


EDWARD O. DODSON

ASSOCIATE PROFESSOR OF 200L0GY, UNIVERSITY OF NOTRE DAME

GENETICS

THE MODERN SCIENCE OF HEREDITY

WITH ILLUSTRATIONS BY FREDERICK S. BECKMAN

W. B. SAUNDERS COMPANY

FHILADELPHIA & LONDON . 1356



© 1956, by W. B. Saunders Company
Copynght under the International Copynght Umnion
All Rughts Reserved. This book is protected by copynght
No part of st may be duplicated ot reproduced 1n any manner

without written pernussion from the publisher

Library of Congress Catalog Card Number: §6-5831

Made in U. S. A, Press of W. B. Saunders Company, Plulidelpht



To the Memory of

Ernest Brown Babcock

For aver forty years 2 leader among American geneticists

Inspiring teacher, humble gentleman, warm and generous friend

This boak is respectfully and affectionately dedicated






Preface

“Of the writing of many books there is no
end,” and so far as textbooks m the expert-
mental sciences ate concerned, this 15 proba-
bly 2 good thing, for new data and new
viewponts tequire the constant re-evalu-
atian of the old, which may self be very
fecent as Judged by the standards of other
fields. Thss 15 particalarly true of genetics,
which, although one of the newest of the
scaences, has 1 the share space of a half 5
centary achieved a central place among the
brological sciences, both pure and apphed
I view of the rapid development of the
scence of genetics, and of s great un-
portance for medicne, for plant and anymal
breeding, and for the understanding of evo-
lution and of other biologseal duscplines,
surprisingly few new texthooks of geneties
fiave appeated m recent years, Some of those
that have been published are designed pr-
manly for 3 purcly cultural course, m which
the students gre ot ordmanly expected to
make wse of Beneties 1 thetr professional
carcers Sull others, whyle ostensibly intro-
ductions to Benenics, are pitched on such 4

fevel ehac theyr greatest wsefulness has ag-
tually been 1 the traming of gradugte sty
dents In betwcen these levels, there 52
broad specteyny of courses 1 many msy.
fhons presented for he bencfit of those
many students whe may later apply therr
8¢ 1 medicme, 1 plant or

nmal brceding, g ofte or another of the

specuahized fields of bot:my' or zoology, or
even as professional geneticrsts. Ti}sm are
only a few good texts which fit this mche,
and none 15 well adapted to the couxsc.as
presented in many mstitunions. It is the aim
of the present author to present the f\{nd:—
mentals of geneties with a degree of rigor,
thoroughness, and theoretical depth which
will chiallenge the metdle of the best students,
yeo with sufficient background maternl,
detarl, and clanity of exposition to help theie
tess gafred classmates to achueve a working
understanding and appreciation of genetics
This 15 2 difficult goal, and it remains for
those who use the book to decide whether
1t has been achieved.

The present book contans considerably
more material than can be encompassed in 2
one semester course In the first fourteen
chaprers, the principles of genetics are de-
veloped, together with some indicattons of
curtent twends and theoretical imphications,
Probably most teachers will consider all or
most of this materral to be essential, Chap-
ters 15 zhmugh 21 ate cancerned with more
advanced aspects of geneties (such as physio-
Jogical geneties}, or special apphications of
genencs (such as plant and anima} breeding),
and teachers wlf Want ta select among ther
those chapters which best setve the needs of
their own clagses. Chapter 21 15 deyoed to
human 8enehas, and so 1 will be of especial

mportance to those many classes whch are
made up predommany

y of premedical sty
dents.

The final chy

prer 15 fargely hustorical, and
some teachers

will wane ¢ leqye 15 use to



during the thirties under the direction of the
Bishop of Covington, Kentucky, who en-
trusted the matenal to Sister M. Julitta, of
Villa Madonna College. The latter, who was
once a student of mine, gave the material to
me. It is now my prvilege to present a short
history of the first days of genetics, based
upon the archwes of Mendel's monastery
and of the Augustinian Order in Rome, as
well as some more recent sources cited in the
chapter itself. A more extensive report on
this material will be published elsewhere.

I am indcbted to many persons for their
help m the preparation of this book. Drs,
Karl Stiles, James B. Kitzmiller, and Maunce
Whittinghill read the entre manuscripe,
while Dr. Harold O. Goodman read the
chapter on statistics, and Dr. Sheldon Reed
read the chapter on human genetics, Thetr
critical suggestions have resulted m im-
provements throughout the book. To Mr
Frederick S. Beckman, Assoctate Professor
of Art at the University of Notre Dame, |
am indebted for the many excellent ongmal
tllustrations. Dr. Charles Ehret, of the Ar-
gonne National Laboratory, gave very valu-
able assistance m the planming of the chapter
on cytoplasmic mhentance. I am also -

PREFACE

debted to many publishers for permission to
quote copytighted material. These include
the Academic Press, W. H. Freeman and
Cowmpany, Genetics, the Journal of Heredity,
the Macmillan Co., the McGraw-Hill Book
Co., and the W. W. Norton Co. I am also
mdebted to Professor Sir Ronald A. Fisher,
Cambridge, and to Messr. Oliver and Boyd
Ltd., Edinburgh, for permission to reprint
Table No. I (the chi-square table) from
their book Statistical Mcthods for Rescarch
Workers [ am also indebred to those pub-
lishers who have gencrously granted per-
nussion to use figures from thar books.
Each of these 15 acknowledged at the ap-
proprate place. Fimally, 1 would like to
acknowledge the generous and competent
assistance of the fine staff at the W. B.
Saunders Company

This book 1s based upon a course which
was first rehearsed at the Domimican College
of San Rafacl, Californna, m the spring of
1947, then developed at Notre Dame duning
the followng years,

Epwarn Q. Donson

Aprd, 1956
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To the Student

This book is a summary of the facts and concepts necessary for an
understanding of heredity and varation in plant and amumal forms. The
knowledge presented here is the frure of the patient mvesugauon and
deliberation of many scicntists over a period of nearly a hundred years.
In the brief time you must devote to your course m genetics and to the
study of this textbook you can make this assembled knowledge your
own if you will apply a relatively small effort purposcfully.

Intelhgent study of this book will slluminate and remforee what you
learn m class. What 1s equally important, this book will serve as a
quick and uscful reference m the future.

Everyonc knows that we may casily forget what we learn But we

. can also the more casily learn again 1f we have learned well to begin
with. Occasional reference to this book in the future will restore and
fortify your memory of the principles of genetics throughout your hfe.
Here arc some suggestions that will help you to get the most out of
this book

As you read an assignment, stop now and then to recall m your own
words the important facts and 1deas which you wish to remember.

Remember that many of the illustrations have been prepared espe-
cially to clanfy the more difficule concepts presented m the teat. Don't
overlook them

Pay attention to the headings, which by themselves serve as a sys-
tematic outhne of the topies presented

Take notes n class. Keep them and occasionally try to rewrite in your
own words a toptc, an 1dea or experimental evidence your mstructor
has presented.

Make notes 1n the margins to idenufy or summanze information you
want to refer to agan. Such notes will help you when you study the
book agam before class or for exanmmations or when you are reviewing
a concept or a problem 1 heredity years from now.



CHAPTER 1

Genetics Among the
Biofogical Sciences

Genetses 15 the saence of vavation and -
heewance w organsstus 165 obyects ate 1o
detormunc to what extent the vanable char-
acters of plants and anwmals ate mhented
feom parents o offsprmg, to what extent
they are the results of environmental infla-
ence, and by what brologieat mechanisms
such characters are trangmtted from generz-
ton to gencration The term geneties was
comed by Willam Bateson, a proneer of
genetics m England  Speakmng before the
Third Conference on Hybndusation and
Plant-breeding m 1906, be potnted out that
the rediscovery of dhe work of Mende! had
fed 1o 3 large body of related warck an -
henunce it plans and anumals, yet these was
no tame for the msng new suence “To
meet this difficutry,” smd Bateson, “Y swggest
for die connderanon of dus congress the
wrm Geneties, whih sufficendy mdicates
that ous labours are devoted to the tlucida-
von of the phenomena of heredity and van-~
uon 1 other wards, to the physilogy of
Descent, with mphied beanng on the theo-
rettcal problems of the evolutonist and the
syternatse, and apphcation to the practical
problems of breeders, whether of arumals ot
ponts™ This 1 sulf 2 goad defiution of
Feneties today Babeock and Clausen define
£enetes samply a3 “the scence which seeks
fo account for the resemblances and differ-

ences which are exhbiced by
lated by descene ™  m—

The fact of biologicat inheritance has been
a subject of great interest 1o man swice re-
mote antiquity. It has ahways been realized,
mdeed 1t has been almost self-evident, that
the orgamsms of the present gencration owe
therr characteristics to their ancestoss, i
raedhate and more remore. "This convicsion
has been crystalized m such aphorisms as
“Leke begets like,” and “Blood will tell
From the tme that poimitive men first
tearned to culuvate plants and to keep do-
mestic anirmals, it must have been seen that
those strans which had desirable traws tended
to p:ﬂ‘ \ht same f1anls on o ‘ht NENE genﬂa'
11on, while undesirable trans were samlarly
perpetvated. Hence farmers and breeders
have, since the dawn of history, valued good
breeding stock As long ago as the sixth
century B ¢, the Greek poet Theogms wrote
a few verses admnng the care with which
the best hvestack 15 selected for breeding,
while deplorng the lack of smdar good
judgment in marmage. Yet in ol of the ine
tervemng centunss, the efforts of many men
to und d the mect of ik
and to put 1t to the service of man falled,
wntd an Austrian monk, Gregor Mendel,
solved the most fundamental problems of
inherirance 1 the muddle of the nineteenth
century. (For the complete story of Mendel
and his work, see Chagter 22.)

1. THE PLACE OF GENETYICS
IN THE BiOLOGICAL
SCIENCES

Although genetics 15 among the youngest of
the biological sciences, it has already achueyed
a centra) place amang, them Pracueally alt
the buafogreal serences present problems

* By permusion from Genetes mn Relation to
Agnedfture, by Babeock and Clausen, 1928,
McGrawHill Book Company, Inc



GENETICS AMONG THE BIOLOGICAL SCIENCES

which can be understood fully only when
artacked with the tools of genetics, Some ex-
amples will be cited below.

GENETICS AND MrpicINE A large num-
ber of pathological condstions in mian arc
based upon inhertted anomalies or suscepti-
bilities, and a workmg knowledge of the
principles of geneties is therefore a valuable
part of the armamentarium of the modern
physician. This 1s particularly obvious m the
case of preventive medicine, for knowledge
of genetics may pernnt prediction of probas
ble victims of speaific disorders, thus making
preventive teasures feasible. For example, a
young mother suffered from manic-depres-
sive psychosis. An inhenited factor plays an
mmportant {but not exclusive} role m the
causation of thus disease, Henee espeaial at-
tention was given to the mental hygiene of
her children, and there 15 good basss for the
hape that none of them will become psy-
chotie.

But diaghosts and treatment are the major
factors m the daily work of most physicians.
In these, too, genetics can play an important

Fig t. Laodermal dyiplacia, Note the
sparstty of the har and its fine

tc ture. (Gourtesy of Dr. J. ¥ Neel and the
Horedsty Clime of the University

of Michygan

Fig. 2. Angionenrotic edona Note that
the siwelltag has dosed one

eye (From Andrews,

Drcases of the Skin)

role. For example, a patient had very fine,
spatse harr, fow teeth, and ran a lugh fever
without any apparent mfection {fig. 1). The
attending physician thought that she had a
thyrord deficiency, and so treated her with
this hormone, unsuccessfully. Another physi-
cian recognized some of the same symptoms,
in milder form, m the patent’s mother, He
reahized that this was an mherited syndrome,
ectodermal dysplasia, i which cctodermal
dertvatrves arc generally defective. The tend-
ency to run a fever resulted from sparsity of
sweat glands, and the consequent mability to
cool the body normally. Thyrotd trcatment
aggravated this situation. The correct duag-
nosis was based upon genetie knowledge.
While in this case no adequate treanment was
then possible, at least 1t was possible to dis-
conunue an 1rrattonal treatment, and to take
some steps to protect the chuld from ex-
cessive heating
Agam, a woman whose cychds were

swollen shut was treated unsuccessfully by

several physicans, Finally, the affhction was

recogmzed as angioneurotic edema, a rare

mherited condion which can cause swelling



of many tissues of the body (ﬁgi 2), and
which may cause death by suffocation 1f the
faryox ot trachea i atacked On the bass
of this knowledge, adequate treatment was
begun. .

Recause genetics 1s a Very young science,
it has not yet cstablished adequate consacts
with the much older disoiphine of meducine,
Only 3 very few medical schools offer any
nsteuction in genetics, and not many more
require a course fn genencs for adrowsaon
But ever greater numbers of medical and
premedical students ate demanding tramng
mn thss field, and 1t seems probable that the
role of genetics m medical practce will be-
come increasmgly 1mportant.

Genemes anp Acuicutture From an
economic pomt of view, perhaps the mose
important aspect of genetcs has been 1ts

pph 10 the problems of imp
of agnculmural plants and animals Probably
there 11 not a single vanety of culuvated
plant or domestic anymal 1n the world today
which 1 not very much different from s
wild ancestors. And the differences, most of
which are mprovements from our pormt of
view, have been produced very largely

P53 Tevas Longhony o

through the efforts of plant and anjmal
breeders, This has not been entirely 2 resule
of the development of modern genetics, for
breeders have always used genetic principles,
although often unknovangly. But carefully
planned appheation of genenc principles to
breeding programs has very much acceler-
ared the rate of improvement of agnicultural
stocks in recent years.

As an cxample, consder the cattle -
dustry of Texas, This was origmally based
upon the Texas Longhorn (fig. 3), a very
tough, sem-wild breed which thrived under
the dufficul condinions of the range. But 1t
produced rather scanty beef, and that of poor
quabity Very superior beef breeds, the
Hereford and the Sharthom, had been dee
veloped n England 'Thesc were imported to
the United States and were very widely used
to replace the older and less desirable beef
breeds They proved to be well adapted to
the northerm states, wheee they ate now the
most generally used beef cattle. But they did
ot stnd up under the conditsons of heat,
drought, and rugged range of south Texas.
Brahman cartde of East Indian orgin were
also tmported. They thrved under sub-

e, Compare these
The color ptsss on the eal 1 xﬁef-‘ ot papts oy thi i S .

"efround probably undicates some Hereford blood.
(Courtesy of Me Graves Pectery



GENETICS AMONG THE BIOLOGICAL SCIENCES

which can be understood fully only when
attacked with the tools of genetics. Some ex-
amples will be cited below.

GenETICS AND MEDICINE A large num-
ber of pathological conditions in man are
based upon inherited anomalies or suscepti-
bilitics, and a working knowledge of the
prnciples of genetics 1s therefore 2 valuable
part of the armamentarium of the modern
physictan. Thus is particularly obvious in the
case of preventive medicmne, for knowledge
of genetics may permit prediction of proba~
ble victins of speaific disorders, thus making
prevenuve measures feasible, For cxample, a
young mother suffered from manic-depres~
sive psychosis An inhenited factor plays an
mmportant (but nor exclusive) role in the
causation of this discase. Hence especial at-
tention was given to the mental hygiene of
her chuldren, and there 1s good basis for the
hape that none of them will become psy-
chotic,

But diagnosis and treatment are the major
factors m the daily work of most physicians
In thesc, too, genctics can play an mportane

Yig. 1. Ldtodermal dysplaaa. Note the
sparsity of the hair and 15 fine

texnre. (Courtesy of Dr. J. V. Neel and the
Herodity Chme of the University

of Michrgan

Fig. 2. Angroncurotic edema Note that
the sweling has closed one

cye (From Amlreus,

Discases of the Skin.)

role. For example, a patient had very fine,
sparse hae, few teeth, and ran a hugh fever
without any apparent infection (fig. 1). The
attending physican thought that she had a
thyrord deficiency, and so treated her with
this hormone, unsuceessfully. Another physt-
c1an recognized some of the same symptoms,
in mulder form, in the patient’s mother, He
reahized that this was an mhenited syndrome,
ectodermal dysplasia, i which cctodermal
dervatives are generally defectve, The tend-
ency to run a fever resulted from sparsity of
sweat glands, and the consequent inability to
cool the body normally. Thyroid treatment
aggravated ths situation. The correce diag-
nosts was based upon genctic knowledge.
While i this case no adequate treatment swas
then possible, at least 1t was possible to dis-
continuc an rrratronal treatment, and to take
some steps to protect the child from ex-
cessive heating

Agam, a woman whose eychds were
swollen shut was treated unsuccessfully by
several physictans. Finally, the affliction was
ffcﬂgn‘zcd as ﬂ“glo"c“fl’“c Cdcﬂll. a fare
inhented condition which can cause swelling



of many tssues of the body (ﬁg.. 2), and
which may cause death by suffocation sf th.c
faryn or trachea 15 attacked. On the basis
of this knowledge, adequate treatment Wwas
begun i

Because genetics 1 a very young science,
it has not yet established adequate conticts
waith the much older disciphne of medicine.
Only a very few medheal schools offer any
mstruction in genenscs, and not many more
requite a coutse in generies Sor admaswon,
But ever greater numbers of medical and
premedicat students are demanding traming
1n ths field, and 1t seems probable that the
role of genettes fn medical pracuice will be-
come wncreasingly 1mportant.

Gsnenes anp Acmcutture From an
econawe pomt of wiew, perhaps the most
important aspect of geneucs has been 1ts
application to the problems of improvement
of apnculraral planss and ansmals, Probably
there 5 not a simgle vanery of culuvated
plant or domestac antmal 1 the world today
which 15 not very much different from 15
wild ancestors, And the diffecenices, most of
whick ate improvements from our pomt of
view, have been produced very largely

Fig. 3. Texas Loy
“The color pay

iy

rghorn catile Compare these ran,
1y ansinal i
Uit o0 e e o the forggroung probably - e ot

through the cfforts of plant and animal
beeeders This has not been entiecly a result
of the development of modem genetics, for
brceders have atways nsed genetic principles,
aldiough often unknowmgly. But carcfully
phanucd appheation of gencue principles to
breeding, programs has very much acceler-
ated the rate of improvement of agneultural
stocks in recent years.

As an example, consder the e -
dustry of Texas. This was angmatly based
upon the Texas Longhom {fig. 3), a very
tough, seme-wild breed which thrived under
the difficule condinons of the range. But st
produced rather scanty beef, and that of poor
quahity. Very superior beef breeds, the
Hereford and the Shorthom, had been de-~
veloped in England Thowe were imported to
the United States and were very widely used
to teplace the older and less destrable beef
breeds They proved to be well adapred to
the nosthern states, whese they e now the
most generally used beef catele. But they did
not stand up under the condittons of heat,
drouglst, and rugged range of south Texas,
Brahman catdle of East Indnan ongin were
also imported. They thnved under sub-

Hdicates some Hereford blood,
{Courtesy of My Graves Peeler)



GENETICS AMONG THE BIOLOGICAL SCIENCES

which can be understood fully only when
attacked with the tools of genctics. Some ex-
amples will be cited below.

Generics AND Mepicive A large num-
ber of pathological conditions in man are
based upon inherited anomalies or suscepti-
bilities, and a working knowledge of the
principles of genctics is thercfore a valuable
part of the armamentarium of the modern
physician. This is particularly obvious 1n the
case of preventive medicine, for knowledge
of genetics may permut prediction of proba-
ble victius of specific disorders, thus making
preventive measures feastble. For example, a
young mother suffered from mame-depres-
sive psychosis. An mhented factor plays an
mmportant {(but not exclusive) role i the
causation of this disease. Henee especial at-
tention was given to the mental hygrene of
her cluldren, and there 15 good basis for the
hope that none of them will become psy-
chotic.

But diagnosts and treatment are the major
factors m the daily work of most physicians
In thesc, too, genetics can play an important

Fig. 1. Laodermal dysplasia. Note the
sparaty of the har and it5 fine

tenture, {Conrtesy of D J 1V Neel and the
Heredity Clime of the Umveraty

of Micegm,

Fig. 2. Angioncurotic edema, Note that
the swelling has eloced ene

epe (From Andrews,

Drseases of the Skin)

role. For example, a pattent had very fine,
sparse hair, few tecth, and ran a high fever
without any apparent mfection (fig 1). The
attending physican thought that she had 2
thyroid defictency, and so treated her with
this hormone, unsuccessfully. Another physi-
cian recogmzed some of the same symptoms,
in nulder form, m the patient’s mother, He
realized that this was an mherited syndrome,
cctodermal dysplasa, m wlhich cctodermal
derivatives are generally defective. The tend-
ency to run a fever resulted from sparsity of
sweat glands, and the consequent inabibity to
cool the body normally, Thyrod treatment
aggravated this situation. The correct diag-
nosts was based upon genctic knowledge.
While m thns case no adequate treatment was
then possible, at least 1t was possible to dis-

continue an trrattonal treatment, and to take

some steps to protect the child from cx-

cessive heatng.

