chorea, has a simple Mendehan basis, being
dependent on a dommant gene of which the pathologic effects, haw-
ever, are not expressed until fairly late in hfe Orgam? psychoses may
also result from bram mjury, from a number of poisons, and from
syphilitic and certam other mnfections

Functional psychoses are those without any discoverabie orgamc
basis They include schizophrema (often called dementsa praecor),
mame-depressue psychosis, and paranora Qnly the first two are very
important from the standpomt of number of victims Schlzophm;ma
is characterized by a withdrawal from reality, 5O that the patient
tends to live 1n 2 dream world of hus own, behavior is purposeless and
may be marked by gigglng silliness or by extreme apathy, and there
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is often a progressive deterioration in intelligence. There is consider~

able doubt as to shether all ¢ 1 d as schizoph
constiiute an entity attributable always to the same causes, it is quite
possible that a number of di of diff origin are included

under this designation Mansc-depressive insanity s marked, as jts
niame mught suggest, by alternating penods of excited elation and
abysmal depression Some affected indrniduals are violent and de-
steuetive Mild degrees of the condition, however, are compatible with
satisfactory socal adyustment, and borderhine cases of good mentality
are in some mstances lghly creative persons

Vi Qur knowledge of genctie factors in insansty » approximately in
the same state as our mformatton oft genmetic components i the
etivlogy of mental defictency There 15 no evidence for the mmplicas
tion of genetic factors 1n the toxie or syphslitie psychoses (which to-
gether constitute a sizable minonty of psychoses as a whole), although
this does not necessarily mean that genetic predisposttions can be
excluded Schszophrenia has been studied rather extensively The
most elaborate research 1s that of Kallmann, who mvestipated
174 monozygotic and §17 dizygot:c twin paws, in ench of which at
least one member was schizophrenic, together with several thousand
relatsves of different degrees Among the monozygotic twins, about
86 per cont were doubly affected (when a statistical adjustment for
age of onset was made, 6y per cent without adjustment) Among the
dizygotic twins, the (adjusted) frequency of doubly affected pairs
was only 147 per cent, and the figure for sib pats i which both
members were affected was almost exactly the same, viz, 14 3 per
cent Fifty-mne of Kallmann's monozygotic pars had been separated
for a varying number of ycars {on the average, for 11 to 12 years)
prior to the appearance of the discase in one twin, the average age at
which they were separated appears to have been about ten. It is of
mterest to note that among the separated adenticals the adjusted fre-
quency of doubly affected pairs was somewhat lower than in those
whsch had not been separated {38 per cent as compared with g2 per
cent} The difference between the two frequencies must be regarded
as only suggestive, however, since 1t falls short of being statistically
significant. As in the case of feeblemindedness, the data strongly
indicate that genetic factors are of etiologic significance {provided
again the assumption 1s valid that the intra-pair enwirenment is
substantsally as similar for a dizygotsc as it is for 2 monozygotic pair),
and at the same time they reveal that the determinants of the condi-
tion cannot be exclusively genetic This is essentially all we can say
about the roles of genetic and environmental factors 1n the develop-
ment of st ensa; quently, whatever himitations we found
for the predictability of eugenic improvement through sterslization
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of affected individuals in the case of feeblemmdedness would apply
also to this disease If anything, the probability of appreciable eugemc
effects from sterilization mn the case of schizophrema 15 still smaller
than in lugh-grade mental deficiency Not only 1s the net fertility of
schizophrenics reduced (it appears to be appraximately 25 per cent
less than for normal persons), but the majority of their chidren, about
two thirds, are born before the onset of the discase i the parents
Manic-depressive insanity has also been studied from a genetic
standpomnt, though much less extensively than schizophrema The
himited data available point to conclusions essentially the same as
those we have drawn from the schizophremia matenial both genetic
and environmental factors are almost certamly nvolved, but ther
respective importance cannot be evaluated
Eptlepsy 1s a term apphed to conditions charactenzed by the
occurrence of various types of seizures which usually involve tem-
porary loss of consciousness, m less frequent cases the patient retains
consciousness during the seizures but 1§ werational In the commonest
variety of seizure loss of consciousness lasts but a few seconds and
15 accompanied by rhythmc twitchings, usually confined to the
eyelids and eyebrows In the less common, but more farmhar (be-
cause more spectacular) variety, violent convulsions of the whole body
oceur during the attack Seizures may occur almost daily or they may
be experienced only at mtervals extending up to several years
Epilepsy may appear as 2 consequence of brain 1njury or 1n certain
instances of bramn tumor In the greater number of cases. (sometimes
collectively called 1diopathic) no physical cause can be discerned.
One of the most tragic calumnies agamst any group of human
beings 1s mnvolved m the common superstition that epileptics asa
class are degenerate or somehow a contemptible group Because brain
damage which on occasion causes mental deficiency or psychosis may
also result 1n epileptic symptoms, epilepsy 18 somewhatimore common
among the mentally deficrent and the insfane than in the gex.leral
population But the vast majority of epileptics themselves are neither
mentally deficient nor psychotic, and the .hst of epileptics |1n t};e
history of any nation would include many highly gfted and valuable
mem| i .
Xe ;:v(;fsst?;;:z have been made on 1dentical and frate'mal twin
pairs in which “sciopathic” epilepsy was present. The ﬁ“d}"isi h(;“fe
about the same imphications as results of the stuc}xes of t}u; z;m :;:
mental deficiency and the psychoses, je, they md.xcnte 1 ::lf d
genetic and environmental factors are of causal s:gmﬁcancc. he in-
vestigations which give most promise of shedding light Ion .thef gf;c‘}ﬁ
factors of epilepsy, however, are those involving the analysis of “'brain
waves," as recorded by an electroencephatograph.