Agam, a woman whose eychds were
swollen shut was treated unsuccessfully by
several physicuans. Finally, the afflcnon was
recognized as apgroneurotic edema, 2 rare
mhented condition which can cause swelling



was in very general use througheut the com
belt. The result was more dependable pro-
duction of larger crops from smaller acreage.
Because corn is not only an important food
for man, but also our basic feed for lwe~
stock, the result was 2 general increase m
farm productivity
GrNETICS AND ANATOMY But it is not
anly the apphed sciences for which genetics
is important. Genencs has also achieved a
central posiion among the pure biological
saences The major development of anato-
my, 2nd espectally of comparative asatomy,
occurred withous teference 10 genetics. It
was fargely a mattet of description and com-
partsan of organ systems i the different
classes of 2 phylum, or m the various sub-
unns of smaller categonies. But this led m~
evitably to questions which could only be
answered m genetic terms, As an example,
fet us consider the concept of homology
{fig s}, so fondamental to comparative
anatomy, When an anatomist says that the
femurs of amphibans, reptles, birds, and
mammals ate all homologous, he means thar
the bones are simlarly formed and Jocated,
they afford attachment to simslar muscles,
and they have the same mnervatton In
shore, «¢ looks as though an sdentical struc-
ture has simply been vamed m some detals
from group to group No further msight 15
possible untd 4 genete concepr 15 added.
namely, thay homology can only be based

8 S The conceptof homolegy 1y the
DT el 5 the hund b of g deer, 4

the upper nght, that of an alligator, 1 fhe
beft center, the 1, g of an eagle, n the

g gente, e bund o of 4 Plesosanr, an
£xhne, aquanc reptle; and 1 she lower
nght, the fung feg of a salamander,

Bowes tabeled ygly ghe swite Jetter re
fotmologous througliont the stries They

4re modified ur vwze, 4y delatls of shape, aud
by rediction, or by fumen of bones (part o
n the dees and eqale

upon descent from common ancestors. But,
then, how do those differences arise which
charactenize the vatious groupst And how
can an hereditary mechanism, which s so
conservative that its cffects show homology
between different classes, sull permit the
wide range of variabulity which exists within




GENETICS AMONG THE BIOLOGICAL SCIENCES

1ot TR N

tropical conditions, but did not forage so
well and lacked the fine beef qualities of the
English catele. In 1910, Mr. Robert J Klew
berg, of the famous King Ranch, undertook
a program dehiberately designed to produce
2 new breed of beef cattle, adapted to the
conditions of south Texas. At first, explora«
tory crosses were made, prnctpally between
Shorthorn and Brahman cattle. The most
favorable progeny were sclected, and a pro-
gram of mbreeding was begun. Thus led to
a distinctive type which was recogmzed as
the Santa Gertrudis breed (fig 4) by the
United States Department of Agneulture m
1940. Thus in the short span of thirty years,
a supenior breed of beef cattle, well adapted
to a great American range, was developed.
During World War I1, man power on our
farms and total acreage under cultuvanon
were both severely reduced m otder to get a
maximum number of men under arms.
Nonctheless, the dietary standards of large
numbers of Amenicans were raised dunng
the war years, and no Americans suffered any
severe reduction m dictary standards. Yet

»

A
i

; e e Caheny .
SR TR DP A INE RS T U R M
Fig. 4. Manchado, a Santa Gestrudis bull, a represcntative of a highly improved breed of beef cattle
Comparison of figures 3 and ¢ provides @ visual summary of the practical value of gemetics.

(Courtesy of Mr R. C. Wells and the King Ranch,)

we were still able to ship large quantities of
food to our allics. This aclievement was
based m pare upon mechamzation of the
farms and upon improved methods of culn-
vation, as well as upon other factors But a
very large measure of this success was based
upon forty years of plant and ammal breed-
mg mn accordance with the princrples of
geneties. There appears to be no other way
so effectve to keep food upon the tables of
the world. An important factor m this sue-
cess was the development of hybrd corn,
Early m the present century, genencists
studymg com had found dhat mbred lmes
always detenorated. A cross between two
such inbred fmes, however, produced su-
pertor corn, but unfortunaccly the yield was
small because of the poor sced ser of the
parent vanetics. Late in World War 1, it was

found that crossing two such hybnds 1o

yicld a double—cross hybrid gave an abun.

dant yicld of superior sced  After many

years of tesung such hy bnd comn, 1t began to

come on the market 1 1933, By the timic the

US. entered Wotld War 1L, hybrd comn



Normal people have an enzyme which x‘k‘-
grades homogentisic acd to carbon dl.mudc
and water, which are then excreted. A simple
geneuc factor controls the presence ot ab-
sence of \his enzyme, with alkaptonurics
tacking 1t

Tyrosine also plays a more positive role
w the body metabohsm, for much of it 15
converted to protem, or to the hormones
hy pinept of pmephnne
ot to melmn, the basic pigment of the
human body. Another genetic fetor de-
termmes the presence or absence of tyrosi-
nase, the enzyme which comtrols the fire
step of the cham of reactons which leads
from tyrosme 1o melanm. Hence those -
dwiduals who mhert the lack of thts cn~
zyme ate albimnos, possessing only the respira-
tory pigments

GENETICS AND THE RELATIONSHIP BETWEEN
Botany axo Zoowsy The two mam
branches of bology had their early develop~
ment largely ndependently of one another,
and botamsts and zoologusts were often an-
ragonstic But the advent of genetics showed

that the prinaiples of inhertance are identical
in the two kingdoms. Some of the most im-
portant prix\upks of geneties are most easily
mvestigated wich animal material, others
with plnt watetial. Major discoveries of
importance to plant geneticists were made
by zootogists, and vice versa. Thus geneti-
cists, regardiess of the departmients i w hich

they were trained, soon found that they had
to be biofogists first and botanists o zoologists

second. Not a few were equally at home in

both fields. Thus genetes became a braad

connectng hink between the two major

divisions of biclogy.

‘This descnption of the interrelations of
genenes with other fields could be exended
mdefinitely. But the present discussion s
enough 1o show that our subject 1s not an
isafated curiosicy on the periphery of the bfe
saences, but rather 2 subject vitally necessary
for the full undersanding of any biological
discrpline 1t will be the purpose of the fol-
Towing chapters to make this subject avail-
able to the student beginning first with
clementary mendelism,



GENETICS AMONG THE BIOLOGICAL SCIENCES

and between the classess These are all
genetic questions,

Adult anatomy, however, is the end point
of a long period of embryological develop-
ment (developmental anatomy). Sconer or
later, the comparative anatomist wants to
know what are the developmental processes
by which differences in homologous struc-
tures are cstablished. He therefore turms to
embryology and to physiological genetics,
the study of the means by whnch hereditary
cffects arc obtained.

Generics anp Taxonomy G. G Sump-

son of the Amencan Museum of Natural
History, has pomted out that taxonomy s at
once the most clenientary and the most m-
clusive of the biological seiences. It 15 the
most clementary because no progress can be
made m the study of organisms until some
classification has been achieved, so that gen-
eralizanons can be made from typical senes
of organtsims to the groups winch they repre-
sent. But taxonomy 1s also the most m-
clusive and erudite of biologiral sacnces be-
cause 1t must cventually assemble, unihze,
and harmomze all of the diverse data from
the numerous fields of speciahization. Every~
thing that 1s known about an ammal enters
into the final judgment on us taxonomic
position,

In the immediate post-Darwiman period,
taxononusts were in the front ranks of the
mvesugators of the rclanonsiips among
species, But by the end of the contury, thar
work scemed to have degenerated mto a
combinaton of labelng  speamens  and
wranglmg over hypotheses which could not
be objectively cvaluated on the baws of
avatlable evidence. They were looked upon
35 meee bologrcal hack workers, The advent
of genenies changed allof thus It now became
possible for tavonomuts to analyze d)c_n
data cv<pcmncnmlly On the subspeatic
Jevel, it became posuible to ditmguish be-
ween whented vatations which, 1f avored
by natural selectron, could lead o the forma-
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uon of new subspecies and species; and en-
vironmentally caused  fluctnations which
have no permanent imporeance for the spe~
cics. Direct experimentation has not gen-
erally been possible at the ngher taxononue
levels, but knowledge gamed at lower leveks
has been fruitfully applicd. As a resulr, the
new taxonomy has become one of the most
progressive of biological disciphacs, and it is
no longer isolated from the evpermental
branches of biology.

GeNerics AND BrocHemISTRY - A contact
with biochemistry was established m - the
carhiest days of penctics, when genctcists
studied such problems as the inhentance of
flower colors. They tried to relate their dac
to the prevatling biochenucal theories on
the pigments In ths, biochenustey was of
great service to genenes But recently this
debt has been repaid A new subscence,
Inachemieal genencs, has emerged The bio-
chemical genetiersts use the techmiques of
geneties to study biochenmcal reactions of
mcroorgamsms {and, 1o some exient, of
larger organssms). In s way, 1 has been
possible to establish the exact sequence of
synthess of complex compounds m the
living organssms, mformaton which had
often been maccesssble to purely cheneal
methods,

Although extenave explotation of bo-
chenueal genetics awanted the discovery of a
sutable expetimental organtsm (the mold
Newraspora has been the most important
one}, the first example of genctic control of
a tnochemical reacton was found mman
Alkaptonuna 1 a well knawn comutunonat
defect charactenized by the blackemng of
urmne upon cxposure to ur This resalts from
the exeretton of large quantiies of homo-
genuse acnd, which s readily oxuhized to
form a black compound Homogentiste acid
1 a degradauon product of the ammo aad
tyrosne, and 1t i normally formed m farly
farge amounts from the cxccts b (ytasirc
above that needed for nomual metabolim,



eastty-Qizgnosed alternatives He thus re-
duced to the umplest possible terms the
problem of amlyzing hereditary transmis-
siore. In conteast, his predecestors had gen-
enally crossed dufferent species, or at least
well-matked varenies, which differed
many traws, and not nocessanfy 1w casdy
distinguishable ones. But before going on
10 the actual resalts obtamed by Mendel, 1t
may be well to take up 2 somewhat ssmpler
example which was first reported by Carl
Correns many years later. Thus concerns the
whentance of flower color m the four-
o'clock, Merabilis jalapa Incsdentally, Men~
de¥s cotrespondence with Nigeh mdueates
that ke had also mvestgated this case, al~
though details were not mcluded, In re-

Fig 6 Mender
ond wrinkled pegs,

partally dissected off of ghe seed, D and £,
condnicted and oot seed pogs, ’
Fand G, 0v10f and termuua) iforeseences,
4 Hand I, dwarf ang gy Srowths habys,

statenals A nd B, qmgpely

+ the aced cout,

porting it to Nigeli, Mendel \vas‘P'i““'iIY
mterested in au expersment by which he had
proved—in the face of opposition of most of
the biologists of his time~—that only one
pollen grain was effective in fernhzation,

EtementARy Minoriisss % tor Foure
QO’Crock  Correns had red-flowcring and
white-flowering varictes of four o'clacks,
These wete pure-breeding varseties, that is, if
reds were crossed only with reds, they would
produce only red offspring for gencration
after generation, The same was true of the
whites. But when Correns erossed the two
vanenes, the resubing hybnds were alf pink.
Mendel's predecessors would have stopped
the experment at ths pomt, concluding that
mheritance conssted of 2 blending of the
parental charactenstics, and assummng that
the pink hybrids would gwve mise only to
pnk offipring. Not so Mendet and his fol
lowers. they made the entical experiment of
interbreeding the  hybnds (actually, the
plants were self-fertilized). But the second
generation plants were nat uniformly pink;
about one fousth of the plants were red, onc
half pik, and the emaning one fourth
white. Thus the parencal and hybnd types
had segregated out i the sccond gencration
M2 eatio of 112y 1 If these plants were
agatn self-fertilized 1o produce a thied fen~
eration, the reds and whites bred trye Tike
the ongmal parental vaneties, while the
pinks again produced a segreganon of one
ted to twa piks to one white,

SoMe Genrig TerMINOLOGY Some tech-
mical termunology makes the deseription of
such an expenment moch simpler, The
‘f’o";g‘}‘:;j;:;‘:‘::;dx:g plants which are used

¢ referred to a5 the

parentel, or p, generation The fipst hybnd
E;’:;:lﬂ:: ;t;:sfctrcld £035 the first filial gen..
iy "f’hc sub“ls : most always abbreviaged
hrly dcsl el Quent generations are sy
ghated a3 Fy, Fy, or whatever may

be catled for, Using these designatons, Cor.



CHAPTER 2

E/ementar)'
Mendelisin—I

Modem gencnes is grounded wpon five
bases. The first of these 15 the Mendelan
expenment, which has now been verified by
2 great host of mvesugators in all parts of
the wotld. The second s the science of cy-
tology, which had not yer emerged m
Mendel’s ime, but which even before 1900
had shown that the chromosomes have
properies which later proved to parallel
very clowely the facts of Mendchan mhenit-
ance. It 15 now conclusively established that
the chromosomes are the physical basis of
Mendelan heredity  The third 1 the pure
hine concept, which made 1t possible o dis-
tmngussh berween hereditary and envaron-
mentaf efficces The fourth 1 biometry, the

samnee of satsues apphed to biological

problems. The last 15 the fact of mutanon,

the change of 2 gene (the unit of mhentance)

to form a new, sable, mhentable umt. The

first four of these will be taken up m this and

the succeeding chaprers, while the last wall

be taken up after addional genetic tools

have been developed.

2. MENDEL’S MONOHYBRID
EXPERIMENTS

The mose clementary and the mott basic of
Mendel's expenments was the momshyhrid
cross, that is, 3 cross between two pure-
breeding varictics of peas which differed
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from onz another in only one characrer,
The resulting hybrids were then selfefendle
ized in order to obuin the second generation
of offspring. Mendel reporied seven such
monohybrid crosses in peas, a5 follows
(fig. 6):

1. Round X wrmkled seed. These Gur-
acters are sclf-explanatory, if dry seeds be
examined, although the fresh seeds are all
round.

2. Yellow X green cotyledon color. The
cotyledons are the thick, leaflike structures
of the very young seedling. They are the
major nutniave organs of the seedling.

3. Grey-brown X white seed coat. The
seed coat 1s 2 thim, transparent coat, sug-
gostve of an envelope of cellophane, which
encloses the pea.

4. Evenly mflated X constnicted sced
pods. The evenly mflated pods are the fa-
miliar ones of market peas. The constrictsd
pods pinch m between the successtve peas.

s. Green X yellow unnpe pods.

6. Axal X termimal flowers. This refers

to the postoon of the flowers on the plnt.
Axw! distnbution means that the flowers are
distnbuted along the length of the stem,
while termmal disenbution means that the
flowers are all clustered about the top of the
stem.
7. Tall X short plant height. Pure-breed-
tng races arc availsble which range all the
way from extremely short bush-ty pe plants
to extremely rall “telephone™ (1n modern
sced czulogusy, buz not m Mendel's nmey
peas. For hus short vaneny, Mendel sclected
peas shich did not exceed 3 foot and a2 half
m heaght, while b tall vanety grew w© a
herzht of not less than six feet.

E:a:h of these seven pars of alrermane
tras with which Mendel made b mono-
hybrid crosses presents a pair of clearcur,



caslly-diagnosed alternatives. He thus re-
duced to the simplest possible terms the

potting it to Nigeli, Mendel was primardy
interested m an experiment by which he had

problem of analyzmg hereduary

sion. In contrast, his predecestors had gen-
enlly crossed different species, ot at least
well-marked varienes, which differed
many traits, and not necessanly m casly
distnguishable ones But before going on
to the actual results obtained by Mendel, it
may be well to take up a somewhat simpler
example which was fiest repotted by Carl
Correns many years later. This concerns the
whentance of flower color i the four-
o'dock, Mirabilis jalapa. ncidentally, Men-
del's correspondence with Niigel mdicates
that he had also mvestigated this case, al-
though detads were not mcluded In re-

Fg 6, Mendel
#%d weunkleg pe,
Portually dyseeered
constracted and gmo,
Fand G, axigt gy
2 H and {, g,

$ matetsals, A and B, smooth,
45, C, the sced co,

0 of dhe seed, D g g
oth seed pods,
4 termunat wfforescences;
arf and tall oWt halug,

proved—in the face of opp of most of
the biologists of his tame~that only one
polten gram was effective i fertilization.
ELeMENTARY Menpruss v tue four-
O'Crocx  Correns had red-flowermg and
white-flowerning vancties of four o'clocks.
These were prre-breedmg vaneties, that is, if
reds were crossed only with reds, they would
produce only red offsprimg for gencration
after generation, The samie was true of the
whites. But when Cotrens crossed the two
vanietses, the resulting hybnds were all pmk.
Mendel's predecessors would have stcopped
the expenment at this point, concluding that
heritance conssted of 2 blending of the
parental characteristics, and assunung that
the pmk hybrids would give nisc only to
pink offspring. Not so Mendel and s fol-
fowers they made the enneal experiment of
wterbreeding the  hybnds (actually, the
plants were self-fertdized). But the second
generation plants were nat umformty puk:
about one fourth of the plants were red, one
half pmk, and the remaming one fourth
wirte Thus the parental and hybnd types
had segregated out 1 the second

generanon
marnto of 1 z-

1 1 these planes were
agam self-ferttized to produce 2 third gene
eration, the reds and whites bred trye bke
the onginal parental varieties, while the
pinks agan produced o segregation of one
red 0 two pinks to one white,

Some Generie TERMINCLOGY Some tech~
il termmology makes che des
such an experiment
origina| pure-brecding plants which are used
e hybndization are referred to as the
parental, ox P, peneration The first hybrid
BENCIAtOn 18 referred to as the finst fihal gen-
etation, and this 1y atmosy always abbreviated
10 Fy, The subsequent gener.
ladly designated a5 By, By,

or whatever may
be called for, Using these designations, Cor-

ctiption of
much simpler. The

aUOTs are sim-



CHAPTER 2

Elementary
Mendelisin—1I

Modemn genetics is grounded upon five
bases. The first of these is the Mendehan
experiment, which has now been venfied by
a great host of mvestigators 1 all parts of
the world. The sccond 1s the scrence of cy~
tology, which had not yet emerged m
Mendel's time, but which even before 1900
had shown that the chromosomes have
properties which later proved to parallel
very closely the facts of Mcndehan mhent-
ance. It 15 now conclustvely estabhshed that
the chromosomes are the physical basis of
Mendehan heredity. The third 15 the pure
Ime concept, which made it possible to dis-
tinguish between hereditary and environ-
mental effects. The fourth 1s biometry, the
sctence of statsstics apphed to brological
problems, The last 15 the fact of mutation,
the change of 2 gene {the umt of nhenitance)
to form a new, stable, inhenitable umt. The
first four of these will be taken up 1n this and
the succecding chapters, while the last will
be taken up after addmional genctic tools
have been developed.

2. MENDEL’S MONOHYBRID
EXPERIMENTS

The most elementary and the most basic of
Mendel's expersments was the monoliybnd
cross, that 1, a cross between two pure-
brecdmg varietes of peas which differed
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from one another in only one character,
The resulting hybnds were then self-fert)-
1zed mn order to obtain the second generation
of offspring. Mendel reported seven such
monohybrid crosses in pess, as follows
(fig. 6).

1. Round X wrmnkled seed. These char-
acters are self-explanatory, if dry sceds be
cxammned, although the fresh seeds are all
round,

2. Yellow X green cotyledon color. The
cotyledons are the thick, Jeaf-like structures
of the very young scedling. They are the
major nuttitve organs of the seeding.

3. Grey-brown X white seed coat. The
seed coat is 2 thin, transparent coat, sug-
gestive of an envelope of cellophane, which
encloses the pea.

4. Evenly mflated X constricted seed
pods. The evenly inflsted pods are the fa-
mifiar ones of market peas The constricted
pods pinch m between the successtve peas.

5 Green X yellow unripe pods

6. Axwal X termunal flowers Thes refers
to the posttion of the flowers on the plant,
Axnaf distribution means that the flowers are
dissubuted along the length of the stem,
while terrminal distibution means that the
flowers are all clustered about the top of the
stem.

7. Tall X short plant height. Pure-breed-
mg races are avatlable which range all the
way from extremely short bush-type plants
to extremcly tall “telephone” (n modern
seed catalogues, but not i Mendel’s ume)
peas. For lus short vamsety, Mendel selected
peas which did not exceed a foor and 2 half
m height, while his tall varrety grew to 2
hetghe of not less than six fect.

Each of these seven paiss of altemmative
trasts with which Mendel made hus mono-
hybad crosses presents a pair of clear-cur,



confirmed by the pnkness of the fowers of
he Fy four-o'clocks. But che parental types
segregated outn the B, and they bred true
for many generasions subsequently Further,
¢he colots of these F, reds and whites were
ndusunguishable from those of the parental
plants the reds weee not at all diluted, and
the whites were not at 2l tinged with 2
putkash cast

Mendel realized that these results could
be possible anly if the two genes of a parr
remaned disunet m the hybnd, unchanged
by their m the Y

whites, Or 1t is equally plausible that unlike
gametes wight have an especial ateraction,
so that most of the zygotes would be pink~
fovwering, with only 2 few of the pure types
being formed. Actually, the observed ratio
was one red 1o two pink to onc white.
Mendel saw that this was exactly what
should be expeceed if cither type of polten
had an cqual probabifity of fertitiing cither
type of ovule. This i Mendel's prinaiple of
sandom ferribizanon, that when hybrids ate
crassed any type of polien {or sperm) has an

Thus when 2 hybnd forms gametes, the seg-
regatng genes are identical wath those of the
pure-breeding stramns from which the hy-
bnd was denved Thos 13 Mendel's scoond
faw, the Law of the Punty of Gametes. It
may be stated more tersely as follows. in @
fiybrid, nessher gene of an smfike pair 1s modified
by wes association with the other, Thus when the
hybod forms gametes, each must contam
ofie gene or the other, but no mtermediate
gamete 1s possible This daes not mean chat
the genes cannot enter 1nto physiological
reacuons It 1s undoubtedly through specrfic
physiologseal reactions thar they obtam therr
effects But, such reactions cannot result n a
permanens change i the gene.

One mare pravaple was necessary n order
ta explan the yesas obtamed The first nwo
Mendeltan laws lead to the conclusion that
the Fy hybnds must form two types of
gametes, the parental types, 1 equal num-
bers. But 1t 15 maginable that like gametes
might have an especuat affimty so that the
2ygotes would be mostly pure reds ot pute
T red

cqual probabileey of fertilizing any eype of
ovile {or cgg). Decanse the principle of
random fernhization is not universally ap-
plicable, it 15 not designated as 2 law but as a
generally vabid prmosple.

MENDELIAN SyMpots  These observations
are most easity presented i torms of symbols.
R oy yepresent the gene for red-fowsr
color, and r the gene for white-flower color.
It 15 an ymportant convention of genetics
hat always (when letter symbols are wed)
the two forms of a paw of genes are repre~
sented by different forms of the same letter
racher than by different fowters (for examgple,
R and W), This makes 1t easy to see at a
glance which genes belong together and
which ones ate mewbess of wnsehied pas,
Gametes will now be represented by only
one Yetter symbol for cach gene, while
zygotes {and the argansms derwed from
them) will be represented by two. The
flower colat cross m four-o'dlocks may now
be summanzed with a symbolic diagram

pacalieling the word diagram already pre-
wented on page 10

X whate RR % o

Gametes R T

¥, pink R;

-

Gametes R

. r

y 1 xe;l 2 yufk T white 1RR 2Rr oz
Mml‘,——\/—\ — :
Fyolired "rred; apmkc y white ol white X ;

1]
T T
RR 1RR:aRr:ixer



ELEMENTARY MENDELISM—|

, .
rens’ example may be summarized as fol-  Hence the pink color of the hybrids 15 based

lows: upon the interaction of the two unlike genes
for this color difference.

r red X white But in the F; not only pink plants, hike the

F pink Fy’s, but also reds and whites appear in the

Faxred ¢ apink ¢ white Progeny. Mendel saw that ¢his could be

| _ I | possible only if the members of cach pair of

Fyallred 7 red:2 pink : 1 white all white 8¢0esin the hybrid were separated imto sister

As a matter of conveation, geneticists gen-
erally write the female parent first in such a
tabular summary of an experiment, Hence it
is indicated above that a red-flowering plant
was used as the female parent, while a white-
flowermg plant was used as the male parent.
The question obviously arises as to what the
result would be if the reciprocal cross were
made, that 15, if a white-flowering plant were
used as the female parent with a red-flower-
ing plant as the male parent. Actually, it
makes no difference: the Fy and subscquent
generations will sull be just as indicated
above However, situations will be en-
countered later 1 wlich the reaprocal
crosses give different results

MENDEL’S EXPLANATION OF MONOHYBRID
IntemTANCE - Some of Mendel's predeces~
sors had made sumlar observations, but 1t
remained for Mendel to devisc a rational ex-
planation for the data. In bref, this was lus
explanation. each hereditary trait must be
detecnined by a parr of “clements,” onc of
which has come from each parent. In mod-
ern language, the “elements” of Mendel are
called genes The parental red-flowering
plants develop from zygotes having a pair of

genes for red flower color, that is, they are
genctically pure for red flower color Smm-
farly, the white-flowering plants arc geneti-
cally pure for the gene for white flower
color. But cach of these parental plants passes
only one gene of each pair to each sced pro-
duced. Thus the Fy plants have a pair of
flower-color genes consisting of a gene for
red color recetved from one parent, and a

gene for white color from the other parent.
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gamctes at the time of gamete formation,
with two types of gametes being formed in
equal numbers, one type carrying the gene
for red-flower color, while the other type
carries the gene for white-flower color.
Thus is, 1 substance, Mendel's first law, the
Law of Segregation. It may be restated in
more general terms as follows: members of a
pair of genes are separated into sister gametes
when gametes are formed.

It may be noted that the term segregation is
used m two somewhat different ways. On
the one hand, 1t refers to the scparation of
the two members of a pair of genes mto
sister ganietes. On the other hand, 1t refers to
the appearance of visbly different types
m the progeny of hybnds, which are them-
selves untform mn appearance, But, as the
sccond 15 the wisible evidence of the first,
they are very closely related 1deas. The ques-
tion may be asked whether segregation oc-
curs in crosses between members of the
same genetically pure stram, for example, the
red-flowered plants. Gametic segregation
sull occurs, because the members of the pair
of red-determinng genes are separated from
one another mto sister gametes DBut the
wvistble segregatton of characters cannot oc-
cur, because the plants are pure breeding,

Tue Punity or Gametes The concept of
the Law of Segregation was radically op-
posed to the prevathng concepe of heredity
of Mcndel's time, which was that the heredi-
tary clements of a hybrid were blended to-
gether to form a ncw wmt, mtermediate
between those of the parents, much as an
artist mixes the pamts on his palette. Pro-
ponerits of this 1dea would have thought 1



Fig 8 Cotpledons The cotyledons are the
thick “leaves™ mdiway on the stems

The It hand seedling shows the first tne leaves
yust emerging between the cotyledons, while
these are fully developed in the right

hand seedhng.

distinguished except by a progeny test, that
15, by breeding another generation to de-
termune whether all yellows would breed
true or whether some would segregate.

it was evident, then, that the plants with
green cotyledons were always genetically
puze, while those with yellow cotyledons
might be pure or they mughe be hybuds
Thus, m the hybnds one character showed
up to the exclusion of the other But, the
reappearance of both parental trans i the
Fy proved that the genes were unmparred.
Mendel found that, m us ongmal senes of
crosses, one patental character always showed
up 1o the exclusion of the other m the Fy,
and he called this phenomenon dominance
‘The gene for yellow cotyledon color 1s thus
sad to be dominant over the one for green,
while that for green is sad to be retessive to
the gene for yellow {in the case of flower
color m four-o’clacks, which was discussed
above, neither gene 15 domnant, and so the
<olot of the hybrids 15 mrermediate between
the two pure types.)

It must be emphasized that domunance 35
smply 2 matter of the funcaonal relation-
ship between the two unlke members of
2 pisr of genes m a hybud It hag nothing
1o do with the frequency of charactecs 1
Populavions. Thus, m man the gene for
brown eyes behaves as domuant over the
gene for blue eyes if 5 Mediterrancan
populabon i studied, the dominany gene

will alio be the common one. But if a
Scandinavian population is studicd, the
dommant gene will be rather rare and the
recessive gene will be common,

In the F;, Mendel obtained 6oz2 plants
with yellow cotyledons and 2001 plants with
green cotyledons. This amounts to 75.06
per cent yellow and 24 04 per cent green.
Mendel realized that this was just a chance
deviation from a rano of three yellows to
one green, Because of the phenomenon of
domimance, the first two classes 1 the
1:2 1 F; natio were added together,
Selfing (a standard term for self-fertilizmg 3
plant) the Fy plants to produce an Fy shows
that there are two differens types of Fz
dommant planss, one third of them bemng
pure yellows which breed true, and two
thieds of them being hybrids which agam
segregate This cross can be casily visualied
with the aid of pargllel diagrams 1 words
and 1 symbols For the symbohe diagram,
let Ystand for the gene for yellow cotyledons
and p stand for the gene for green cotyledons
(s customary o use the capital letter for

the dommant member of g Paxr of genes).



All of the principles discussed above are
at once quite transparent in such a diagram.
But the principle of random fertilization can
be most casily represented by the Roman
square or Punnett square (for R. C. Punnett,
a distinguished English geneticist who was
among the first of the Mendelians), One
sumply draws a square with as many sub-
divisions along cach side as there are types of
gametes produced by cach parent. The geme
formulas of the eggs (or ovules) may be
written along the left side of the square,
while those of the sperm (or pollen) may be
written across the top. Now, i cach space i
each vertical column the gene symbol at the
head of the column may be entered, Sum-
latly, in cach space in cach honzontal row
the gene symbol to the left of the row may
be entered. This automaucally gives all
possible zygotic combmations m the pro-
portions required by the prmaiple of random
fertilization, Inspection of such a Punnett
square for the flower color cross m four-
o'clocks (fig. 7) will show onc purc red

ELEMENTARY MENDELISM—|

(RR), two pinks (Rr), and one pure white
(er).

Dommvance  Mendel's own experiments
were somewhat more difficult to understand
than that of Correns which is discussed
above. The cross between varicties of peas
with yellow and with green cotyledons
(fig. 8), respectively, will typify Mendel's
monohybrid crosses. In the Fy of this cross,
all of the plants had yellow cotyledons At
this point, his predecessors would have con-
cluded that yellow cotyledon color was m-
henited, whnle green was not. But in the Fp,
out of 8023 plants observed, 6022 had yellow
cotyledons, while 2001 had green cotyledons.
When the Fa plants were sclf-fertilized to
produce an Fj, 1t turned out that the plants
with green cotyledons never produced any=
thing but offspring with green cotyledons.
That 1, they bred true. But, of the Fp plants
with yellow cotyledons, one third were true
breeding, while two thirds of the plants pro-
duced yellows and greens 1n a ratio of about
3 : 1. The two kmds of yellows could not be

Fig. 7. A Roman square Sfor the flower color cross i,  four-o*clocks,



YYX YY— Yy

¥y X yy - yy
The thued type 15 the cross between the two
diferent homozygous types, This gives the
Fihybndandleadstothe 11 2. 1 genotypic
rato or to the 3:1 phenotypic matio (f
dominance apphics) m the Fz, 2 follows:

YY X yy—T Yy—F 1YY :Xy' Tyy
31
Two more types of crosses are possible with

monohybnds, that 15, the hybnd can be
crossed o exther of the homozygous types:
Tyx YY—1¥Yyr:: Yy
YyX yy—~r1Yy 1y

Because 1 each case the hybrid 15 crossed to
a homozygous rype, like those chosen for
the P generatibn of 2 sumple Mendeltan ex.
peniment, these are referred to as back-
erosses (symbolized by B C, BX or RE,)
In the first mstance, the second patent is
homozygaus domimant, and hence random
fernbzanon resuits ma 1y genotypic ratio,
but all of the offspring are rdennical pheno-
typically Such a domunant backeross has letle
usefulness i genenic experiments, bue 1t has
an espectal importance 1 human heredity,
a will be explamed much later The second
type, the recessve backeross, has great im-
portance for experimentation, becatise ghe
genotypie and phenotypre ranos are sdengreat
Because the homozygous parent 1s recessive,
and aff of s pametes must carty the recessive
gene. the phenotype of the zygote 15 de-
termuncd by the gamete from the
RoUs patent, that 15, y 4y,
with yellow cotyledons, while y
2 planc with green cotyledons
recessive backeross the varous
produced will indicate whar &,
€tes were produced by the
Paent, and 1 why,
produced  Synyl;,
mdividunl to the
provides 3 simple

heterozy-
Yy, a plant
tron
Thus m 2
phenotypes
nds of gam-
heterozygous
¢ proportions they were
rly, €rosing 2 domsmany
OMOZYS0us recessive type
way of dstungushing be.

tween homozygous and hererozygous domi-
nants, for only the latter could have any re-
cessive progeny, Because it does yield @
much information, the recessive backeross is
often referred to as a fest gross. And, for the
same reason, any rteference to a backeross
ordmanly means a recessive backeross unfess
the dominant type is specified.

4. ELEMENTARY MENDELISM
1IN MAN

When the question is caised a3 to whc(hc.r
the prineiples of Mendelism can be exempli-
fied 1n man as well as in other organisms, the
answer 15 unequivocally “yes.” A few ex-
amples may be cited below.

White forelock, the possession of a single
lock of white hair at the front and center of
an otherwise normally prgmented head of
harr, has been known a3 2 famshal character
for hundreds of years. It has common) y been
an object of family pride. A petson who has
2 white forelock {fig, o) abways has at Jeast
one parent with the same character, and he
transmts 1t to about half of Yus chuldeen, It
never skips 2 generation. Hence 1t 15 clear
that white forclock depends upon 2 smgle
domnant gene, with s recessive allele dee
termimning the more usual, evenly pigmented
condition. Another hate eslor with asimple
genctic bass 15 red hair. When wo red-
harred persons marry, all of their childeen
are also red-harred, ndicatmg that the par-
ents must have been, homozygous. On the
other hand, parents wyh other hate coloes
do sometimes have red-hared childeen,
These facts indicate that red hair 15 bagegd
4Pt & pait of recesstve genes, Hence any
red-haired person smust be l\omozygous, but
nonred-haired persony may carty the pene
for red har, unsuspected, i che heterozy-
80us condition Other hare colors appear to
be imbensed 1 4 fhore complex fashion

Many condions of the eyes have been
shown o b mhered Nearsightedness 45
domunant over normaley, and farughtedness



The cross now appears as follows:

P yellow X green

F, Yellow
B, gyellow : rgreen

! [
F3 2/3 breed true  all breed
/3 segregate  true
ina 3 : 1 ratio

Represented as 3 Roman square, the F;
becomes:

gvales
pollen Y y
% YY Yy
yellow | yellow
y{ ¥ w
yellow | green

It may be scen that this cross does not
differ from the fower-color cross in four-
o’clocks m regard ro the manner of mhere-
ance of the genes. The general principles of
segregation, punty of gamctes, and random
fertihizacron are applicable without modifi-
cation, The only difference 1s the mtroduc-
tion of the principle of donunance, with the
result that the Fy resembles one of the par-
cuts, and that two genetrcally different Fo
classes arc indisungushable. Dommance 1s
very common phenomenon, but 1t 1s by no
means wnversal,

3. SOME MENDELIAN
TERMINOLOGY

The description of such phenomena is much
simphfied by the use of some techmical
terminology. At the outset, 1t would ob-
viously be uscful to have some term to
destgrrate the alternative members of a parr
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YY X yy
Gametes Y y
¥y
Gametes Y y
1YY 1 a2Yy o oxyy
I'd
all breed  segregate  all breed
true ing:x triee
ratio

of genes. Allele (Greck—allelon, alternative)
15 used in this sense. Thus the genes for yel-
fow and green cotyledons are said to be
alleles or, as an adjective, allelic. An organ-
ism in which both members of a pair of
genes are alike (as YY) 10 sad to be homozy-
gous (Greck—homo-, alike + zpgos, yoke).
But a hybnd, with unlike alleles, is said to be
heterozygous (heteros, unbike). When used
as nouns, these words become homozygore
and heterozygote. A zygote 15, of course, the
cell formed by the union of egg and sperm.
Bur, m genetics it 1s often convement to ex-
tend this definition to mclude the indrvidual
which develops from the ferthized egg As
mdwiduals of sdentical appearance niay have
ifferent gencuic consticuttons, 1t 1s useful to
have words to designate the genetic con-
stitution on the one hand and the appearance
of the orgamsm on the other. Genotype 1s
used m the former sense and phenotype
{Greck—phaino, to appear) m the latter.
Thus, plants with genotypes YY and Yy
have an identical phenotype, yellow cotyle-
dons

Tar Backcross or Test Cross Three
types of crosses mvolving a smgle pair of
genes have been menttoned thus far Two
homozygous dommants may be crossed {or
a sgle one may be self-ferulized), and only
homozygous dammants may be expected
among d".‘ Oﬁ‘spf"]g OCra Snm!ar Cross l"ﬂy
be made with homozygous reeessives, In
symbols, these crosses are as follows.



of the validity of the Law of Segregation.
Mendel's sccond law, the Law of the
Pusity of Gametcs, 15 also 8 recessary con-
sequence of the behavior of the chmm?-
somes As the chromosomes maintun theic
structural integity, thele constituent parts,
the genes, must also. Again the regulancy of
the production of the Mendelian ratios is
inself the prirasy proofofthe vabidity of the
Taw. Fo the establshment of the validity of
the Law of the Paricy of Gametes, the back-
cross has been used particolarly effectively
by Raymond Peart of Johns Hopkuns Uni-
versity. There is a recessave gene, vg, in the
fraw fly, Drosophila melanogaster, which
cases the wings to be vestigial. In 1920
Pearl crossed a normal female frmt fly to a
male with vestigial wimgs (fig. 10). The
offspnng were all normal. Such ¥, females
were now backerasied to males from 2 puee
breeding vestigiat stock The backeross prog~
eny shawed 3 one-to-one rauo of normals
to vestiguals Agamn, the normal (but hetero-
zygous) females were backcrossed to vestig-
1al males, and this procedure was repeated at
every generation. When Pear] reporeed this
experiment in 1935, 1t had gotee through 300
generations He pomnted out that this would
be the bological equivalent of 9000 yeats of
human brecding, if curty years be taken as
an average micrval between human genera-
tons {pechaps this 15 a hetle fong for an
average} Inall of thy rnensely long penod
of continuous heterozygosty, during whch
the two afleles had bees, exposed each to the
wifluence of the other, nesther allele showed

g 10 Normal and vestigal winged
Drosophils Above, g normat
Jemale, at below, @ vestgual wate

any tendency whateves to blend with the
other, not to vary in the ditection of the
other. In the threc-hundredth backeross
generation, the phenotypes did not diffee
from those of the original parental genera-
tion! The normal wings shawed no tendency
toward reduction, and the vestigial wings
werenotat all enfarged. Thus the Law of the
Punty of Gametes was most impressively
proven, Countless tests upon a smaller scale
have afl led to the same conclusion.

The panaple of random fertlization has
not fared quite so well, It s generally vrue;
every experiment which yields the predicred
Mendelian ratios attests its valhidity, But
thete are many spearfic examples known in
which fertilization is not at alt random. For
example, the endosperm {food material of 2
seed) of mawe may be enher surchy ot
sugary. This olematve depends upon a
single pair of genes, wath starchy (Su) being
domunant over sugary {sr). I purc-breeding
starchy and sugary strasns are crossed, the Fy
plants will all have starchy endospetrus,
the Fa, one would expect a rato of three
starchy to one sugary. But actually the ratio
obtained 1s more on the order of five to ane,
Some snught wmto this unexpected situation
may be obtamed by backerossng the Fy hy-
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and astigmatism have also been reported to
be donvmant over thoir respective normal
alternatives. With respect to eye color, blues
and grays are recessive ta the dacker colors

Probably the most generally known ex-
ample of Mendelian lreredity m man 1s that
of the blood groups, which will be discussed
in detail n Chapter 8, and so need not be
treated here. Maty more examples will be
introduced below, especually 1n Chapter 21,
but those cated above may suffice to show
that the same prmaples which apply to
heredity m other orgamsms apply also
man,

5. THE MENDELIAN LAWS
TODAY

There remams the questton of the present
status of Mendel's basic assumptions after
nearly too years. The primary test of the
Law of Segreganon 1s the regulanty of the

16

White forelock, a simple domuant trait in man, This group includes a mother, her son,
and her danghier, all with promnent white forelocks, Another danghter lacks the white
Jorelock., (Photo by John S. O'Brien.}

production of the Mendchan ratios when
appropriate crosses are made. Many mde-
pendent tests have been made m laboratories
thraughout the world, usmg experimental
organtsms from all major groups of plants
and ammals, ranging from bactena to trecs,
fram protozoa to man. The result has been
the complete vindicatton of the Law of
Scgregation: whenever sexual reproduction
occurs, Mendel's first law s applicable.
(Exceptions may occur when the behavior
af the chromosomces 1s abnormal, as m non-
diyjunction. See Chapters 13 and 14 ) In ad-
ditton to ths, 1t has been estabhshed beyond
a reasonable doubt that the genes are located
m the chromosomes, and the cyrological
study of metosts has revealed that che be-
havior of the chromosonies exactly parallels
the gencnc phenomenon of segregation. As
thus will be taken up m the following chap-
ter, 1t need only be mentoned hiere that this
fact constitutes an nnportant additional proof”



8 Genes for blue and brown eyes are 3 well
known atlclic patc 1 sran, o 3 study of 2 Dansh
population, the following dits were obtamed
from 337 farubes

PAPENTS CHILDRFN
couples. blur brown
A Blue X blue 150 62§ o
B Blue X brown 158 Wy
C. Brown X brown 29 23 32

3 Whach allels 15 dominans? Why?
b Wsing the symbols B for brown and b
for blue, dagram each rype of cross to
show how the results would be obtamed
Mare than one kind of ctoss could be
ncluded m B and C, but the data mdheate
that i each group one of the akernatives
predominates For each, deugnate the
predammant cross, and state your feasons
Stare the results expected from each of the
dleernative ctosses
9 In man, albmusm (a) 13 recessive to normal
colonng {4) 34 normal couples had a total of 79
nommal chuldrens and 21 albwe chaldren Whoy
taust have been the genotype of these parents®
Dusgram the cross i Mendehan symbols
10 Gyve the phenotypes and thewr proportions

1 the follovang erasses t fouseo'elocks:

a RRXx RR

b RRXm

¢ Re X

& Rr X R

a

11. Phenyl-thio<arbarmde  PTC) 1= 2 sub-
stance which tastes bigger to most people, but to
some 1t 35 tasteless. The difference is mberited. One
stndy of 100 fanlies yrclded che following resules:

PARENTS CHILDREN
couples tasters  nOn-tasters
Both tasters 40 90 16
One taster, one
non-faster st %o kv
Both non-tasters 9 a v

2 Which aliele 15 dominant Whyt

b. Using the symbols T for taster and ¢ for
non-taster, write these crosses in Mendel«
10 symbols

¢. How can you accoun for the obwious
falure to obtamn a 1 2 1 ratio in the second
senes of famalies {raster X non-taster)?
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brids to both parental types. In the recessive
backeross (Su su X st su), starchy and sugary
progeny are obtained in a one to one ratio,
Jjust as expected on the basis of Mendelian
principles. But in the dominant backeross
(Sustt X SuSu), an cxcess of plants homozy-
gous for starchy endosperm is obtamed, It
has been demonstrated that such disturbances
of the Mendchan ratios occur whenever the
female parent is starchy, and that the reason
is that pollen grains bearing the sugary gene
grow more slowly than normal on the silks
of starchy plants. Henee there 15 a fatlure of
random fertilization because the pollen wath
the gene for starchy endosperm get to the
ovules ahead of those with the gene for
sugary endosperm, But the growth rates of
the two types of polien on the silks of sugary
planes do not differ, hence random fertihiza.
tion docs occur m the recessive backeross.
Thus the half century of experimentation
which has followed the rediscovery of Men-
del's laws has resulted in the venfication of
the laws of segregation and of the purity of
gametes. And, while some exceptions to the
prnciple of random ferulization are known,
the great majority of experimental crosses
are understandable only upon the basis of
the assumption that random fernhization does
oceur. The exceptions are far less important
than the great regulanty of the applicability
of thss fundamental principle of genctics
As a result of the operation of these laws,
a cross between two homozygous vareties
differing in a single trart yields an Fy which
may be intermediate (no dommance) or
which may be 1dentical with one parental
type (dormmnance). If the Fy then be mterbred
to produce an By, cach parent must produce
two types of gametes m equal numbers, and
random fertilization must then lead to an
F; in which cach of the homozygous types
compriscs 2§ per cent of the offipring, and
the hybrids comprise 50 per cent. If the
hybrid phenotype 15 intermedaate, this will

1 pl\cno(yplc ratio, as mn the

e a2 12
g bue 1

case of flower color 1 four-o clocks;

.o
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dominance is shown, the first two classes are
added together to give a 3: 1 ratio, as in
cotyledon color in peas.