EUGENICS 485



IJD/QV

l SEC.

NNV

VY YY

MWMW\N’\MWVW
e W\/M_/WWW\'\M'WWW

Fig 294 Electroencephalograms {Tracings of Brain Waves). Upper lines, tracings
from a normal person without epilepsy or cerebral dyschythmia Middle group of
fines, tracings from an epileptic, Note the large spikes and waves, mdicative of
cerebrat dysrhythmia Lower lines, tracings from the mother of the epileptic She thid
not have epilepsy, but the trarings show the presence of cerebral dysrhythnua, which
might here be transnutted on the basis of a dommant gene, and to refiect a predis-
position to epilepsy.
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Elect! hal b on reveals that certain rather
charactenstic types of cerebral dysrhytiima occur 1 the bram-wave
records of most epileptics (Fig 29 4) Studies by Lennox and Gibbs
in this country and by Harvald in Denmark have shown that these
dysrhythmias are found also in roughly 15 per cent of persons who
have never exhibited epileptic symptoms, but they occur 1 about half
of the close relaties (sibs, parents, and children) of epileptics The
evidence to date indicates that the dysrhythmias in many instances
have 2 genetic basis and that they are 1n some degree mdicative of 2
predisposition toward the 1 1t of epilepsy The predisposi-
tion can hardly be a very strong one, however Not more than about
o 5 per cent of our population (that is, one person m 200) develops
epilepsy; but, as we have secn, the cerebral dysrhythmas have a
prevalence of approximately 15 per cent Thus, epilepsy occurs m
only about one person in 30 of those who have a cerebral dysrhythmia
Fanally, although the available evidence pomts, as we have noted, to
the implication of genetic factors m the etiology of epilepsy, 1t does
not permit an analysis 1n terms of genetic mechanisms Consequently,
m the case of epilepsy, as for other conditions discussed in this
chapter, we have no way of predicting the degree to which a stenliza-
tion program would be effective 1n reducing 1ts prevalence

We have now briefly discussed 1 the light of current genetic
knowledge the five categories of defect for which sterilization has been
most widely prescnbed or recommended 1 exwsting legal statutes
‘What general conclusions can we draw regarding the eugentc ymphea-~
tions of a sterilization program m the cases considered? In the first
place, 1t has been seen that there 1s evidence, ranging from strongly

ptive to very nearly 1 , that genetic determinants are
to some degree involved m the etiology of conditions 1n all of these
categories We have also seen, however, that this 1s not sufficient to

guarantee that sterthzation can effect any appreciable change i the
ypes within 2 time span measured m

frequencies of relevant genot:
human generations

These considerations certainly give us no justification for a
blanket denunciation of sterilization. They do suggest fhat th.e av‘i-
vocates of p: of negative ics have been y
explicit 1 mdicating just what results may reasonably be expected
from the application of their programs, and pcrlfap§ that they h:fve
not altogether recognized the Q! itative hd of selective
processes under various conditions Qur discussion should also sug-
gest that there is no vabd basis in genetic fact or theory to Justify a
blanket endorsement of stenlization programs, that negative eugenic
proposals require careful guanfiative scrutiny, and that each category
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of discase or defeet praposed for sterilization must be judged on its
own ments.

Finally, we have seen that considerations (humanitarian, eco-
nomic, ete ) other than those which directly involve penetic principles
may be relevant to programs which are ostensibly eugenic in their
primary aims Where this 1s the case the noneugenic implications of
the program may have greater weight than its eugenic possibilities,
and each must then be weighed against the other,

Posurre engentes, which was referred to earlier in this chapter
(p 461) can be discussed here with refative brevity, in large part be-
cause few of the proposals which have been advocated as positive
cugenic measures can be analyzed in terms of genetic principles on
the basts of our current knowledge of genetic mechanisms,

One reason for the difficulty m evaluating programs of positive
cupenics lies in the fact that many of the terms in the proposals are
not defined with sufficient precision to have much meaning to the
geneticsst, Thus, the general principle of positive cugenics lies in en-
couraging the reproduction of desirable genotypes, in contrast to the
negative eugenic principle of concentrating on the discouragement of
reproduction of undessrable genotypes We are not concerned here
with the exact sp ation of desirable and undesirable genotypes
But sf nakes a great deal of dfference at the outset whether the tewtion
15 10 separate off the least desivable § per cent for example, and designale
the remarning 95 per cont as dessrable; or 10 separate off the most desirable
5 per cent and destgnate the remontder os wndessrable

In the former case, any eugenic effects (in the sense of favorable
alterations in relative genotype frequencics) which might be accom-
plished iy increaced fertihty among the preferred gy per cent of the
poptlation would, of coutse, be identical with the eugenic effects of 2
corresponding reduction in the fertality of the undesirable 5 per cent
through stenlization or other measures of negative engenics Our
earlier consideration of negative eugenies would lead us to suspect
that such effects would be negliible  They wonld certainly be neghigihle
o comparson with the soctal and economic consequences of the general
rise in reproductive rate which increased teproductivity by mwely-
Sfire per cent of the population would entail, unless the rise were very
small indeed, These consequences might be good or they mght be
bad. But in so far as they are fikely to overshadow altogether any
strictly eugenic effects of the measures which produced them, there
would seem to be some question as to whether the term engenic is an
appropriate designation for these measures