Questions and Prohlems

1. Define
Allele
Backcross
Gene
Heterozygous
Homozygous
Law of Purity of Gametes
Law of Segregation
Random fertalization
Zygote

2. In the cucumiber, leaves atc typially pal-
mate, but a gene is known which causes the feaves
to be fan-shaped The latter are called Gingko
leaves, as they resemble leaves of that tree. Each
type breeds truc, but when the two are crossed,
the Fy is all palmate Which gene 1s dominane?

3 Awmgn gene symbols to the cucumber
alleles of problem 2, then:

2 Write out the P generation m symbols

b Weie the Fy.

¢. Wnte the Fy

d. Write the two possible backcrosses of the
Fy to the parental types.

4 In man, the second toe 15 somenmes longer
than the great toe, and this anomaly 1s inherited
An affected person always has an affected parent
Is the gene for long sccond toc domunant or
recessive?

s Let Ls symbolize the gene for fong second
toe, and Is ats normal allele What will be the
genotypes and phenotypes of the children from a
marmage Lele X Isls> Andaf each of these clnldren
alse marnes a person of genotype Isfs, what will
the results be?

6 In tomatoes, red frut color (R} 1s dommant
over yellow {r) Give the genotypes and pheno-
types, and their proportsons, derived from the
followng crosses

a RRX1r
b Rr X
¢ Rr X Rr
dor X
c. Rr X RR

7. When oats with nornal green leaves were
crossed with a vaniety with golden leaves, the Fy
were all normal, while the F; incladed 130 green
plants and 4o golden plants Which member of
this par of genes 1s domunant> Asugn gene symbols
and diagram the cross with these symbols,



among sea urchins intergenesic and even e
cerfarmbial crosses can be made Such crosses
ate nstructive, because, while the egg con-
tributes bath cytoplasm and nuclews to the
zygote, the sperm conmbutes anly nuckus.
Hence the diffcrence between 2 hybad and
the usual purebred zygote is simply the
Affecence between the sperm nuclel of the
two spectes The cross between Sphaerechi

fragments may form perfect dwarf farvae,
\v!;xlc, 1 others, development 15 foss suceess-
ful. Boveri showed that such egg fragments
can be fertiiszed by sperm of anather species,
and that the larvac so produced from enu~
cleated fragments arc always pnrrotlumx“x,
that §s, they resemble the yazcmal specics
rather than the maternal. Thus, 38 in the

granularis and Steangylacentrotus levidus s par-
nootarly sugestive. The lacvae of shese two
spocies show easily recognuzed dfferentes.
In the cross of a female Sphaerechinus to 2
male Strongylocentrotus, larvae ate obtamed
which ase genenally mtermediate between
the two parental rypes, But if the tearprocal
cross 15 made, then the resulung larvae are
purely maternal i chacacter (ike Strongylo~
centrotus), that 15, they are smatrochnous, A
study of the behavior of the chromosomes
1 these two cases shows a close pacallel and
offers a seady explanavion of the observed
facts, In the first mstance {Sph. X Sir.), alt
of the chromosomes partictpate i1 the cleav-
age of the cgg and m its subsequent develop-
ment In the sccond case (Srr X Sph ), the
cheomosomes from the male parent are
chrmmated, fargely or complesely, dunng the
first two cleavage divisions Hence there s
one-to-one relatianship between the pheno-
type of the farvac and the kinds of chromo-
somes they have. In some other mrergenenc
¢rosses w sea urchins, the male pronucles
way be extruded from the egg irespective
of whuch specics 15 used 25 the fermale parent,
in such cases, the arvae are always matro-
clinous
Of smular unport are Baver's expen
ments an merogouy, ot the developmunt of
enucleated fragmenty of ggs. The cggs of
s wschins will bresk up meo many frag-
menas 1f shaken up, and only one fragment

tom each egg can nchude the nuclows, Bue
ol will round up and are capable of wniting
with 2 normat sperm and undergoung some
development. tn some cases these enudeated

case of interspecific crosses, the experiments
with merogony show that the chromosomes
determune the hereditary characters of the
Tarva, 1f only one patent contributes a nu-
dleus to the embryo, then that parent will
determine the marpholagic characters of the
entbryo wrespective of which parent con-
tributes the cytoplasm.

A final experiment of especial interest in
thus connection is that of double fertilization,
that 1, the fertthization of one vgg by two
sperms, This can be accomplished casily in
sez wechins by the simple expedient of adding
a dense suspension of sperm to the eggs.
‘When this 15 done, the double-fertilized egg
forms a mulerpolar mutatic figure and divides
at once mnto three or four blastomeres, Par-
teipating s the divion are a total of theee
fraplord sers of chromosomes, one from the
egg and one from each of the two sperm,
These chromosomes are distributed at ran-
domn upon the several spindies, and the result
5 that only occasionally will blastorneses
with 3 £l normal set of chromosomes be
formed. It had already been demonstrated
that blastomeres wonld separate and develop
mdcpendently mto dwaf larvae if they were
treated with calciu-free sea water, Bovert
naw tred this with the double-fernlized
eges He found thar some blastomeres faded
to develop at all, some developed defec-
nvely, and some developed mto normal, al-
though dwarfed, larvac Bue anly those with
the normal chransosopme complement ever de-
veloped normolfy. St was clear, ther, that the

firstcleavage drvise i
_— gz divscony oLf the doub:c—ftnﬂxzed

complements 1 some or all of the blas-



CHAPTER 3

The Cytological
Basis of Elenentary
Mendelism

In the interim between the publication of
Mendel's paper and its discovery by the
scientific world, the sctence of cytology
emerged and developed rapidly. Thus, even
before the clements of genetes were known
to biologists generally, they realized that the
chromosomes, the stamable bodies of the
cell nucleus, must be the physical basis of
heredity. Many biologists contributed to
this advance i knowledge, but a few may be
singled out for mention.

6. THE CHROMOSOMES, THE
BEARERS OF HEREDITY

It was Wilhelm Roux who first suggested
that, as the hereditary clements must neces~
sanily behave in a regular, ordetly fashion,
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and as only the chromosomes were divided
m an orderly fashion in mitotic diviston, the
chromosomes must be responsible for hered-
ity. August Weismann developed Roux's
suggestion energetically, and through his
many publications brought the chromosomal
theory of heredity very much to the fore-
front of biological thought. As Weismann's
ideas will be developed more thoroughly in
Chapter 22, it need only be mentioned here
that he did much to stimulate interest in the
chromosomes and ther rele in heredity.

Bovrrr's Exprriments More than any
other one man, 1t was Theodore Boveri who
accumutlated the factual evidence of the role
of the chromosomes 1n heredity. In 1887, he
published the first of a long series of papers
deseribing fus experiments on the chromo-
somes of sca urchins The papers are master-
picces of cytological and embryological
experimentatton and analysis, and they have
secured their author’s position as one of the
truly great biologists A few of lus more
suggestive expertments may be summarized
bClO\V.

Sca urchns belong to the phylum Echi-
nodermata, and hke therr better known rela-
trves, the starfishes, they are constructed ona
pentamicrous plan. However, the enure body
15 enclosed 1n a nigid globular test, and from
this long spimes project (fig 11). Although
m most ammals crosses between different
species arc difficalt or even 1mpossible,

Eig 11, Sea urchins, with and without spines,



Fig vy Muossan Creps
capilans A, wteeglase, B,
carly prophace, C, mddle
pronhase, D, late prophase;
Inetaphac w side view, F,
wetaphase s palor vew (pote that
the two chromanids of ene
chromosome are rather wdkly
separated), G, anaphase, H,
telophase, and ¥, Aaghter ¢ells
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of any el are carned out during the
“resting” phase The musmomer was apphed
by the easly cytolognsts becawse of the lack
of visible evidence of activiry im the “resting”
ells, m contrast to the obvious cyele of
wisible changes m muotic cells, Modern
physiologcal research has exposed the ervor
deasvely, and so cytologisis now prefer the
term “mterphase” to “restng phase” One
Awmencan physologst has capitalized on
s wend wn thought by enutling s very
stadable book en generat physwalagy, “Un-
restng Cells ™* The cell 15, of course, a body
of protaplasm controlled by a nucleus {fig
13) Near the nucleds s 2 promiment, deeply
stamable granule, the eentmole The nucleus

mclades many  small, weegolar granules

* Geraed, R W, 1949 Wngesting Cells, H;
NewYak, Fre e
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which stam decply with basic stams, Tike
hematoxyhn These are the chromatn grati-
ules. They appear 1o be mterconnected by
very fine threads which are difficult to
stam, or which take acid stams ltke cosm.
Thus 15 the achromatic network There may be
one or more hasge, rounded, deeply staming
bodies, the nstcleols {smglas-nicteedus), in the
nucleus Finally, the entre nucleus is sur-
rounded by 2 membrane.

Provaiase The begmmng of prophase 1
raacked by changes in the centiole and the
nudeus The centeiole dvyides it two, and
the two slowly move apact toward oppoute
pales of the cell. As they separate, o spindle
appears between them Around the ends of
the spindle, there are star-like radatrons,
the asters. As centrioles are not charactensne
of the cells of Mgher plants, nesther the
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tomeres; that subsequent mitoses had main-
tained the same combinations m the cell-
descendants of cach blastomere; and that
normal development required a normal
chromosome complement. As the chromo-
some numbers of sca urchins arc rather high
{18 and 36 arc the most common diploid
numbers), it 15 very difficult to diagram the
possible divisions. However, the principles
involved are well-llustrated in figure 12,
which s modified from one of Boveri’s

original figures. Here he has shown two of

the ways m which the divisions nught occur
if there were only four pairs of chromosomes
(three of cach kind are therefore mvolved m
these divistons).

These experiments, then, and many ethers,

Fig. 12, Bover’s experitment on double
fertthzation in the sea wrclun Each zygote

(a and c) has threc haploid sets of
chrottosomes, one from the eqq and one from
each sperm. For diagrammmg, four

chromosomes have been drawn to represent cach
haploid sct, a large V, a small v, a ],

and a rod, These are arranged at random on
Sfour spindles, with a and ¢ representing

two possible arrangements Zygote a then dundes
to form four blastomeres as m b, while

zygote ¢ diwndes to forn four blastonere< as v d
Only those cells which get at least one
chromosome of each knd are wable The stippled
cells all lack at least onc kand of chromosoine,
and these are inviable. (Redrawn from Boveri.)

make it clear that the chromosomes have an
especial relationship to heredity, and it there-
fore becomes highly important to examine
the Iife cycle of the chromosomes.

7. MITOSIS

The most critrcal stages in the life cycle of
the chromosomes are the cell divisions, that
is, ccll reproduction. In somatic tissues, the
cells ordinarily divide by a process called
mitosis, or cquational division, which re-
sults in daughter cells witl chromosome
complements 1dentical to cach other and to
the mother cell from which they came. In
the formation of germ cells, however, there
is a somewhat different sort of cell division
in which the number of chromosomes 15
halved. This is called meiosis, or reductional
dwvision.

In the process of mitosis (Greek, mitosis,
thread formation), stamable threads, the
chromosomes, become visible i the nucleus
Each chromosome 1s duphcated lengthwise,
then the duplicates are scparated and arc
moved to opposite poles of the cell. The eell
now divides mto two, and the group of
chromosomes m cach daughter cell re-
forms a typical nucleus Thus, cach daughter
nucleus 15 a perfect replica of the other and
of the parent nucleus. The entire process is 2
continuous, unified action m which any
subdivisions are rather aruficial, but it 15 s0
complicated that 1t can be adequately de-
scribed only if broken up into convenient
stages for analysis. For this reason, mitoss 15
conventionally described 1n five phases: -
terphase, prophase, metaphase, anaphasc,
and telophase Between prophase and meta-
phase, many cytologusts speak of prometa-
phase.

InTerenast The  ordimary, metabolic,
non-dividing cell has tradionally  been
called a “resting” cell This 15 a musnomer,
for actually the major metabolic funcuons



centrioles nor the assaciated structures ap-
pear in figure 13, However, they are well
Mustrated 1n figure 14, whichis drawn from
the cleavmg eggs of Ascarss, and s repre-
sentatve of aitosss in typical amamal cells

The nuclear changes of the prophase are
complex and of Jong duraven, so that 1t s
custamaty, for descriptive purposes, to sub-
dwde 1t mto carly, mddle, and late pro-
phase {figures 13 and 34). Dunng, the early
prophase, chromann granales tend to appear
a2 himde more coarse and they draw closer
together, so that st looks as though definne
alignments oceur, but no strand can be fol-
lowed very far, Meanwhule, the nucleolus
begns @ progressve 1oss of ws affimty for
statss, and the nuclear membrane becomes
somewhat less distnct than s the mterphase.
By muddie prophase, the condensation of the
chromosomes from the diffuse chromatm has
progressed far enough that rather definste,
though not compact, strands can be eastty
followed for conuiderable distances 'They
commonly present a rather tangled appear-
ance m which 0o orderly arrangement 1
apparent Aho duting the muddle prophase,
the nucleolus becomes sull fanter and may
dusappeac entreely. Tt 15 smd to dissolve The
nuclear membrane also becomes famter. Al
the while, the centnoles have contmued
thew movement towatd the oppostte poles
of the cell.

By late prophase, the chromosomes have
condensed 1o a wamum degree, and they
appear as short, dense bodies relauve to the
carlier stages They are, however, stll scar
tered at candom The muclear membrane
and nucfeolus have by this ime disappeared
completely The centrioles have now reached
Z';Tniffi‘é‘3,§°§‘ of the cel, and the troe
e VISI00 now 15 fortned be-

m the nuclear sap. It remans

only for the chromosomes to become on.
cnted on ghe

phine midway berween the
cennsles, e equatorial plae or metaphase
plate. This canqonal stage 15 often called

prometaphase. What the actual process of
movement of the chromosomes to the equa-
torial plate may be 15 not knowts, Oue sug-
gestion 13 that dhe formasion of the spindle
may begin at each centriole and progress
toward the center, pushing the chromosomes
as the two half spindles grow.

It was originally thought that the dupli-
ction of the chromosomes occurred at
metaphase, however, many cases have been
found m which the chromosomes ate visibly
double 1 the prophase {fig. 1), even the
very early prophase, Tt seems probable that
duplicanion of the chromosomes never oce
curs fater than the prophase, while it may
occur carher. tn fact, there is much cvidence
that the chromosomes may have latent divi-
s1ons for two or three mtote cycles ahead.
Electron micrographs of chromosomes, for

¥g. 15, Prophase in an onton oot tip cell,
Note that the chrontosomes ase vinbly
donble s places,
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Fig 14, Mitosis m Ascans. A, interphase; B, middle prophase; C, late prophase;
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centromeres 15 perhaps the most fmportant
aspect of the metaphase
Anapnase The salient fearure of the ana-
phase 15 the movement of th? danghter
chromosomes from the equatorial plate to
the opposte poles of the el What the
cause of this movemens may be is one of the
mportant wnsotved prablems of cytology
Thete apgeat to be fibers connecting each
chromosome to the centrioles, and 1t was
ongmally assumed that contraction of these
spndle fibers pulled the daughter chromo-
somes to there tespective poles. But much
cvidence has been marshalled against this
theory, and 1t 15 now not given very much
support by most cytolagysts Yer nather has
any generally swsfactory theory been pro~
posed n 1ts stead
Terornast When the anaphasic move~
ment 15 completed, the telophase begms
Ths 1s mote or less a reversal of the prophase
changes, and, hike the prophuase, it 1s much
prolonged  The chromosomes begm to
vacuotate and become diffuse At first they
Sovipusy form dense threads, b the chro~
matin becomes more and more dispersed,
and fimally chromosame stsands cannot be
followed wath any assurance A nucleac
membeane forms agawn around each daugh-
ter nucleus, and the nuceoli are formed
anew Also dunng the telophase, the division
of the cytoplasm oceurs In plants, the firse
wdicavion of this 1s the formanen of 2 deb-
e el plate across the spindle This con
wiues o grow wnnl it completely buserts the
cell 1eserves as the sie of fsmanon of a new
cellulose membrane In ammal cells, the cell
membeane constracts around the equator of
the cell, and new membranes are formed be.
twcen the daughrer cells o complete the
Svmon There are now two wterphase cells
whese formenty there was but one.
SteMineance or Mrrosis Some aspeety

of the mitone eyele duserve expernal aren-
uon First, bocase evy

N ey chramosome die
vides 1090 two identy

cal dangher chromo-

somes which are sepamated 1mto different
dangheer nweled, each daughter nucleus
showdd have a chromosome complement
identical wich dhat of the other, and both
hould be identical with the parent ccll from
whuch they came, Thus mutosis 15 3 conscrva-
ssve factor in heredury, It tends to keep the
g!“ﬂt\[?ﬁ constant

Second, reference to figures 13 and 14
will show that the chromosomes exist
pass. In Astaris there are only two pairs of
chromosomes, while m Crepis there are
theee paits Further, each of the three parsin
Crepts has a different shape, 50 that the mem-
bers of a pmr are easly recogmizable in
favorable preparavions Butitis noteworthy
that the twa members of a patr behave in-
dependently in mitoss: they are not located
m any special relationship to one another
on the metaphase plate Thus paiwrwise cxst-
ence of the chromosomes is a general char-
actenstic of sexually-reproducing organisas,
and at 1 called diploidy (Greck—diploos,
double) It 15 the cytological counterpart to
the parwise exstence of the genes, and con-
sututes a parpal confirmation of the fact

duat the o carry the Mendel
ge!\es

8. MEVIOSIS

The necessity for a persodic reduction of the
chromosome numbers was first demon-
strated by Weismann I gametes carned the
full diplord set of chromosomes, then their
unson would result m zygotes wich twice as
many chromosomes as the parents, and this
doubling of chromosome numbers would
Occur at evety pencration It was Wes-
mans realization of the nstabiliry of such a
situationt that led o to predice it o=
ductton divisions would be found to accur
ut the formation of gemetes This prediction.
has been fulfilled- meiotec, matsiration, ot re-
ductors drwsions oceur 10 the b cycles of all
sexually reproducing orgamisms The re-
duced cells, containng only one chromo-
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Fig. 16, Electron micragraph of a chromosome
Note that the heavy fiber sepqrates out wto
analler ones at three sccesstoe levels, so that
there are a nmum of cight fbrls in

cach cliromasome This 13 a composite drawing
bascd npon the electron micrographs

of Yasuzunm

example, have been found to show eight
strands 1 chiromosomes which appear single
at the level of resolution of the hght micro~
scope (fig 16). The mode of duplication of
the chromosomes 15 by no means clear at
present, but 1t scems probable that cach
chromosome acts as a contact catalyst for
synthests of a rephica of stself from materrals
present n the nucleus