On the other hand, if it is mtended to concentrate on stimulating
the fertility of those having the most dessrable fivre per cont of the
genotypes, retaining the status guo (reproductively speakinp) of the
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remaining 95 per cent, the effects on population growth as a whole
would be insignificant In this case, however, the problem of even
approximately precise speaification of genotypes looms rather large
It might not be too difficult to pick out, if not 5 per cent, perhaps
1 per cent, of genotypes mn the population which we could generally
agree on as at least *very undesirable ™ It would be quite tmpossible,
however, to pick out any genotypes which could be designated as
“most”™ or even "very” dessrable The simple reason for this is that
although we have succeeded 1n identifying a reasonable number of
individually rather rare genes which are responsible for gross and
rather clearly undestrable effects, we do 1ot know of @ suigle rare gene
which produces desirable effects The normal alleles of all of the
“undesirable™ genes are of course desirable, but they all have fre-
quencies of from o go to o gg or above, and therefore could not be
used for classifying an uppermost s per cent of desirable genotypes
Now it is quite probable that the positive cugenics programs do
not intend to attempt the partition of desirable and undesirable
cither of the ways suggested above The pomt is, as we have seen,
that different methods of partitioning have very different imphea-
tions, and it is essential that any realistic program which purports
to be eugenic must therefore at least roughly ndicate the partition-
mg that it proposes if it 13 intended that its effects should be sus-
ceptible of evaluation
Other terms used by writers on positive eugenics also lack spe-
ctficity and thereby confuse many otherwise lucid discussions, Among
these is the frequently occurrng expression “superjor stocks™ or
*“‘superiof strains ' It 1s not always completely clear whether the
superiority relates to phenotype or to genotvpe, usually, however,
genotypic superiority seems to be mtended
Now a reasonable acquarntance with the prmneiples of gene-and-
i i tions during deve t should make 1t obvious
that in general, the terms “supenor”’ and “mferior™ cannot be ap-
phed to genotypes 1n any meanngful sense unless the euu@unmt m
which they are to develop 15 spectfied A standard illustration of the
point involves a companson of Jersey cows, for example, which
have been bred for high milk yield (i Jerses) with scrub cattle from
the African bush. If animals of the two breeds are pastured on the
ty more milk than the

Isle of Jersey, the Jerseys will yield enormous :
Africans If both breeds are put out i the Afnican bush, the African

cows will still yield milk, though in S{nnllcr quantity than on ;hc
Jersey pasturage; but the Jersey cows will cease to produce n]togeh! er
and most of them will not even survive Assuming that we have
agreed to judge the breeds in terms of milk yield, it is c)m‘r‘lvy not
possible to designate erther as superior in any absolute sense, We can
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of disease or defect proposed for sterilization must be judged on its
own merits

Finally, we have scen that considerations {humanitarian, eco-
nomic, etc ) other than those which directly involve genetic principles
may be relevant to prog which are bly eugenic in their
primary aims Where thss is the case the noncugenic implications of
the program may have greater weight than its eugenic possibilities,
and each must then be weighed against the other.

Positsve engencs, which was referred to carlier in this chapter
(p 461) can be discussed here with relative brevity, in large part be-
cause few of the proposals which have been advocated as positive
eugenic measures can be analyzed in terms of genetic principles on
the basis of our current knowledge of genetic mechanisms

One reason for the difficulty in evalnating programs of positive
eugenics lies in the fact that many of the terms in the proposals are
not defined wath sufficient precision to have much meaning to the
geneticist Thus, the general principle of positive eugenics lies in en-
couraging the reproduction of desirable genotypes, in contrast to the
negative cugenic prinaiple of concentrating on the discouragement of
reproduction of undesirable genotypes. We are not concerned here
with the exact specification of desirable and undesirable genotypes
But 1f makes a great deal of differevce at the outset whether the {ntention
15 to separate off the least desirable 5 per cent for example, and designate
the remaunting 95 per cent as destrable, or {0 separate off the most desirable
5 per cent and designate the der as wnde bl

In the former case, any eugenic effects (in the sense of favorable
alterations in relative genotype froquencies) which might be accom-
plished by increased fertility among the preferred g per cent of the
population would, of course, be identical with the eugenic effects of a
corresponding reduction mn the fertility of the undesirable 5 per cent
through sterilization or other measures of negative eugenics Our
earlier ideration of negative would lead us to suspect
that such effects svould be negligible They would certainly be negligible
it comparison with the social and economc consequences of the general
tise in reproductive rate which increased reproductivity by mmnefy-
five per cent of the population would entai], uniess the rise were very
small indeed, These consequences might be good or they might be
bad. But 1n so far as they dre fikely to overshadow altogether aay
strictly eugenic effects of the measures which produced them, there
would seem to be some question as 1o whether the term engensc is an
appropriate designation for thesc measures

On the other hand, o it is mntended to concentrate on stimulating
the fertility of those having the most desirable five per cont of the
genotypes, retaining the status quo (reproductively speaking) of the
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remaining g5 per cent, the effects on population growth as a whole
would be nsignificant In this case, however, the problem of even
pproxi ely precise 1 10n of genotypes looms rather large
It might not be too difficult to pick out, if not s per cent, perhaps
1 per cent, of genotypes wn the population which we could generally
agree on s at Jeast **very undesirable " It would be quite tmpossible,
however, to pick out any genotypes which could be designated as
“most*" or even “very” desirable The simple reason for this is that
although we have succeeded 1n identifying a reasonable number of
individually rather rare genes which are responsible for gross and
rather clearly undesirable effects, we do not kiow of a sigle rare gene
which produces desirable effects The normal alleles of all of the
“undesirable™ genes are of course desirable, but they all have fre-
quencies of from o go to o gg or above, and therefore could not be
used for classifying an uppermost s per cent of desirable genatypes
Now 1t 1s quite probable that the positive eugenics programs do
not intend to attempt the partition of destrable and undesirable 1n
either of the ways suggested above The point 1s, as we have seen,
that different methods of partitiomng have very different 1mplica-
tions, and 1t 1s essential that any realistic program which purports
to be eugenic must therefore at least roughly mndicate the partition-
ing that it proposes if 1t 1§ intended that 1ts effects should be sus-
ceptible of evaluation
Other terms used by wwnters on positive gugemcs also lack spe-
cificity and thereby confuse many otherwise lucid discussions Among
these is the frequently occurring expression “'supenor stocks™ or
“‘supertor Straips " It 15 not always completely clear whether the
superiority relates to phenotype or to genotype, usually, however,
genotypic superionity scems to be intended
Now a reasonable acquaintance with the princples of gene-and-
i during develor should make 1t obvious
that n general, the terms “superor” and “mferior” cannot be ap-
plied to genotypes 1 any meaningful sense unléss the entiroiment in
which they are to develop s specified A standard Mlustration of Ehc
point mvolves 2 companson of Jersey cows, 'lor e<ample, which
have been bred for high milk yreld (s Jersey) with scrub cattle from
the African bush If ammals of the two breeds are pastgxrcd on the
Isle of Jersey, the Jerseys sl yield enormously more milk than the
Africans If both breeds are put out in the Afnican bush, the Afnean
cows will stil yield mill, though in smaller quantiy than on the
Jersey pasturage; but the Jersey cows will ccase to x'm)duce altogether
and most of them will tot even survive Assuming that we haye
agreed to Judge the broeds im terms of milk yield, it is clearly not
possible to designate either as superior in any absolute sense. We can
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easily think of comparable illustrations in the human species A man
with a high degree of muscular coordination may be superior as @
sirgeon to o phiysician who bas a genetically defective neuromotor
otganization, but the lfatter may be superior as o diagnostician A
sickly child, reared in a cultured atmosphere where {here is suffi-
cient wealth to afford him proper care may develop into a creative
schatar of the first magmtude (as did Charles Darwin); the same child
reared in a Tumber camp, could very well be stamped as a weakling
and 2 useless delinquent throughout his hife