Metarnaste  The principal diagnostic
character of the metaphase 1s the alignment
of the chromosomes on the equatoral plate,
This 15, however, a somewhat deceptive
statement, for often the chromosonies ap-
pear to be rather widely dispersed through
the cell at metaphase There 15 a speafic
chromosomal organcfle, the centromere or
Linetochore, by wiich the chromosome 1 at-
tached to the spindle The centromere is
actwvely ahgned on the metaphase plate,
while the rest of the chromosome 1s passively
pulled along after 1t. As 2 result, the long

chromosomes of Crepis {a common weed
resembling the dandelion) (fig. 13) do not
appear to be very well aligned, althongh
there 15 a greater concentration of chromatin
on the cquatorial plate because of the centro-
meres. But, although the chromosomes of
Ascans are also long, they appear to be al-
most perfectly abigned (fig, 14), This is be-
cause each chromosome has a whole series of
centromeres attached to the spmdles (an mn-
usual condition). As all move actively to the
metaphase plate, exact alignment of the
whole chromosome results, But a very clear
metaphase plate may also result when cach
chramosome has only 2 stugle centromere,
if the chromosomes are short. Thyy 1s the
case m the whatefish (fig 17), in which there
are $o chromosomes, which form a di-
grammatically clear metaphase plate,
Although most of the chromosome 1
duplicated during the prophase or cathier, the
centromeres are undivided ool the meta-
phase, and st 15 the duphication of the centro-
meres which periuits the separation of the
daughter chromosomes, and thus the begm-
g of the anaphase. The duplication of the

Fig. 17, Late prometaphase in the whitcfish,
Noste howe beauttfilly the chromacomes
are becomng afigned



a parr of sistet chromatids) with them Thus
the chromasome number aleeady o=
duced, for thexe is one haplowd set of chromo-
sommes at each pole, although each chromo-
some 15 akready duphcared for the next
dwson Some modification. of ths state-
ment wall be necessary below. The dyads go
1o the metaphase plate of the second diviston,
and thus time the cenromeres divide just s
1 matosts, with the resule that only 2 smgle
<trand of each kind goes to each pole. There-
sulting cells become the functional gametes.
Tuig Proprase OF THE Frst Metomic Di-
viston The most crimcal differences be-
tween mutosss and metosss ocour - the
prophase of the first metouc division, when
synapsss and tetrad formation occur, and
tn the metaphase of the first meone dwvr
son, when the centromeres farl to divide.
The detarls of the first merotic prophase are
covered 1w books on cytology, however, a
buef outline may be gven here (g 18).
The chromosomes fitst appear as exceed-
wngly slender threads with fine granules, the
chromoneres, along thewr lengths The stage 15
called the leptorene (Greek—~leptos, slendet +
tama, rbbon) At first, the arrangement of
the leptatene chromosomes, which are pres~
ent 1 the diploid number, appears to be
completely random, but in many species the
chromosomes soon become onented with
the ends of the chromosomes gathered to-
ward the centrosome and the central por-
nions dispersed through the nudleus, sug~
gesting & bouguer of flowers Tt 1s thought
that che bouquet arrangement facifieates
symapsis Soon the actual pamng of the
homalogues begms Tt may begin at the
ends of the chromosomes or 1t may begin
at the centromeres, but m esther case it pto~
ceeds i zipper-fishon, chromomere by
chromomere, untd 1t 15 complete The stage

dunng which synapsis 15 m progress 1s called
the 2ygetenie (Greek—z

T ygon, yoke + taimia).,
e e of the symaptic force 15 not

After symapsy 1 camplete, the chromo-

somes may be said to be Yigalent for they
are present only in two-by-two assoct-
ations. The bralents, of course, took thicker
than the leptotene chromosomes, a‘nd they
now begin 2 progressive shortening and
thickening, hence chis stage i c:ﬂcd. the
pachytene  (Greek—pachys, thick -+ taiita).
There 15 some evidence that the chramo-
somes ate duphicated to form the teteads 2t
ths stage, but this 1s ot usually visible unail
the following stage, the diplotene (Greck—
Aploos, double 4 tainia). In the diplotens,
the synaptic atteaction of the homologues
seems to be lost, and the homologues tend
to separate whie the sister chromauds of
each homologue are firmly synapsed. Yet
the homologues remain rather closely asso-
ctated 1 tetrads, bound together by cross-
figures of the chromatids called casmata
{sngular, chiasma, Greek—chtasina, cross).
It appearts that the chromatids somctnmes
break m corresponding places m the two
homologues of a patr durmg the pachytenc.
When the breaks reheal, they may jotn the
“wrong” chromatids. Ths fact will be 1m-
portant for a later chapter. As a result, the
chiysmata bind the homologues together.

The shorterung and thickening which
began m the pachytene contmue through the
diplotence and reach an extreme m the final
phase, didkemests, which corresponds to the
prometaphase of mutoss The chromosomes
are especially easy to count at thss stage, a5
they are very short and thick, and the tetrads
are, of course, present m the haploid num-
ber The chromosemes now move onto the
metaphase plate, and the two matufation
dwvistons proceed as described abave, that s,
homologous centromere separates  from
homologous centromere at the first drvision,
pulling therr dyads to the opposite poles,
while at the metaphase of the second dvee
sion, the centromeres divide and pull smgle
strands to apposite poles.

OO0GENENS AND SPERMATOGENESIS Com-
varED The behiavior of the chromosomes
1 the same m plants and m animals, 1 male
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some of each kind, are said to be haploid
(Greek—haploos, singlc). In animals, the
meiotic divisions lead immediately to the
formation of gametes. In plants, the meiotic
divisions result in the formanon of spores,
which then develop mto gametophytes, or
plants with the haploid number of chromo-
somes, The gametophytes (which i lugher
plants appear to be simply organs of the
flowers) then produce the gametes by ordi-
nary mitotic divisions,

The reduction of the chromosome num-
bers 15 accomplished by a series of two divi-
sions, The essential feature 1s that the chro-
mosomes divide only once wihile the ccll
divides twice. This can only result m halving
the number of chromosomes per cell. It 15
umportant to note, however, that the reduced
set of chromosomes so produced 1s not mere-
ly a numencal half of the diploid set: 1t is
a very speaal half, comprising one chromo-
some from each pair. The chromosomes ap-
pear m the early prophase of the first divi-

Fig. 18, A
C, pachytene; D,

anaphase I; H, metaphace 1; and 1, anaphase I1.

feiosts in Creprs capillans (male). A, leptotene;
diplotene, L, didkanesis; I, metaphase I, G,

sion as very slender threads in the full diploid
number, six (three pairs) m the case of
Crepis, Soon, however, the homologues, or
members of cach pair, become closely jomed
pornt for point. This process is called synapsis
(Greek—synapsis, union). Synapsis 1s highly
specific, for 1t always occurs only between
the two members of a single pair, contaming
as they do the allelic genes denved from the
two parents. Each symapsed chromosome
is now duplicated, except for its centromere,
the daughter strands attached to cach centro-
mere bemg called sister ehiromands. Each
synapsed pair now consists of four strands,
and 1s called a tetrad (Greck—tetras, four). The
number of tetrads 15 equal to the haplod
number of chromosomes, three m the case
of Crepis. When the chromosomes go to the
metaphase plate for the first metotic divistort,
cach tetrad has two centromeres, one from
cach synapsed chromosome. The homolo-
gOUs CCNtromcres scparate towatd the op-
posite poles, drawing their respective dyads

B, xycotene;



making these the Jargest of cells, often teuly
macroscopic. Winle the actvol mass of pro-
coplasm 15 increased, deposition of yolk s
the mayor factor in this growth.

Each prumary spermatocyte undergoes the
fizst metotic drvisson, giving ise to two cells
of equal size, the sewdary Spermatocyies.
These 1 turm each undergo the second mei-
one drvivon, producing four cells called
spennatids, cach of which s then transformed
wthout fucther divisons into 2 funcuonal
sperm cell. The spermatids are, except for
taplody, typical cells. They now undergoa
seaaes of morphofogical changes meludig

candensaion of the nucleus, development of
a Jong flagellate tarl, and great reduction of
the total amount of cytoplasm These modi-
fied cells are the spermatozoa, and, as the
transformanon from spermand to sperma-
tozoon 15 accomplished without any further
cell diwistons, each primary spermatocyte
gives tse o four grand-daughiter celb, each
of shich becomes a functional sperm Com-
parable facts redatove to plants will be pre-
sented n another chapter.

ta the female, the primary oocytes also
undergo the first metotc dwviston. But the
diviston of the cytoplasm s very unequal.
The spidle s eyprcally very near one side of
the cell, and almost all of the cytoplasm e~
mams m one daughter cell, the secondary
ancyre, whdde a mere trace goes to the other
daugheer ecl, the first polar body But the

nuclear contrsbutions to the two cells arc the

Fig 20 Egg and polar bodies 1 Ascans The
Jrst pola budy a5 the black streak at 11

O'sback on e ymer surface of the shell, The
second polar bndy 1s aherng to the ege,

and dts chromtosomes stull appear as separate,
coupas bodies Gnly uvo polar bodies appear,
breavse she fest arse das not yet draded

#uien the eag are the male and fimale

pronucler,

same. Now the polar body and the secon-
dary oocyte undergo the second meiotic
division Again the division products of the
fatter include a small second polar body and 2
Targe cel, the ovin or ¢gg {fig. 20). Thas
each primaty oocyte gives risc to four grand-
daughser cells, only one of which is a func~
tomal egg ccll, while the other theee are
polar bodies, the prospective fate of which
is disntegration.

The question of why the polar bodies
should be formed rather than functional egg
cells belongs in books on cytology rather
than genencs, but the question is inevitable
and so must be discussed briefty Unltke the
spermn, the egg must inclade sufficient nu-
tntve ‘matersal for the developimg embryo,
25 well as adequate seserves of those forma-
tve matenals which are necessary for the
development of the embryo. As a result, the
eggs are already the largest of cells, but the
prmary oocytes would have o be much
targer 1f four functional eggs were to be de~
nved from each one. There 15 then, an ob-
wvious biological economy 1 retaining most
of the cytoplasm m a single cell, while using
the polar bodies as 2 means of elurunating
chromosomes But why not let the reduction
divisions occur before the great growth of
the egg, so that the formanon of four equal
daughter cells need not tear down the great
deposit of yolk and other marenals Ynzs-




THE CYTOLOGICAL BASIS OF ELEMENTARY MENDELISM

and in female. But in anmals, theee i an
important difference between the two sexes
in the divisions of the cytoplasm during the
matusation of the gametes (fig. 19). In cach
case, the primordial sex cells are multiphed
by a long series of mitotic divistons. These
nnroucally dividmg germ cells are called
oogoia (female) or spermatogonia {(male).

The final nutotic division feads to edls
called, respectively, primary oacytes and pri-
mary spenatacytes, These prmary gameto~
cytes mndergo a growth phase during pro-
phase 1 {the meciotic divisions are often
idennfied by Roman numerals). In primary
spermatocytes, this gmwdl phase is minor,
but in primary oocytes it is spectacular,

L.

Fig 19, Oogen

nltsplied by mas

oute e e cach sede das been )
vte gres rise 1o only

bust eacls pramary eocyte guues rt

Fanally, a ferlizatio d¢ shown This diagram ss based

esis and spermatagenests compared. Both oogonia and sprrmategonia are

y mttatic drptsone Whik any of thece celfc may beeome gametes,

followed Bach pranary specinatocyte gues aise 1o four functional speens,
one franctional e¢g and three polar bodies,

upon Drosophula.
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that, 1f an organism heterozygous for two or
mote pars of genes located on as many
diffcrent chromosomes were studied, the
pattern of nherstance of the genes would be

f d by thos md 4 riment

of the chromosomes. But this 15 the subject
of the next chapter.

Questlons and Problems

1 Define
Chromaun Merogony
Chromosome Metaphase
Hybrd Mitoss
Matrochnous Patrochnous
Metosis Prophase

= Explan the experiment which you believe

most strongly supports the chromosomal theory
of mhentance

3 Make a scries of sketches dlustrating the main
facts of matosis

4 Now make 2 parallel senes of sketches illus-
trating the mamn differences between mytous and
and me1osts

s Defne
Pachytene Synapsis
Palar body Tetrad
Reducnon
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much as the chromosomes are major organ-
clies in the brosynthesis of protems and
other substances in the cell, there is some
advantage to carrying out so cxtensive a
process as the growth of an cgg while the
full diploid set of chromosomes is avatlable.
This explanation 1s reasonable, but, it should
be added, unproved.

Frrmiuzation  The climax of the story
of the gametes 15 fertilization, the union of
an egg and a sperm. The details of the proc-
ess of fertilization vary widely from specics
to species. Most commonly the sperm enters
the egg when the egg 15 at the metaphase of
the first meione division. The entrance of
one sperm causes changes m the surface of
the cgg so that addional sperm tannot
enter. The maturation divisions of the cgg
are then quickly completed, and the nucler
of egg and sperm unite and begmn the first
cleavage division of the new, diplod mdi-
vidual, Because there 1s no phase of the pro-
cess of fernilization which 1s not radically
modified m some specics, 1t 15 very difficult
to define fertthzatton morphologically. Bue,
from a genetic viewpomt, two features stand
out: first, fernlization docs activate the egg,
so that 1 develops theough the usual em-
bryontc processes and stages to an adult m-
dividual, and second, the mheritance of the
zygote (and so of the new mdividual) 15 de-
nved equally from the two parents, one
complete set of genes commg from the
mother and another complete set commg
from the father.

9. MEIOS!S AND MENDELISM

It remarns only to pomt out the parallels be-
tween (I]C rﬂcts ()fl“CIOSlS :md nfc]cmcnt;lry
Mendelism At the outset, the fact that the
chromosomes ordmartly exist m pares
somatic cells and singly m the gametes corre-
sponds perfeetly to the condittons of the
genes. The first of Mendel's laws, the Law of
chrcgation, states that, when gametes are
formed, the members of a paie of genes are

12

separated from one another into sister gam-
ctes, Paralleling this is the cytological ob-
servation that, when gametes are formed,
the two members of cach pair of homolo-
gous chromosomes are separated into sister
gametes. It s plain that, if the theory is cor-
rect that the genes are parts of the cheomo-
somes, the segregation of the genes is 2
simple consequence of the behavior of the
chromosomes,

Sumilarly, the purity of gametes appears to
be a necessary result of the face that the
homologous chromosomes do not fuse at
synapsis, but rather cach remains distinct
and they separate intact. But there is a diffic
culty here: 1t was pomted out above that m
the pachytene or diplotene, scgments of
chromatids may be exchanged between the
two members of a par of homologous
chromosomes, with chiasma formation re-
sultng. Might this not cause an meermun-
gling of alleles, grving nisc to impure game-
test The evidence indicates deasively that
this 1s not the case Cluasma formation never
alters a gene, hence 1t 15 gencrally believed
that chiasmata occur only between genes

One final pomt relatwve to the behavior of
the chromosomes may be taken up m antic-
patton of the following chapter. Every dip-
losd ccll includes two haploid scts of chro-
mosomes, one dertved from the father (pa-
ternal) and one denved from the mother
(maternal) Now 1t 15 imagmable that m
metosis all of the paternal chromosomes
mught go to one pole and all of the maternal
chromosomes to the other Or 1t nught be
that the different homologous pairs behave
mdependently of one another, gametes with
all possible combmnations of patcrnal and
maternal  chromosomes bemg formed m

cqual numbers The latter alternative has
proved to be correet. As 1t applies co Creps,
the results of this sdependent assortment of the
chromosomes have been diagrammed m fig-
ure 21. Now up to the present, only mono-
hybrids have been duscussed. But it 1s obvious



i g n
Tablel. The Dihybrid Cross—Round-Yellow X Wrinkled-Gree

P mund-yel\owxwxinkled—gxz:n RRYY X 7
3] round-yellow ReYy
Proporuons
?
F; 315 round-yellow oft6 9 R’f‘
101 wrnkled-yeflow 3/16 3 ﬂg
108 round-green 316 3Ry
32 wrmkled-green 116 ropy
“§56 Fy plants

Fs

Troportion out of
16 progenies from

Genotype of F2 Mendel’s

parent was notaton
£y plants
From the 315 F round-yellows:
1 38 yiclded only round-yeliows RRYY RY
2 65 " round-yellaw and wrnkded-yellow RryY ReY
2 6 " round-ycllow and round-green RRYy RYy
4 138« allfour Faeypes Rryy ReYy
Sarr
From the 101 Fz wrmkled-yellows
1 28 ielded only wrnkled-yellows Y v
2 68 “  wronkled-yellow and wrmkled-green Yy Yy
o6
From the 108 F; round-greens
1 35 yielded only round-greens RRyy Ry
2 & round-green and winkled-green Ry Ry
102

From the 32 F; winkled-greens
V28 yiclded only wrinkled-greens

myy "

* Note that the number of plants recorded 15 m each case less than the number of seeds planted This
1 \mlmsc some of the seeds farl 1o germmate Actmally, 2 germmation rate of 528 out of 5356 (95%) 15
weellent

wntten o full {3s RrYy) n order to dis-
tinguish 1t from the gametes The utibity of
thus had not become apparent 1n Mendel's
time, and 5o he wrote a particular gene sym-
bol only once when the plant proved to be
pure-breedimg, and twice when 1t was neces~
sary to indicate that tho allehic forms were
present Thus the two monohybnd crasses

weferred o above would be wntten as
follows,

bl RXxr YXy
F Rr Yy
F, 1R 2Rr-xr 1Y:i2Yy.xy

1£the F; of the dihybrid cross be summarized

m the same way, takmg the data from the
Yase column of table 3, we have: 1 RY + ¢

1Y+1Ry+ lvy+erY+zRYy+z
¥y + 2 Rey + 4 RrYy, Mendel exammed

35



CHAPTER 4

Elemehfary
Mendelisin—II

Having scen how closely the facts of cy-
tology parallel the most clementary facts of
genetics, We may tumn our attention once
again to Mendel's cxperiments. After ex-
permenting with the seven monohybnd
crosses, Mendel tried crossing strams of peas
which differcd m two characters, The nature
of such a diliybrid cross may be allustrated by
the cross between a stram of peas having
round seeds and yellow cotyledons with a
stramn having wrinkled seeds and green cot-
yledons. The By was umform, all of the
plants having round sceds and yellow coty-
ledons, But the F; was much more complex.
Out of a total of 556 plants, 315 were round-
yellows, 101 wrmkled-yellows, 108 round-
greens, and 32 wrnkled-greens Wath Ius
unusual mathematical msighe, Mendel saw
that this approxmated arato of 9 : 3 311,
for whch the 1deal figures would be 31275
round-yellow, 10425  wnnkled-ycllow,
104.25 round-green, and 3475 wrmkled-
green. This obscrvation was the basis for hts
third law, the Law of Independent Assort-
ment.

10. THE DIHYBRID CROSS

“That the Fy from thus cross should afl have
round sceds and yellow cotyledons 1s hardly
surprsing, for 1t had already been demon-

-

strated that these characters were dominant
over their allcles, wrinkled seeds and green
cotyledons, respectively. But the Fy rano of
9:3:3:1 was something new, The fow
plants which had wrmkled sceds and green
cotyledons had to be homozygous for bath
pairs of genes—rryp~—as these are the e
costve alleles. However, the remammg
plants, showmg one or both dominant
characters, could be enther homozygous ot
heterozygous. In order to determme the
exact genotypes of his Ty plants, Mendel
self-fertihzed them, collected the sceds from
cach plant mdwidually, and then recorded
the nature of their progeny. The results of
the entire experiment are tabulated in
table 1.

Tir Dinysmip Ramo Exeramun Table
1 makes 1t clear not only that a dihybnd
cross feads to a 91 3 311 rato m the Py,
but that there are nine different genotypes
which make up the four phenorypic classes,
and that these genotypes also accur m defi-
nite, predictable ratos, What does thns all
meant A clue may be obtamed by consider-
ing the two character parrs one at a tme If
the cross be treated as a monohybrid cross
between round and wrinkled strams, then
the F includes 423 rounds (315 round-
yellows plus 108 round-greens) and 133
wrimkleds (105 wrmkled-yellows and 32
wrmkled-greens). 423 to 133 1 a far ap-
proximation of the expected Fa ravo of
3¢ 1. Agam,ifthe cross be treated as a mono-
hybnd cross between yellow and green
vartetics, the Tz meludes 416 yellows (315
and 101) and 40 greens (108 and 32) 416 to
140 15 an excellent approxmanon of a3 1.

rato.

A further clue 15 obtamed from Mendel's
ariginal notation of the genotypes Today,
the genotype of a diplord organism 1 alw ays
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crossing, of different vanenes of plants or
ammals 1n order 1o obtam new pure-breed-
g, stocks with combsnations of the char-
actenisties of the two ongmal vanenes Ths
may be dlustrated with the guinea pig ex-
ample of figure 22 Let us suppose that a
dealer has one pure-breeding stock which
has long, Black harr (BBss) and another
which has short, brown haie (bbSS) But a
customer orders gunea pigs for breeding
stock, speaifymg, that they must be pure
breeding for short, black hay (BBSS). So
the dealer makes the cross BBgs X bbSS, and

gets all short, black-hatred progeny 1n the Fy.,
But he cannot send these to hus customer for
they are known to be heterozygous for both
genes He therefore breeds an Fy. The
progeny mclude mine-sxteenths of the de-
sited phevotype, but these include only one-
sixteenth which are pure breeding, and

gh hs which wall
one or both genes

for

How are the desired, homozygous animals
to be picked out> Mendel answered this
question 1n the case of hus peas by self-feral-
izng each plant, and then recording the



this series, and saw it to be the simple alge-
braic product of the two simpler expressions,
RA4-2Rr+rand Y42 ¥y 4y

THE LAW OF INDEPENDINT ASSORTMENT
Taking these facts together, and especially
the fast mentioned algebraic considerations,
1t becomes apparent that the two different
pairs of genes 1 a dihybrid cross behave in-
dependently of one another, each paic of
genes being distributed as though the other
were not there, In other words, the pro-
portions of their combinations are the prod-
ucts of their sepatate combimations
(Gals + 1[4} X G4+ 1/4) =

9/16 + 3/16 + 316 + 1/16).

This 1s the substance of Mendel’s third law,
the Law of Independent Assortment, which
may be conasely stated as follows: mem-
bers of different pairs of genes segregate in-
dependently of one another when gametes are
formed. Like the other Mendehan laws, this
one has been thoroughly vindicated,
but it 1s limited by the fact that cach parr
of chromosomes meludes many paws of
genes. Clearly, 1f two pairs of genes under
study happen to be m the same parr of
chromosomes, they could not behave in-
dependently. But this 15 the phenomenon of
finkage, and 1ts development may be de-
ferred to a later chapter. For the present, let
1 suffice to state that the Law of Independent
Assottment 1s applicable only when the
genes studied are located on different chro-
mosomes.

Ul\lcss d\c gﬂl\lC(CS lln]tcd at l':l“dol“, mn-
dependent assortment would not be suffi-
cient to account for the results of a dihybrid
cross, howevet. The dihybrd cross 15 there-
fore subject to the same theorencal hmita-
tions that were discussed m chapter 2, as
swell as to the addional Inmtations mposed
by the fact of linkage, which will be taken
up much later.

DIIYBRIDISM AND THE ROMAN SQUARE
Punnett’s Roman square method was ex-
p\nm:d above m connection with the mono-~
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hybrid cross, bur its usefulness is very much
greater as an aid to visualizing independent
assortment and random fertilizaton in a di-
hybrid eross. Thus, m Mendel's dhybnd
cross, the Fy plants have the genotype
RrYy, and as the result of independent as-
sortment, they will produce four types of
gametes in equal numbers: RY, rY, Ry, and
ry. (Note that every gamete must contain
one representative of cach allelie pair, and
that none can possess more than one ) Be-
cause there are four types of pollen and four
types of ovules, the Roman square must
have four columus and four rows. Thus the
completed square will appear as follows:

Fy RrYy gametes: RY, rY, Ry, 1y
d
Q RY (28 Ry T
RY | RRYY | ReYY | RRYy | RrY¥y
Y | ReYY | rrYY | ReYy | rdy
Ry | RRYy | RrYy | RRyy | Reyy
ry | RrYy | rrYy Rryy | sryy

Enumeration of the various types of zygotes
shown on the square will disclose the same
types and proportions as were lbsted m
Table 1. Further, 1t may be noted that all of
the homozygous types he on the dagonal
from the upper left-haud corner to the lower
right-hand comner. This will always be true
if the gametes are watten 1n the same order
on both the horizontal and vertical axes.
A Roman square for a dihybnd cross m an
ammal, speatfically the gunea pig, 15 illus-
trated 1n figure 23

COMBINATION BREFDING A practical ap-
plication of dihybndsm (and especally of
more complex cases, or polyhybridism) 1
the art of combination breeding, that s, the



ample, that the wheats {fig. 23) which are
most resstant o rust axe of no commerant
value, while the most valuable wheats are
quite suscepuble to this dcstruc\'w: dusease.
The sk of the plant breeder is 10 17y 1©
combune the rust resistance of the first vath
the useful cereal charactemtics of the second
by an appropnate senes of cromes. It 3
nevet-cndmg rask, because, when a new e~
sirant wheat 1 developed, 1t 15 not many
years before 2 mutant rust capable of attack-
gt also ocenrs. The new nust then becomes
gly comman and wdespread untd
finalty the development of yet anotber se-
sistant wheat 15 the ovly alternanve to crop
fadure, Agam, 3 variety of exceflent beef=
produaing catde may nevertheless have yel-
low fa, a poor market chacacter Appro-
prate crosses with 2 white-fatted variety
may achieve the desired combmation of
characzers
The practical use of combinanon breeding
actually began with Mendel humsclf For,
when he showed Mr Erchling through the
monastery  garden (see chapter 22), he
showed him peas which he had reshaped in
herghe and cype of fruit, When asked how he
did 1, he rephed, “I 5 just a bedde tck, bue
there 18 2 fong story connected with t which
would rake too long to tell ” But he did say
that he had wmported many shelling van-
enes of peas, which were, however, bush
e Thewe e Yiad crossed wath the Yoca)
wall, won-shelling variery m order to obtam
the pracueal advantage of easy shelling
alung with the productiveness of tall vines
Tt 4 thus plan that he had sclected the ap-
Propuate pure breeding types from the Fyin
ordir to get 3 more vscful variety for the
manavtery garden Thus Meodel also ranks

3 the fint of the mod,
b B em, saentfic plane

tt. TRINYBRR

thism
POLYHYRR) Anp

Dism
Mm;’l:{s final expertment was the msking of
dnhabed crnes This be erosed aplant of

genotype AABBCG with one of genorype
aabbec "The Fy plants showed all three dorti-
nant characters, 2nd were, of course hetero-
zygous for all three pairs of genes {daBbC)-
Tie chaacters which he used were tound
and weinkled seed form; yellow and green
wlor of cotyledons; and grey-brown of
«white color of the seed coat. The Fy plants
therefore showed round, green, and grey~
brown ‘The results of the Fz can be platted
onaRomansquare, hut notas s mply as tn the
case of the dihybrid. The square must have
eight columns and eght rows, becanst 2
trhybrid produces eight types of gametes
(ABC, aBC, AbC, AB, abC, aBe, Abr, and
alc). One may make such a square «f he
wishes, but, with sixty-four ns to be
filled 10, 1t must be done very carefully 5f st
1s ot to become chaotic. And even if it be
very carefully done, 1t 15 a chote o pick our
all of those genotypes which Jead to 2 par-
nealar phenotype. When the job 15 done, 1
will surn out that, out of 64 potential types
of zygotes, 27/64 show all three dommant
characters, 9/64 show recesstve a but domi~
nant B and C; 964 show recessive b but
domumant A and C; 9/64 show recessive ¢
but dommant 4 and B, 3/64 show only 4
dommant, 3)64 show only B donunant;
3/64 show only C dommant; snd finally
only 164 show alt three recessives Thus,
there are aght phenotypic classes, corte-
spondmg ta the esght types of gametes pro~
duced by the Fy, and these oceur in the rano
of 27.0:0 ¢ 3 3:3.1, wih those
phenotypes which show the most dominanrs
bemng the most abundant. This is whae Mes
det actwlly found, And he demonstrated
that this serics of genotypes, 1f written as 1n
the st cobumn of table 1, 15 the algebrae
product of (A 4+ 2 Az + a) X (B + 2
Bb 4 b) % (€ + 2 Ce + ¢) Hence he
concluded that these results are also de-
termned by the Law of Independent As
sormment, and by the other laws oudned
above for sumpler crosses

Mende) dud not actempt more complicated



progeny of cach. Whenever a plant yiclded
otily one type of offspring, he knew that the
parent plant (and its progeny) must be
homozygous. But this method is not apph-
cable to guinea pigs, nor even to most her-
maphroditic anumals, for these are generally
not sclf-fertilizable. One or the other of two
methods may be followed. Furst, brother-
sister matings of the Fp short-blacks could
be uised, and any pairs that proved to be pure
breeding for at least two generations could
then be reserved for breeding stock. Short-
black progeny of pairs which did not breed
true could again be used for brother-sister
matings. Such intensive inbreedmg should,
1 the course of a few gencrations, produce
cnough pure-breeding (homozygous) pairs
to establish a productive breeding stock.
The sccond, and much more cfficient
method, 15 to backeross the Fy short-blacks
to the double recessive type (which 1 also
meluded m the Fp progeny). The several
possible crosses will be the following.

BBSS X bbss —

ELEMENTARY MENDELISM~I!

Thus the backeross progeny, because one
parent can only produce gamectes with both
tecessive: genes, is a tool for determummg
what kinds of gametes arc produced by the
parent being tested (the dominant ane), and
in what proportions. It confirms the fact
that the dihybrid produces four types of
gametes in equal numbers. But of especial
mterest here ds the fact that it makes it
possible to tdentify the homozygous short~
blacks, These are the ones which produce
only short-black progeny, a result of therr
production of only one type of gamete, BS.
if these ammals were heterozygous for erther
pair of genes, they would have addional
kmds of progeny. Thus these are the animals
which can be used for breeding stock to fill
the customer’s order.

The gumea pig example 15 a trivial one,
prosented here because of s simpliony.
However, combimation breeding 1s a funda-
mental tool of practical plant and amimal
brecdmg It frequently happens, for ex-

all BbSs — black-shore

BbSS X bbss — 1 BbSs: 1 bbSs — 1 black-short :

1 hrown-short

BBSs X bbss ~ 1 BbSs : 1 Bbss — x black-short

1 black-long

BbSs X bbss — v BbSs: 1 bbSs : x Bbss 1 bbss —
1 black-short : r brown-short .

1 black-long :

1 brown-long

Fig 21 Ru mfected and normal wheat steme
The upper, horvzontal sten v+ healthy,
while the other neo are wheed The

lowermost one shows a sugh bodon entarced



ample, that che wheats {fig. 23) which are
wost restant to Tust arc of no commercial
value, while the most vatuable wheats are
quite susceptible to this destructive disease.
The tssk of the plane breeder is to try to
combine the rust reswstance of the fiest wth
the useful cereal characteristics of the second
by an appropnate series of crosses. Tt 15 2
never-endmg, task, because, when a new re-
sistane wheat s developed, 1t is not many
years before 3 mutaut ruse capable of attack-
wgitalsooceuss The new rust then becomes
wnereasngly common and sidespread, ot
finatly the development of yet another re-
sisant wheat is the only aliernanive to crop
fulure Agam, a vanety of cxceflent beef~
groductng carcle may nevertheless have yel
fow fat, a poor market character Appro-
puate crosses with a white-fatted vanety
way achieve the deswed combsmation of
cluracters

The practical use of combmanon breeding,
actually began with Mendel humself, For,
when he showed Mr Fachlng through the
monastery  garden (see chapter 22}, he
showed him peas which he had reshiaped in
height and &y pe of frust When asked how he
dud 1, e rephed, “It 1s just 2 hutle track, but
thete 1s 2 long story connected wath 1t winch
would ke too long 1o rell.” But he ded sty
that he had mported many sheling var
ctics of peas, which were, however, busk
pa These he had crossed witly the lacal
all, nonshlling varsty i order to obtun
the pracaical advantage of easy shelling
along with the productiveness of tall vmes,
B 11 thus plan that he had selected the ap-
propriate pure brerding types from the Fy in
otder to got 3 more usefud vaniety for the
monastery garden Thus Mendel also ranks

a the fiest of the modern,

o et sacntific plane
s erst

11, TRIRYBAIDISM AN
POLVHYBHIDISM °

Mondels finad expertment was the making of
2 tebybrd cross Thus he €rossed a plane of

enotype AABBCC with one of geaotype
gabbcgv%w Fy plants showed all three domu-
nant chacacters, and were, of covrse hetero-
2ygous for all three pairs of genes {BaBbCY).
The characters which he used were round
and wrinkled seed form; yellow and green
color of coryledars, and grey-brown or
white color of the sced coat The Fy plants
therefore showed round, green, and grey~
brown. The results of the Fy can be plotted
ona Romansquare, but notas simply as s the
case of the dihybrid. The square must have
eight columps and eight rows, because a
tihybrid produces eight types of gametes
{ABC, aBC, AVC, ABq, &bC, aBe, Aba, and
abe). One may make such a square of he
wishes, but, with sixty-four unns to be
filled mn, st must be done very earefully of 1t
15 1ot to become chaonc. And even af 2t be
very carefully done, 1t 13 a chore to pick out
alf of those genotypes which lead to 2 par-
tcular phenotype When the job s done, 2
will turn out that, out of 64 potentsal types
of zygotes, 27/64 show all theee domunane
characters; gf64 shaw tecessive a but domi-
nant B and C, 9/64 show recessive & but
dommant 4 and C; g/64 shaw zecesstve ¢
bug domunant 4 and B, 3/64 show only A
dominant; 3/64 show only B dominant;
163 show only C dosnant, and finally
only 1f64 show all dhees tecessives Thus,
thete are eight phenotypic dasses, corre-
sponding to the e1ght types of gametes pro~
duced by the Fy, and these sceur 1n the rato
o 27°9.9 9 3731371, with those
phenotypes which show the most dommants
being the most abundant. Thas v what Men~
del actually found, And he demonstrated
that ths seeies of gevorypes, if wrtten 35 m
the last colurmn of table 1, 1 the algebrac
product of (A + Tha Ay X (B2
Bh + b) % LC+21C4 ©) Hence he
concluded that these vesults are also de-
ternuned by the Law of independent As-
sorementt, and by the other laws outhmed
shove for nmpler crasses.

Mendel did not axempt more comphicated



crosses, but he assumed, in view of the
mathematical regularity of the three types
which he tested, that polyhybrids should
follow the samc mathematical laws. The ex-
perimental difficultics increase rapudly as the
number of heterozygous gemes increascs.
During the carly years of genetic studues, it
appeared that such crosses had more value as
mathematieal exercises than as practical tools
of genetics. Recently, however, 1t has be-
come apparent that characteristics of great
practical umportance—yield of wheat, for
example—may be based upon many sepa-
rate pairs of genes, each with a very small
indtvidual effect. The study of such charac-
ters is very important, and 1t can be done
effectively only with the tools of statistics.
Tur ProGrEsSION METHOD  As pomted
out above, the use of the Roman square, so
effective for visualizing the results of random
fertilizanon m sunpler crosses, 15 decidedly
awkward for trihybrd crosses, and 1s com-
pletely impractical for higher degrees of
polyhybnidismi. But, fortunatcly, there s a
much more widely applicable method, and
thus 15 the progression method of E. B. Bab-
cock. Table 1 15 a progression table for a di-
hybrid. As may be scen by reference to the
12ble, the varous genotypes are grouped to-
gether according to the phenotypes which
are based upon them. There will always be
as many phenotypes as there are types of
gametes produced by the Fi, and therefore
the gamenc symbols can be used to head
caclt series of genotypes Thus ABC will
head the series of genotypes which mcludes
at least one dommant gene of each pair m a
trihybrid experiment. The first member of
the series will be the completely homozy-
gous one, and the coeffictent 1 may be
written before 1t This means, m the case of a
trihybrid, that this genotype should make
up 1/64 of the total progeny. For a dihybrid,
it would be 1/16, and for a tetrahybnd,
1/256. In any case, the fiest member of a
progression should always be the com-
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pletely homozygous dominant, and s co-
efficient should be 1. Following this, all
possible combinations with one hetcrory-
gous pair of genes should be written, and
their cocfficients will be 2. Nexe, all possible
combinations with two heterozygous genes
are written with the coefficient 4. Finally
(for a trihybnid cross), the combination with
all three genes heterozygous is written with
the cocfficient 8. Thus, every time the num-
ber of heterozygous genes is increased, the
preceding cocfficient 15 doubled. When the
fast member 15 reached, one goes to the next
group of phenotypes (aBC for example),
agam startng with the cocfficient 1.

The uscfulness of the progression method
can be mereased 1f the series of genotypes is
written as a left-hand colunn, with progeny
expected from self-ferubization (or cross-
breedig to an orgamsm of dentical type)
comprising the night-hand column. But
further description of the progression method
would be less mstructve than an actual ex«
ample. A progression for a trihybnd eross 1s
therefore give m table 2.

Some of the advantages of the progression
method deserve mention Not the least of
these 15 the fact that 1t atfords a mechamcal
way to denve the Fp genotypes Second,
these genotypes ase antomancally grouped
together by phenotypes Tlurd, the pro-
portions of cach phenotype and genotype
are immeduacly apparent. Fourth, the breed-
mg behavior of any Fy type i readdly ap-
parent and can casily be induded m the pro~
gression table if desired Fally, 1¢ 1s quite
simple to write out any part of the table
without reference to the rese of at, of that
should be desired

Risusi  Crosses between organmsms dif
fermg m two or more pairs of genes follow
the same laws that apply to monohybnd
crosses. In addiion, however, they also fol-
low the Law of Independent Assortment,
that 15, members of different paies segregate
cach as though the others were not present.



Table 2. A Trihybrid Cross Represented by the Progression Method

P A4ABBCC aabbec
F AaBbCe
Fy gametes' ABC, sBC, A5C, ABc, ¢bC, aBe, Abe, abe
Fy phenotypes and genotypes: Breeding behavior (F; produced):
ABC
1 AABBCC Breeds true
2 ABBCC 3 ABC -1 4BC*
2 A4BKCC 3ABC:1 AKC
2 AABBC 3 A4BC:1 ABc
4 AsBECC 9 ABC-34BC 13 ABC 11 abC
4 AaBBCc 9 ABC . 34BC ;3 ABc 11aBe
4 AABECe 9 ABC:3 AVC -3 ABe 2 1 Abe
8 AaBbCe 27:9'9:91333:3: 1
27
aBC
1 aaBBCC Breeds true
2 aaBOCC 3aBC. r abC
2 2aBBCe 34aBC.1aBe
iaaEbC: 9aBC.3abC. 3 aBc: 1 gbe
9
AbC
¥ AARCC Breeds true
2 AdbCC 1 AC 1 abC
2 AABBCe 3 AC. 1 Abe
LA 9ABC 3abC.3 Abe-1 e
\d
ABc
t AdBB Breeds true
2 AaBBse
2 AADbe 3 ABe. 5 aBe
« AaBbec 3ABc 1 Abe
3 9A48c 3aBc 3 Abc.yaby
B¢
T aabbCC
2 : hhCe Breeds srue
3 3abC 1 by
aBe
1 aaBBe¢
2 autiec Breeds trae
3 3aBc 1 gbe
Abe
T Adbbe
> dabbe; Breeds true
Kt 3 i 3abe
abe
1 asbhys
* Notituans an thyg col Beceds trae
o o “Wuu\mm T not acnually 8EN0types, bup sl

e of the headings 1 the lefihand oqy ¥ Bene spmbols used 44 Shenctypic



In a dihybrid cross with dominance, this
leads to a phenotypic ratio of 91313 : 1.
Independent assortment applies only when
the gene pairs under abservation are located
in different pairs of chromosomes. A dihy-
brid cross can be conveniently diagrammed
by the Roman squarc method, however
the progression method 15 much easier m
more complicated crosses. Combination
breeding is a highly practical application of
these principles

Questions and Problems

1 In the tomato, red fruxt (R) 1s domunant
over yellow fruit (), and round frut (O) s
domumant over oval (o) What wall be the progeny
from cach of the following crosses

a. RROO X rroo

b. RrOo0 X rroo

¢ RrOo X RrOe
d RRov X OO
e. Rroe X Qo

In problems z through s, state the geno-

types of parents and offspring

2 Ared, round tomato crossed to yellow, oval
produces only red, round offspring

3 Another red, round crossed to a yellow,
oval yields red, round, red, oval, yellow, round,
and yellow, oval offspring

4 A red, oval crossed 1o a yellow, round yields
red, round and yellow, round offspring

s Arcd, oval crossed to a yellow, round yields
only red, round offspring

6 Construct a Roman square for the F, from
the cross RROO X rreo Now color m red each
squate representing a genotype with both domy-
nants, color m yellow cach square representing a
genotype homozygous recessive for color but
dommant for shape, color m blue each square
representmg a genotype domumant for color but
recesstve for shape, and leave uncolored the square

ELEMENTARY MENDELISM—1i

representing the genotype with both factors homo-
zygous recessive. Or you may mark the four
classes m some other way,

7. Now write out a progression table for the
F; of the cross m question 6

8 In man, brown eye color {B} is dominnt
over blue (h), and nght-handedness (R) 1s dom~
nwme over left-handed (). A right-handed,
brown-cyed man marnes a lefi-handed, bluccyed
womatt. They have only one chuld, which 1s kefi-
handed and blue-cyed State the genotypes of alt
three persons,

9. Now, suppose that the child in questron 8
had been night-handed and brown-cyed Could
question 8 have been answered  completely?
Explam your answer

10 A brown-cyed, left-handed man whose
mother was bluc-cyed marries a blue-cyed, nght
handed woman whose father was left-handed
What are the genotypes of this man and woman®
What genotypes and phenotypes may be expected
among ther cluldren®

11, Taking the possible types of childeen from
problem 10 one at a time, suppose that cach nuarnes
somcone of identical genotype. What would be
the expected offspring m cach case®

12 Now suppaose that the children of question
10 each married a person of genotype bbrr What
would be the expected offspring 1 each case?