Another objection to the phrases in question hes in the fact
that the words “stocks’’ and “strains’ are at best Iacking in pre-

cision, and at worst they are actually musleading in their tont
To the taboratory gencticist the terms ymply complete or very nearly
complete genenic y Now genctic | ity is something

which can be to a large extent measured, in man as well as m labora-
tory and domestic ammals The measurement is commonly expressed
in terms of Wnght's coefficient of relationsh:p which gives the average
probability, for parrs of ansmals chosen at random, that any given
altele will be present in both of them through inheritance from a
common ancestor. (It can also be defined as the average fraction of
alt loct occupied by dentical genes of common ongin in paits of
ammals chosen at random ) When a geneticist refers to a stock of mice
or a stram of Drosophila he usually qualifics the term by adding
“isogemc” or “inbred by brother-mister matuig for 20 generations,”
or else the quabfication 1s undesstood. In strains of stocks in this
sense the coefficient of relationship is uaity or very near it.

To the stock breeder the terms do not imply nearly so high a
degree of homogenaity, but they do suggest at least that there is
umformty with respect to a number of genetically determined char-
acteristics such as pattern and configuration.

When the expression *superior stock” (or “inferior stock™) is
used m human context, the word stock almost certamly does not imply

i ity in g Ny 4 d cl istics by which 1ts
members may be readily recogmzed. If the word has any precise
meanng, therefore, we must suppose that it relates to some degree
of genetic homogeneity; but if this is the case, the term requites some
guantitatiee clanfication Refercaces to the current descendants of
Jonathan Edwards ot of the Darwin-Wedgwood farmlies as a strain
or stock can have httle useful meaning unfess some estimate 15 made
of the degree of genetic homogeneity amang them.

On the credit side of the ledger, it must be pointed ot t%nat
writers on positive eugemes tend 1o be more aware of the distinction
between phenotype and genotype than do the sponsors of‘ negative
eugenics (although, as we have just seen, they sometimes inchne to
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overlook some of the i diate impli of this d
These writers favor numerous reforms (such as those quoted on
P 460) which they feel would en: al i 1
On the other hand (desirable though these reforms m themselves may
seem to many) such measures are proposed not as ends in themselves,
but as means to permut the more effective action of selective processes
on the genotypic composition of the population

To the thoughtfui student of genetics, this may appear to be the
long way around The viewpomt of several rep: ative s
on these matters 1s well expressed 1n an editorial summary of a recent
symposium 1n which H J Muller, Th Dobzhansky, M Demerec,
Philip Levime, Franz Schrader, and the sentor author of the present
volume partictpated
*“At the present level of genetic knowledge we cannot improve
the genes with which we are born, and there 1s little we can do
to determine which genes we pass on to our children But we can
improve the mamfestations of our own genes and those of other
persons so that the best possible phenotypes are produced The
control of the manifestation of human genes 1s, of course, possible
only by proper lation of the en t The imphca-
tions as regards medhcine, especally preventive medicine, are
obvious As Dobzhansky of Columbia Umversity has put 1t
“Medicine 15 the science of management of the human pheno-
type'”
Here 1t 1s impled that the provision of conditions which would
permit the optimal expression of existing genotypes 15 a worthwhile
end m 1tself, and that if we can accomplish a general phenotypic
improvement 1n this way, 1t 15 s good as any other To same, this s
an alarming proposttion, because they fear that the human race may
become genetically degenerate behind a fagade of phenotypic im-
provement The alarm would seem to be an unnecessary one, as wx?-
ness the Jersey cow, genotypically *degenerate " 1 the sense that it
does not even have the vigor to survive, much less produce, m natural
condutions The truth 15, 1t does not lrve m natural conditions but, in
the emvironment which has been devised for i, 18 15 2 superbly pro-
ductive member of bovine society The hstory of human §°°““ evolu-
tion has been in very large part one of learmng to provide environ-
ments which will maximuze social efficiency It 15 to be hoped that this
trend .