13 What gametes are produced by the tnhybnd
AaBbCe?

13 Wt the progression table for phenotypes
AbC dentved from the F; of the cross AABBCC X
aabbec

15 Now wnte the progression for phenotype
ABC.

16 Is an mdvidual of genotype aaBbic a tr-
hybnd?
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CHAPTER 5

Elementary

Statistics

Throughout the preceding chaptess, nu-
merica} concepts have been introduced re-
peatedly. Mendel was able to concesve the
laws which bear fus name only after he
grasped the numencal relationships of the
F; The vanous relationships which have
been rreated thus far are summarized w
able 3, the study of which may belp to
clanfy much that has gone before.

And thus, because every genetic principle
is predhcated upon numerical data and serves
25 2 basis for numenical preductions, it be-
comes necessary to examine some of the
elementary principles of statsstics and biom-
etry, Statistics may be defined as the saience
of the sy study of the relationships of
numerical data Biometry 15 the application
of statustics to biological problems. The
science of statstics had scarcely passed its
mfancy when Mendel publshed s major
paper, and biometry was as yet only 1n ges~
wuon. L. A ] Quetelet (1796-1874), 2
Belgian astronomer, meteotologist, and stat-
1strcsan, seems 1o have bad the dustinetion of
being the first to apply statistical methods to
the srudy of ological matenals, and one of

his examples will serve to mtroduce this
ficld.

Table 3, Numerical Data on Hybrids and Their Progeny

Modificd from “Genetcs 1 Relahon to Agnculture,” by Ermest B Babcack snd Boy E Clausen,
McGraw-Hill Comprny '

Number of heterozygous gene pars
Niumiber of classes of gametes
—————
Number of phenotyprc classes 1 F,-!

Nuber of homozygotes n F;

Rounber ot ghenarypes in backcross |

Numbey ot genotvpe asses m Fy

Nunber of porsible combnations
Oy gatneres !

4 } 616y S 256 1102 | gog6 | yn
* Complet ; !
. Plete donunance within each gene Pase s assumed m bine

3, on the number of phenotyme classes



12. THE FOUNDATIONS OF
BIOMETRY

Quetelet measured the heights of 1000
French soldicrs and obtained the results
shown at the bottom of this page. Several
charactersstics become apparent upon inspec-
tion of this set of data, or upon the per-
formance of simple caleulations.

First, the indvidual measurements are not
scattered evenly over the entire range of
heights, but rather they cluster about a mid-
point, with the frequencies fallmg off
rapudly toward cither end of the distribution,
This mudclass, 67 mnches in the present ex-
ample, 15 called the modal class (or the
wmode), and is, by defimtion, that class
which the greatest number of ndvidual
measurements falls The majonity of the
soldiers, of course, did not fall m the modal
class; with respect to the distubution of
heights, those taller than 67 mches may be
designated as plus individuals, and those
shorter as minus mdividuals,

Second, 1f we calculate 2 sumple anthmetie
average of the heights, 1t turns out to be very
close to the mode, but not identical wath je
{in this case, 67.2 inches) Statistictans usually
call this the anthmetic mean, and 1t 15 a very
important statstic. Third, 1f the hetghts be
plotted agawst their frequencies to make a
curve, 1t 15 approximately symmetrical, and
has a bell-shape, with both the dieccnion and
degree of curvature m the central portion
differing from the tails of the curve (fig. 24).
This type of curve results whenever a meas-
ured trait 15 determmed by a number of
mdependent vanables, and hence 1t 15 of
very general mportance It 1s called the
normal pm!mbxhty curve, or simply the nor-
mal curve. This type of distnbution was not
new to Quetelet. It was alrcady known that

Height in jnches: 6o 61 63 63 64 65

Number of soldiers: =

2 20 48 75 117 134 157
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individual observations of mathematical
probabilities tended to vary about a mean
in this fashion, But the demonstration that
the variations of measured characters of or-
ganisms were distributed about a hypo-
thetical average in the same way was new
and it is sometimes called Quetelet's law,
Thus was the much belabored “average
man” introduced mto modern thought.
The charactensstics of the normal curve will
be studied in greater detarl i the latter part
of this chaprer.

Broaerricar Asprcts or Evorution One
of the founders of the science of biometry
was Franas Galton, a cousin of Chatles
Darwin, and hiasself a screntist of the first
magmtude. Galton developed a theory of
heredity which was, i the main, sunply the
old blending theory restated m mathematical
terms He was also very much mterested 1
Ius more famous cousin’s 1deas on the ongin
of speaes, and he tned to prove the effec-
tveness of natural sclecuon by statistical
studies But before gomg mio thes, 2 very
brief summary of Darwmism may be ap-
propmate.

Darwn observed that orgamsms tend to
reproduce m geometrical rather than anth-
metical scrtes, mn other words, the expansion
of a population tends to run as the senes
1-2-4-8-16-32-63 ctc. rather than 1-2-3-4-5-
6-7 ctc This prodigality of nature quickly
leads to a severe averpopulation, m which
the fate of most of the mdividuals must be
carly death, for the size of a population
presses hard upon the means of susvival.
Hence there must be a struggle for existence.
But these very numerous mdrniduals are not
all just alike. they vary onc from another
numerous  characteristics Some of  these
varauons may be neutral, having no an-

66 67

140 3121 80 57 36 13 5 12

68 69 70 71 73 73 74 75 70
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Tig 24 The cne of distrbution of the heights of 1000 French soldiers, based upon Quetelet’s data

flucnce upon the welfare of the organism,
but others may confer an advantage or dis-
advantage w the struggle for exsstence. Dae~
win wrote that “owng to thus struggle, vane
ations, however shght and from whatever
cuse proceedg, 1f they be m any degree
profitable to the mdviduals of a species,

therr wfinsely compless relavons 1o other
orgamic bengs and to thew physical con~
dions of hfe, will tend to the preservation
of such mdividuals, and will generally be
whented by the offspring The offspring,
abso, will thus have 2 better chance of sur-
wiving, for, of the many individuals of any
speaes whicli are penodically born, but 2
wall fnumber can survive 1 have called thus
prweple, by whach esch shght vananon, if

wsefu, 15 preserved, by the term natural
seleenon,”

Thus, 1 the Darwinian scheme, the origin
of pew species depends upon overpopula-
non, vanaton among the mdmduals of 2
speaies, severe compention for the mears of
survival among these varying individuals, and
the propagation of the most advantageous
vatants by tneans of heredny. Darwin and
Galton thoughe of the tooth-and-clasw type
of competition as bemg the major factor m
patural sclecion {this now appears to be
wmuch less wmportant, with many other fac-
tors playing equal or greater roles), and
hence farge physical size was regarded as an
advantage (plus) and small size a5 2 dis~
advantage {mumus). Galton reasoned that, f



12, THE FOUNDATIONS OF
BIOMETRY

Quetelet measured the heights of 1000
French soldicrs and obtamed the results
shown at the bottom of this page. Several
characteristics become apparent upon inspec-
tion of this set of data, or upon the per-
formance of simple calculations.

Furst, the individual measutements are not
scattered evenly over the entire range of
heights, but rather they cluster about a mid-
point, with the frequencies fallng off
rapidly toward erther end of the distribution.
This mudclass, 67 mches n the present ex-
ample, is called the modal class {or the
mode), and 15, by defimuion, that class m
which the greatest number of mdividual
measurements falls. The majonty of the
soldicrs, of course, did not fall in the modal
class; wath respect to the distnbution of
heights, those talfer than 67 inches may be
designated as plus mdividuals, and those
shorter as rinus individuals.

Second, 1f we calculate a stmple anthmetic
average of the heights, 1t turns out to be very
close to the mode, but not identical with 1t
(in this case, 67.2 inclics). Statisticians usually
call thus the arithmetic mean, and 1t 15 a very
mmportant stanstre. Thied, sf the heights be
plotted agamnst their frequencics to make a
curve, 1t 1s approximately symmetrical, and
has a bell-shape, with both the direction and
degree of curvature m the central portion
differing from the tails of the curve (fig. 24)
Tlus type of curve resules whenever a meas-
ured trat 15 determined by a number of
independent vanables, and hence 1t 1s of
very general mmportance. It 1s called the
normal probability eurve, or sumply the nor-
mal curve. This type of distribution was not
new to Quetelet. It was alrcady known chat

60 61 61 63 64 63
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individual observations of mathematical
probabilities tended to vary about a mean
in this fashion. But the demonstration that
the variations of measured characters of or-
ganisms were distributed about 2 hypo-
thetical average in the same way was new
and it is sometimes called Quetelet's law.
Thus was the much belabored “average
man” introduced into modem  thought.
The characteristics of the normal curve will
be studied 1n greater detail m the latter part
of this chapter.

BromerricAL Asprcts oF Evorution One
of the founders of the science of biometry
was Francis Galton, a cousin of Chacles
Darwin, and himself a scientist of the first
magnitude, Galton developed a theory of
heredity which was, m the main, stmply the
old blending theory restated in mathematical
terms. He was also very much mterested in
Ius more famous cousim’s 1deas on the ongin
of spectcs, and he tried to prove the cffec-
tiveness of matural sclection by statistical
studies But befote gomg mto this, a very
brief summary of Darwiusm may be ap-
proprate

Darwm obscrved that organsms tend to
reproduce m geometrical rather than arth-
metical senies; i other words, the expansion
of a populatton tends to run as the sencs
1-2-4-8-16~32-64 ctc. rather than 1-2-3-4-§-
67 cte This prodigality of nature quickly
leads to a severe overpopulation, m which
the fate of most of the mdividuals must be
carly death, for the size of a populaton
presses hard upon the means of survival.
Henee there must be a struggle for exstence.
But these very numerous tndiaduals are not
all yust alike. they vary one from another
numerous characterstics Some of  these
vartations may be ncutral, having no m-

66 67 68 69 70 71
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Fig 36 Galton's study of heights of London parents and therr children. The upper aveve
represents the parental generauon Thie center curve s the lower scrses represents the
clutdrens of modal class parents, whtle the 1eft hand curve vepresents cnldren of very shost
parents, and the nght fuand curve sepresents duldren of very tall parents Note the broad

cautions 0 msme against Crot-fertilzanon
Acwally, the progeny of each of these
suncteen planty showed a ftly wide range of
seed wize, but each hine was charactenzed by
a dunct muan It was now easy to de-
enmne whether selecnion would be effec-
we within such 3 homozygous e, The
fargest and the smallest sceds from each hme
were sdlected and were prown under symslar
condmons Had scecnion been cffective, the
™o groups of sced should have yiclded
progenies with markedly different means In
fart, however, die nwo means were tever ng-
wfcantty different w such expetiments, that s,
they never iffered as much at exther differed

areas of overlap

from the means of other pure lines The only
posuble conclusion, then, was that the van-
anons which occir m a comypletely homozy-
gons stack are effects of the environment,
and ar¢ not wmhentable, Johannsen called
such strains “pure hmes,” and defined a pure
tine as the progeny of 2 single, genencally
pure (homozygous), selfefertilized mdivid-
val. The establishment of the pure fime con-
cept made 1t possible for the first ume to
dustingush between the effects of the geno~
type and the effects of the environment

Let us examine some of Johannsen's datz.
Pare hme number 1 showed 2 mean seed
waght of 642 centigrams When mynus



Darwin were right, the size curves for suc~
cessive  generations should shift steadily
toward the righe {the “plas” end of 2 graph)
(fig. 25).

Fig. 25, Curves for fonr successive generations
responding to selechon according 1o Galton's
conceptron, The mean of cach generation

(M, My, Ms, M) is shified a hitle to the right
of the mean of the preceding generation.

In order to test this idea, Galton made a
study of the heights of London parents and
their chuldren. As expected, the heights of
the parents, when graphed, formed a nor-
mal probability curve. However, it made a
difference which cluldren were studied. 16
the children of modal class parents were
studied, then the curve for the children
looked about ltke that for their parents, hav-
mg the same mean. But, 1f the cluldren of
the tallest parents were studied, the mean of
their curve was shifted far to the right of that
of the parental generation, although stll o
the Ieft of therr own parents” mean. Just the
opposite was the case 1f chuldren of the shore-
est parents were studied Gakon regarded
this as proof of tus contention, that sclection
could causc the curve of a population to shift
defimtcly m one direction or the other.
This study 1s summanzed i figure 26.

Tuc Purc Line Concirr  An obvious
defect m Galton’s work was the falture (un-
avordable) to contnue such selection for
several generations to deternune whether,
fact, the mode would conenuc to shift m

the ditectron of selection. This, of course,
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could not have been done in man, as it
would have required controlled matings
The eritical experiment was not pcrﬁ\rm‘cd
until shortly after the tum of the twenncth
century, when Wilhelm Johannsen, 2 Damsh
genencist and plant breeder who was abo
an excellent statisticaan, took up chis prob-
lem.

Johannsen studied the inheritance of sced
size in the Princess variety of the common
garden bean, Phascolus vulgaris. Becawse
beans are ordinarily self-fertilized, they are
more likely than not to be homozygous for
all or most of therr genes, a fact already
demonstrated by Mendcl, This results from
the fact that half of the progeny of a hybrid
Aawll be the homozygoustypes, Ad andaa,
As the progeny of these mmst also have the
same genotypes under a system of sclf-
fernhzation, the homozygous condition 1
mamtamed mdefimtely m therr descendants.
And, at cach succeeding gencration, half of
the progeny of the remamng heterozygotes
arc added to the swellmg population of
homozygotes. After ten generations of such
self-feruhzation, having started with hetero~
zygous stock, less than one tenth of 1 per
cent of the population would be heterozy-
gous. This does not mean, however, that the
beans must all be untform. If the ongmal
stock were the dihybrid, Aalib, four differ-
ene homozygous lmes could be formed:
AABB, AA, aaBB aud wukh. The pomblb-
ties become pracucally unhumted when the
large numbers of genes which are undoubt-
edly present m natural species are considered

The ficld-grown beans with which Jo-
Iannsen started were a nusture of many
such bomozygows strams  The werghes of
the mdividual beans vanad trom 2o centie
grams to 70 cenugrams Jolannsen sclected
mncteen mother planes, trom all parts
of this size range, and followed their pro-
g(‘")’ {(\r I“Jl)) gcnl'rlllﬂlh, L(‘(‘p"lg a
careful record of cach line, and takng pre~



Table 5. Annual Means for
Weight of Beans in Pure Lines 1
and 19 During the Years 1902-1907

0

MEAN WEIGHTS
YEAR
1ARVEST Line £ Line 19
1902 630 353
1903 731 406
1904 556 320
1905 66 387
1906 7 By
1907 684 372

cal: Galton's famous piball machmne pre-
sents 3 very supgestive analogy for the visu-
alization of the answer to this question The
machine 15 illustrated m figure 27, A quan-
uty of shot is first placed 1 the uppermost
chamber. The shot s then released through
a small hole at the center and permutted to
Fall the lengeh of the board into spaces at the
bortom which are separated into columns
by 2 series of dviders The unmodified ac-
tion of gravity would dureet all of the shot
mto the center column, the overflow going
mto the adjacent columns only after the
€enter one was full, However, the action of
&Rty ts not unmodified the shot must
fill through o gndwork of nals In the
course of the fall, the shat bounces off the
natls and off cach other many times, some-
tunes bouncing to the lefr, somenimes to the
fight. On the average, any particular ball 15
hkely o make abous the same number of

bounces 1 each direction, and hence more

Fg 27 Galtony Ponball sachine, Noge
hotw bestfully the shoty deserybe
normal Prebabdity pisye,

balls fall into the center column than into
any other. However, some tske more
bounces in one diection than the other, and
so fand in a side column. And 2 few take
all of their bounces in one direction, and so
land in the outermost columns If the experi-
ment be tried, it turns out that the pattern of
shot describes a normal probability curve
yust as do the weights of the beans in a pure
line.

But what has the pattern of shot in a pin-
ball machune to do with beans 1n a pure lines
Like the force of gravity which tends to
drtve all of the shot into the center column,
the common genotype tends toward the
production of uniform beans. But the nails
which disrupe the action of gravity also
have analogues 1 the case of the beans. And
these ate the many vanable conditions under
which the beans grow Even within a single
garden ploc there are differences in fertilicy
and texture of the soul, availability and
dranage of water, inadence of sunlight and

——— e
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variants weighing only 6o centigrams were
sclected for sced stock, they yiclded progeny
with a mean weight of 63.1 centigrams,
wlule plus variants weighing 70 centigrams
yielded progeny with 2 mean weighe of
64.9 centigrams. Pure line number 7 showed
a mean sced weight of 49.2 centigrams.
Seeds of weights 20, 40, and 60 were selected
for growmg the next generation. The
wetght curves of their progeny had means
at 45.9, 49.5, and 48.2 centigrams, respec-
uvely. In table 4, these data are summarized
for several of the nineteen pure lmes In all of
these, 1t 15 clear that selection had no effect
upon the succeeding generaton, simply be-
cause selection was acting upon non-in-
hentable, environmentally caused modifi-
catons of the plant, while a single, homozy-
gous, unvaried genotype was nhenited by
all of the plants of a particular pure lme.
The environmental factors which cause
the fluctuations withmn a pure Ime are, of
course, not constant from year to year, and
so the mean of one year may be shifted to
the night or to the left m the followmg year
But the means of different purc lmes mam-
tamed their differences, showing that only
the environmental factors changed, while
the genotypes remamed constant Johannisen
demonstrated this by followmg particular
lines for scveral consecutive years The
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amual means for pure lines 1 and 19 over
period of six years are shown in table 5.

This discussion of pure lines began with
the question of whether selection could in
fact, as Galton behieved, effect a progressive
shift in the mode of a population. Johanmsen
concluded that selection could only be effec-
tive in a heterozygous population. The effect
of selection would then be to drive the popu-
lation toward a homozygous condition But
once homozygosity was achicved, sclection
could have no further effects. Genetic vari-
ability 15 the necessary substrate for the
effective action of sclection. In summanzing,
Johannsen comed an aphorism which might
very well be a motto for bometricians:
“Biology must be handled with mathe-
mattes but not as mathemancs.” Or, to
paraphrase, the best caleulations cannot lead
to correct results 1f they are based upon bio-
logtcal premises which are meotrect. Galton
had farled to disungwsh between genetic
varability (based upon gene differences) and
environmentally produced modtfications,
hence hus excellent calculazons led lim to 3
false conclusion.

Wiy Pure Lines ARe Not Unirorv
One final question, before leaving the pure
lines, 15, why do members of a pure hne
vary at allz As they arc all homozygous for
the same genes, why are they not all identr-

Table 4. Results of Selection for Size in Pure Lines of Beans
WEIGHT IN CINTIGRAMS OF SCIECTED PARINT (TOP ROW)
AND MEAN WEIGHTS OF PROGENY {AlL SUBSTQUINT ROWS)
PURE LINE MEAN WEIGHT
NUMBER N PURE LINE ——— e
20 Jo 40 ’ S0 60 70
1 642 .. o ’ . J . 631 ! 639
2 558 . <y 72 | s65  5ss
7 4912 459 . s | FLEN
9 482 485 . i 479 F ) .-
18 40.8 410 407 408 . P ‘ ..
19 351 . J 8 ‘ 348 J R R RS
i . !
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sent the populadion from which it is drawn.
Fach separate unit i a sample 15 called 3
variate,

Some of the basic problems of freguency
Jistribution showld be alceady understood

P

i

from clementary mathematics; however,
they may be reviewed here m part. In thns
connection, one thinks firt of graphic
presentanon of the data by the frequency

=

polygon (fig 28), the hustogram (fig. 29)
and other types of graph wsed to represent
the number of anits w each of the several
classes of a variable, Any such dustnbution is
characterized by a range, which 3 described

by the smaflest and largest numbers, Thus

the range of heights in Quetelet’s study was

g 25 A frequency polygon of Queteler
The several pownts are cnply plotred and

hen eomcsind by Srasghs Ses

from 60 mches to 76 mches. 1f such a range
15 divided 1nto a series of equal intervals,
and the number of variates 1 each interval

15 recorded, then one has a frequency dis

s data. nbunon.

[t3

"

13 29 Hitogram of Querelet's 1y
dsts Lath class s represented

by & cohunn, the henghs of P
which 13 propoctiongl ¢

the class frequency, !
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shadow, attack by insects or fungi, and other
factors which influence the growth of the
plant. Generally, any particular plane is
likely to be affected by approximately equal
numbers of these in a plus and in a miuus
way. Exceptional plants may get “all the
breaks,” good or bad, but the population
measurements will describe 2 normal proba-
bility curve. Much the same 1s true for any
organism. the speafic condmons of de-
velopment may be different, but in any
case, the mature orgamsm 15 a product of 1ts
genotype reacting with the environmental
conditions. The old argument of heredity
versus environment has become largely
meamngless, for both are absolutely essential
to the orgamsm. Therr relative importance,
however, varies according to the spectfic
character studied. Some charactersstics, like
the blood groups of man, appear to be so
ngidly determmed by the genotype that
they cannot be modified by environmental
factors short of destruction of the organism
Others, such as crop yield m plants, may be
very strongly mfluenced by environmental
factors such as cultivation, usc of fertilizers,
and other standard agriculeural practices
All possible mtermediate situations occur

It should finally be added that, while
Johannsen's defimition of a purc lne 1s not
stnctly applicable ro ansmals excepr m rare
cases {because 1t depends upon self-fertth-
zation), substantially the same result (homo-
zygosity) can be obtained by close mbreed-
g (such as brother-sister matmngs), and this
15 a standard pracuce m antmal breeding

13. THE MAJOR PROBLEMS
OF STATISTICS

Several of the major problems of staustics
will be discussed below. Theseare the prob-
Jem of central tendency, or the sclecuon of a
single figure to represcnt a whole array of
data; the measurement of fypical dispersion,
or the sclection of a figure to represent the
tendency of the series of data to vary from
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the mean; the problem of probability, and,
finally, the testing of the reliability of statistical
data. But before takmg up these problems,
it may be well to discuss a few very funda-
mental statistical concepts.