Iiw!::é ::t{‘g‘::mwde such environments, the geneticist will have
to assist 1 discoverng what environmental factors are re]evngt n
the expression of the various genes that have been zdennf:ne: to date
This will require further research mnto the rx,cchamsms of inhentance,
the mode of action of mndidual genes, and interactions among genes.
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Perhaps the greatest task which confronts the geneticist today is the

unraveling of the lexitic

of the exact I

y and environ-

mental influences which underhie the development and expression of
human characteristics Fortunately society is willing to encourage
and aid those whose interests lie in this direction It is to be hoped
that more and more facts will be uncovered, and that with their
discovery will come the willingness and the opportunity to use them
to the fullest advantage for the human race.

PROBLEMS

29.1 Abaut o per cent of alt schizophren-
1cs have parents one or both of whom

gene which is manifested as epilepsy about
3 per cent of the time; (b) to juvenile

ultimatety succumb to sch hrema them-
selves Two thirds of the children of parents
who develop schizophrenia, however, are
born before the onset of the disease in exther
parent  Taking both of these facts into
account, make an “empincal” prediction
(simular to that attempted on p 480 f m
the case of high-grade feeblemuindedness)
of the per cent by which you might expect
the frequency of schizophrenia to be re-
duced from one generation to the next, if all
schizophremes were stenlized tmmediately
after dragnosis of the disease

29.2 It 1s readily shown (see Chap 28),
for most pathologic traits known to be
contingent on single autosomal genes, that
sterilization of all those who extubit the
traits would have neghmble effects on the
gene frequencies imvolved The reason for
this 1s that the genes deternuning the traits
are etther relatively rare , or dom-

adiocy a popul
frequency of 0 0001 for the recessive homo-
zygote); (¢) to 15 or 20 different recessiie
conditions, each with a frequency of 2bout
0 0001? Do your calculations suggest any-
thing to you about the practicality of this
and of program?

29.3 The hereditary basis for mental
traits has been much more difficult to es-
tablish than the hereditary basis for physi-
cal traits Can you suggest reasons for this
fact? .

29.4 Give your answer to the question
*1s 1nsamty mherited?” Ts there a better
method of stating this question? If 50, hos
should 1t be stated?

29.6 It 1s sometimes said that if a certait
character were conditioned by heredity, 1*
could not be modified by the environment
Is ths atttude justified? Discuss the

in wth menta!

nants of vanable expressivity It has often
been suggested that a negative eugemic
program directed agamnst these conditions
could be really effective if only we could
identify and stenlize the normat carriers
of the genes

About how many persons would be sub-
Ject to sterilization under such a program

traits. .

29.6 Suppove that a certamn mental trait
seldom, 1f ever, appeared in more than one
member of a family. Could it still be de-
pendent upon hereditary factors? What
sort of hereditary basis might be possibl®
for such a trait?

29.7 Discuss the possible interactions of
hered al influences

1€ we wished to apply it (a) to* "
epilepsy, under the assumption that per-
sons with cerebral dysthythmia carry a
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298 Do you think the fact that the men

ma f}mlly frequently follow the same s oca-

tien indicates the inheritance of a special

_ .abxlxty along that line? What else might 1t
indicate?

23.9 If you were studying the possibility
of the smhentance of cryminal tendencees,
what would you want to kmow about
the fsmilies besides therr cnmmal
records?

29.10 What is meant by “conditined”
behavior? Do human beings exhibit any
behavior of this sort? How would such be
Bavior affect stuches of the inhentance of
mental traits?

29.11 How has the study of identical
twins aded the vestigations of the genetic
nature of mental tramts?

2912 Do you think that the mental
lra'xts of the members of a pair of fraternal
twins would be more sumlar or less smilar
than those of ordinary brothers and sisters®

29.13 Suppose a frend of yours 15 m love
mth tus cousin and wants to marry her
He comes to you for advice What would
U tell tum?

29.14 Is there a stenthzation law 1 your
State? 1f so, how does 1t function” Are
there adequate records available as to the
success or failure of the plan”

29.15 If your state has no stenhization
law, discuss the reasons for the fact
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