Some Funpamentar ConceeTs Perhaps
the most basic concepts i statistics ate the
population and the sample. A population,
from the statistical viewpaoint, is somewhat
different from the population of common
cxperience, and it can perhaps be best un-
derstood 1 contrast to the sample. The
actual material of an experiment is 2 sample.
Thus the 8023 plants which Mendel studied
1 Ius yellow-green cross compnised a ssmple.
However, no sample is valued for its own
sake. The experiment was considered worth
while because the experimenter had con-
fidence that it mdicated what would happen
1 any cross of varieties of peas with yellow
and green cotyledons. The population then,
consists of all possible crosses of peas with
yellow and green cotyledons. A stanstical
population need not cven be made up of
living thmgs, or cven of things* there can be
a population of cvents. Thus a statstican
may speak of a population of tosses of a
com.

From the foregomg, 1t should be evident
that 1t would rarely, 1f ever, be possble to
measure a POP“IJU(‘", or JI\)' 0( s aten-
butes, directly It would be patently wn-
possible to make all potential crosses of a
parcular kind or all posable tosses of 2
comn, because a statistrcal population 1s gen-
crally mfinite Yet, m studymg any sample,
what we are really mterested in s gettng
some wdeas about the population, some bass
for generalization These naccesable char-
actenistics of the population are called param-
cers, while the caleulated characterstics
of the sample are called stansties The un-
portance of a statnstic v that 1t 15 the best
cstimate available of the corresponding
paratncter Accordingly, st as clear that great
care must be used to assure that the sample
15 a good one, not biased so as to mnrepre-



complmtcd than the original formula, still
1 makes 1t possible to ealeulate the average
fom seventeen sumplc products rather than
fom the 1000 original measurements. Thus,
the whole caleutanion becomes:

x f fx

bo 2 120

61 b 122

= Sl/ro00 & 20 1240
- 67207f1000 63 48 3024
= G612 63 75 4800
65 117 7605

66 134 5844

67 157 10519

63 140 9530

69 131 8340

70 8o 5600

7L ST 047

72 26 1872

73 13 949

74 s 370

sz 150

76 & 76

67307 = S
Another type of average which 15 some-
umes wseful in the siatistical study of genene
preblems s the geomeme mean Ths w
calculated by mulplying the varates, then
evracting the square toot Thss 15 parnen-
Taly uschul m problems mvolving growsh,
and will be wsed below i chapter 10
All of these measures of ecntral tendency
gnve numenical expression to the observed
5t that the vanates tend to cluster abour 2
wngle pom, ke the shot m Galou's pin-
Fall machine Thes are, then, all mrended to
gne one sont or another of an average um-
prossion of the sample under study Indeed,
watenes 1 often reforred 10 25 the serence
of anerages
My asUREMINT oF Dispreston But, quite
M important as the tendency of the vanites
o cluver about 2 cennrad powt 1 thar
tonderey 1o deviate from the mean The
Froblem of the measurement of rypical dis-

persion is to select 3 single figute which bese
represents this tendency. The most abvious
esumate of the tendency to dispersion 15 the
average deviation, which is given by the ex-
pression 3(v-m)/N. These symbo'ls mean
rmuch the same as before. The expression
i 15 the difference between the mean and
any pmicuht vanate, The summation sign
means that all such differences are to be
added together. In miaking this calenlation it
15, of course, necessary to neglect the sign of
these deviations, because, by defini the
sum of the deviations from the mean 35
2er0. By trepting all deviations as posttive, a
posttive sum is obtamned and is then divided
by N, the tota} number of vanates. In
Quetelet’s example, the average deviation
15 2 03 snches

By far the most useful measure of typical
deviatson 1s the standard deviation, symbobzed
by s [This 15 sometimes given as o (lower
case sigma), but 1¢ 15 generally preferable to
reserve the Greek letters for parameters,
while ustng Lann letsers for statisties), The
formula for the sandard deviamon 1
s= \/Ea'—?{ﬁ, where d stands for each devi-
anon from the mean, Thus 1t may be scen
that the standard devianon 15 smply che
square 100t of the average squared deviation,
Fot small samples, this formuta 13 generally
modified 10 s = /34 (Ner}. The reason
is that 2 small sample 1s unhikely to mclude a
proporcional tepresentation of the popula-
tron exeremes, and hence dviding by Nleads
to an underestimate of the actual vartabihty
of the population Such an error, which is
mherent m the natare of the sample ot 1 the
manner of tts treatment, is called a bigs A
compensating factor, in this case N-1, muust
be used f misleading conclusions ate ¢ be
naded. Ths 5 an mportant correction
factor with samples of 20 or fewer variates,
‘but 1t becomes progressively less 1mportant
wuh farger ssmples, and serves no wschul
purpose with 2 sample 5o farge as Queteler's.




One of the most important concepts asso-
cated with frequency distribution is chat
of the dass jnterval. The various measure-
ments in a series are not ordinanly used just
as ongmally recorded: they are grouped
into classes for conventence m study, and
all of the members of a class are treated as
though they had the value of the midpoint of the
class. Thus, Quetelet may not have measured
any soldiers who were exactly 62 inches
tall, but every onc of the twenty soldiers
who measured between 61 § and 62.4 inches
was treated as though his height were exactly
62 inches. This introduces some naccuracy
mto any subsequent calculations usmg these
figures, but 1t greatly mcreases the compre-
hensibility of the data. It makes 1t possible to
present the data on hesglits of French soldiers
with only seventeen figures mstead of 1000
figures, But this can give a valid resule only
1f the class mterval be small enough that
really unlike measurements arc not lumped
together—confounded, m the language of
statisticrans. Thus there 15 a conflict between
the nced for a small number of classes (for
comprechensibility) and the need for many
small classes (for accuracy). There 1s no
simple gwde to the selection of an appro-
prate class mtcrval, but n general there
should be not less than six to eight nor more
than sixteen to twenty classes m a series.
The sclection of an approprate class mterval
1s plamly one of the most important de-
cisons to be made m any stanstical study.
MeAsUREMENT or CINTRAL TENDINCY
We may now return to the problem of
measurement of central tendency—the sclec-
tron of a sngle figure to represent the whole
array of data Three mcasures of central
tendency arc m common usc: the median, the
mode, and the mean If one arranges all of the
measurements n order fram the smallest to
largest, then the nuddle member of the
seres 18 the medan Or, af there 15 an even
number of vaniates, then the medtan 1s taken
as the average of the two vanates at the

ELEMENTARY STATISTICS

middle. Its symbol 15 my. The medun in
Quetclet’s example is 67. The medun i
uscful when only a rough idea of the pomt
about which the variates cluster is needed,
however, 1t is not adapted to further statis-
tical treatment becausc it is not mfluenced by
the magnitudes of any other variates.

The mode 1s by definition the class most
frequently represented, and it forms the
peak of a frequency polygon (fig. 28). Itis
numencally cqual to the meduan n sym-
metrseal distributions, as it 15 in Quetclet's
example, 67. And Like the median, it is not
adapted to further stanstical manipulation
because ts value 1s not influenced at all by
the variates m non-modal classes.

Much the most useful measure of central
tendency 1s the mean, or arithmetic average.
There ate other kinds of mcans, but the
simple anthmetic mean 1s the most widely
applicable of them. To calculate it, one sim-
ply adds up all of the vanates and then
dwides by the number of vanates, In Quete-
let’s cxample that would mean addmng the
heights of all of the soldiers and then di-
viding by 1000 It turns out to be very close
to the median and mode, 67.2. The symbol
for the mean 1s m (read m bar), and its
general formula 1s m = SN In ths for-
mula, x stands for cach mdvidual vanate.
= (the Greel letter sigma) 1s the summation
sign, and the expresston “Sv" means, add
up all values of v Nis sumply the total num-
ber of vanates Thus the formala 1s ssmply a
generahized statement of 2 stimple process
which everyone learns i grade school

When the data are arranged in a frequency
table, a more wicldy formula may be used
in = Sf/N In chs formula, all symbols
l]J‘C d](‘ same "l(‘:“""g‘ as in ('lC RCHC“‘]
formula, but v now stands for cach class
value and ffor the frequency, that 1, num-
ber of items, 1 cach class Thus in Quetelet's
example S means (2 X 60) + (2 X 61) +
(20 X 62) + (48 X 63) «o . While
this may, on first acquuntance, appear more



1ation mean by more than its standard devi.-
anoa, which, beeanse of its smportance, is
called by a special name, the standard error.
The suandard error is thus simply the stand-
sed deviation of the mean. It may be cafeu-
lited by 2 special formula, sm = 5]\/1:':
where s 15 the standard error, and other
ymbols have therr usnal meanings. Thus i
Queteler's example, the calealation 15+

s = sj\/ﬁ
= 2.55/V/ 2000

2.55/31.6
= 008

]

Henee 1t 1s probable that the sample mean js
2 good esimate of the population mean.
Frequently, 1t 15 desirable to compate the
vatubility of two distnbunions whose means
¢ not the same, as, for example, the num-
ber ofbushels per acee yrelded by a parneular
vanety of open-polhnated corn and by 2
modern bybnd com (1o be discussed m
chapter 10) For such a comparision, even
die stundard devation 15 not always sanis-
factory, but there 1 an appropriate statistic,
the cocfficeent of vanabiluy, V. This 1s caleu~
fated by multiplying the standard deviation
by 100 and dividing by the mean Thus the
general formula 18 1 = 100sfi, and 1t evi
denly leads 1o 2 percentage In Quetelet’s
crampk, the cocfficient of varabiliy is 3 8
It eent A word of cannon 1 appropnate:
becaue the unuts of measurement cancel out,
some biologasts have been led to compare the

T8 30 An deal normat probability eurve.

Postive and negative devranons from the
e ef ene, o, and dheee tmes the standard
v 1stiom are mared The area under the

Qe s proparnona) 1o N,

coefficients of variability of totally unrelated
things, Thos is not justified Only genuinely
related distrsbutions should be compared by
this or other staustical methods; otherwise,
results may be obtamed which are mathe-
motically impressive {to the unimtiated)
but logrcally meaningless and misleading,
Further, there 1 no statistical test to de-
termine whether the difference between two
coefficients of vamation Is significant or
random.

CHARACTERISTICS OF THE NORMAL ProBs-
siury Curve Sufficient stanstical tools have
now been developed to permit a more ac-
curate charactenization of the notmal proba-
bility cueve than was presented above, In
an 1deal normal probability curve, the mean,
the made, and the median all comade. Now
if one measures off on the horizontal axs 2
distance equal to one standard deviation on
each side of the mean and erccts perpendicy-~
far lines to the cutve, several more charac~
tensstics become apparent. First, the perpen-
diculars sntersect the curve at the pomnts of
wflection, 2t which the directron of the
curve changes from concaye 10 convex
Secand, the area between these perpendicy-
fars under the curve mclndes about 68 per
cent of the entire area under the eurve, Ag
the area under the cueve 5 proportional to
N, thus means that 68 per cent of the mdi.
viduals in the sample deviate from the mean

1
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As weal this formula can be madifiad for
wse with tzbulared daz, 2nd it then hevomas
JN. This mezns that the devi-
aden of exch clzss from the mean & sqoared
and the squire multplisd br the class fre-
quancys these summed squares for the several
classes are 23dad. and the roml is dividad by
N, the number of variates, thus giving the
averzge squaned devizton: fnally the square
root is txken, and this is the standard deva-
anon. The calerhiten of the standzard devie
adon m Quetalet’s example is given at the
bottem of the page.

It may be asked, whar would one have of
he failad to extracr the square root: Ac-
wally, thes quantty, TI2/N) is an imporrant
mesure of variabiliny, 20d it is callad the
ramme, o1, by defminen, the aversge of
the squared deviznons fom the mean. But
1t may be noted that the vamnce, bemg a
squared number, is net direcdy comparable
to the onngnal daza. By extractmg the square
rooz of the vamanee (thus geming the sand-
2rd desnanon), the ongmal et are restored,

Class d
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and the vastiow fgurs 27t now Jee
comnpamzble While the analeds of varzne
forms a very imporzznt upsr B hevke e
sty it need not he rezed B
roductory coure in genesi For proems
purposes, the sandard de &2 wat
more Important statais

Tur STavparp Exror  The valae of &
mean ofa sample s thatisis the hestava

god 3n esdmate & it Had Que
vred several samples of French woldiem &
many means would have been obtamed Tin
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v dar samele
dosely 2 parne sample
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f a2 fd:

2 5184 103 63

2 3534 =6 8§
20 204 F40 DO
45 1764  S46 -z
-5 10233 =65 00
1= 454 366 2>
134 144 192 b
15~ o©o04 (]
140 064 59 60
121 334 3y 04
S0 =83 O62~:0
5T 1444 S23 08
26 2304 599 04

43" 32

5 4524 231 30
2 6084 12168
T T4 T 44

6500 30 ~» TR



Jayon mean by more than its standard dcvx.-
2ton, which, because of its importtance, is
aldbys sycda\ name, the standard error.
The sandard error is thus simply the stand~
113 deviation of the mean 1t may be catcu-
fared by 2 special formula, s = [V
whese 377 is the standard error, and other
symbols have therr usual meanings. Thus in
Queteler's example, the caleulation 15

sa = s/\/ﬁ
2.55/V 1000

2 55/31 6
oo8

U

[}

Hence 1t is probable that the sample mean is
2 good estimate of the population mean
Frequendy, 1t 15 desirable to compare the
varfability of rwo dustrbutions whose means
ate not the same, 3, for example, the num-
ber of bushels per acre yiclded by a partrcular
vanety of open-pollmated com and by 2
modern hybnd com {to be discussed 1
chapter 10) For such a compansion, even
the standard deviation 15 not always satis-
factory, but thete 15 an approprate staustic,
the cocffictent of vanabiity, V' Ths » caleu-
lated by muluplymg the standard deviation
by 100 and dividing by the mean. Thus the
general formula 15 V = 1o0sfi, and 1t evi-
dently leads to a percentage In Quetelet’s
example, the coefficient of vanability 18 3 8
ptcent, A word of caution 1s approprate.
because the wiits of measurement cancel out,
some biolognts have been led to compare the

Fie 30 An weal nomal probability curve

Poatune and negative deviateons from the

mean of one, tiwa, and three tmes the standard
desstion are marked The area under the

amve s propornonal to N,

coefficients of varbihey of totally unrelated
things This is not jusuﬁcd. Only gcnuincly
selated distribuions should be compared by
this or other statistical methods; otherwisc,
cesults may be obtained which are mathe-
matically mpressive {to the uninitiated}
but logically meanungless and misleading.
Further, there 15 1o staustical test to de-
termine whether the difference between two
cocfficients of variation is signaficant or
random.

CHARACTERISTICY OF THE NORMAL Prosa-
surry Cunve Sufficient statistical tools have
now been developed to permit a mose ac-
curate charactenization of the normal proba-
bility curve than was presented above. In
an sdeal normal probability curve, the mean,
the mode, and the median all coinade, Now
1€ one measures off on the honizontal axis a
distance equal to one standard deviation on
each side of the mean and erects perpendicu-
far hines to the curve, several more chatac-
teristics bccome lPPZ(Cﬂt. Fl(s‘, ‘h: PC[PCI\-
diculars mtersect the curve at the pomts of
inflection, at which the direction of the

curve changes from concave to convex.
Second, the area between these perpendicu-
lars under the curve includes about 68 per
cent of the enure area under the curve, As
the area under the curve 15 proportional to
N, this means that 68 per cent of the indi~
viduals 1n the sample deviate from the mean

ey

NN
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by no more than one standard deviation,
plus or minus. The tails of the curve fall off
raptdly from the points of inflection, with
the result that about 95.5 per cent of all of
the variates fall within two standard devia-
tions of the mean. As the rest of the curve
slopes very gently, about 99.7 per cent of the
variates are tncluded within three standard
deviations of the mean (fig. 30). As a resultof
these facts, it may be sad that the curve is
completely described by only threc statistics
(or actually parameters, smce the ideal curve
is under discussion), the mean, the standard
deviation, and the number of vanates, N.
Since this is true, any descniption of a sample
m terms of these statistics carries wath 1t the
inference that the sample is drawn from a
population which 1s adequately deseribed by
a normal probability curve, and hence that
an ideal curve based upon the sample mean
and standard deviation describes the popus
tation better than the original data. Thus, 1f 2
sample approximates a normal probability
distibution, much 1s gamed m compre-
hensibility by reducng the data to this
sumple curve, fully described by three suuple
statistics.

Tur Laws or Prosaswry  Another
fundamental problem of statisties which 1s
also tmporeant for genetics 15 that of proba-
bility. Probability may be defined as the ratio
of stccessfl events to all possible events A few
examples should make this clear. If a com 1s
tossed, 1t may be erther “heads” or “tails,”
so that there are two possible cvents, but
only onc of these, let us say “heads,” can be
considered as a success m any gwen toss
Thus the probability of getting “heads” 1s

successes 0.5
os(————= —2— =0
successes + fallures 0.54-0.5

Sumlatly, 1f prospective parents have a sup-
ply of blue-trmmed baby clothes, the birth
of a boy will be a considered success, and
the probability 15 thus one-half, But 1fadie
15 tossed, any number from onc to six nught
turn up. If three be taken as a success, then,
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the probability of success will be 1/6 Orifa
single sced from a self-fertilized hybrid Az
plant is grown, it might be the product of
any one of four possible fernlizatons, A4,
Aa, ad, or aa. Since three of the four
fertihizations lead to the dominant pheno-
type, the probability of getting a dominant
will be 3{4, while the probabality of getting a
recessive will be 1/, Thus probabliy is al-
ways expressed on a scale from o to 1, with
o correspondmg to impossibility, 1 to cer-
tainty, and the intervening fractions to -
termediate levels of probability.

However, problems of probability are
more commonly concerned with the joint
probabilities of two or more events, each of
which separately follows the law discussed
1 the preceding paragraph. How 1s the joint
probability to be determuned: The answer
to this question depends upon the relation-
ship between the events under study. Ifthey
are mutually exclusive, or in some other way
mutually dependent, then they follow the
addion theorem, which states that the probs-
bility of the ocauirrence of one or the other of two
(or mare) wmitnally exclusiwe events 15 the sim
of thewr scparate probabilities. Returning to 2
previous example, m the tossmg of 2 com,
“heads” and “tails” are mutually exclusive,
hence the probabiliey chat ane or the other
will be obtamed on a particular toss 15 the
sum of the scparate probabihtics, or 1)2 +
1/2 =1, or certamty. Agam, if a dic is
tossed, and of esther a three or a four may be
regarded as a success, then the probability
will be 1/6 + 1J6 = 1/3 1f two, three, and
four could all be regarded as successes, then
the probability of getting any one of these
would be 1/6 4 1/6 4 1/6 = 12 Agam,if
any number from one to srx1s considered asa
success, the probability would be 1/6 +1/6
+1/6 + 1/6 + 1/6 + 1/6 = 1, or certamnty,
winch 1s obviously true.

Let us apply the addition theorem to a
genenie example. In man, curly hae 1s de-
pendent upon a gene C, which must be



homozygous {CC) m order to cawse cudy
huir. The heterozygoss genotype (Cr) Jeads
(o more hmited expression of the character,
wainess, while the other homozygous type,
(0, Teads to steaight hatr. (Thss theory is not
unnersally accepted.} Thus, if two wavy-
hawed people marry, 1t i8 known that they
arc both heterozygous And so four types
of ferthizanon are all equally probable:
CC, Ct, C, and ¢ Because a particular
ypote could not have more than one of
these genotypes, they are muually ex-
dustve. The probabibty of a parnelar
oM bemng curly-hared 1 thos 1j4, while
the probability of hus beng wavy-haired
12 Naw, if the parents wish to regard
ather of these phenotypes as a suceess {and
the strarght-hateed phenotype as 3 fatluee),
the probabtliey of success will be tfy +
#{z = 3{4. Some trats discussed i chapter
2 lend themselves to ssmular analysis

Oa che otier hand, a senes of events may
bc mdependent of one another, m which
cxse they follow the mulnphcation theorems
The muluplication theorem states that the
prebablity of the occurtence of nwo or more
udependent events 15 the produtct of therr sepa-
ne probabihnes, 1If two coms are tossed
sumuhtancondy, for exarnple, the way one
Gl 5 sndependens of the way the other
falls Pasaible combinations are HH, HT,
TH TT (1 and TH ate both watten to
indreate that either com mght be “heady ™
Thus there are two Wways to get the combs-
ation, and 1t could be wrieen 2 HT). The
Frobabihies ot “heads™ on erther com 55 5 Ja,
hence the prababuliy of gettung w0 “heads”™
BUIX G2 = 04 Simtlardy, the proba-
bl of grng 2 head and a2 il wil be
rven by the same calenistion But there are
O w3t ta get ds combmanon, and
3 they are macathy exclusive, thew come
buned probabiliues muse be added. Thus the

whole cateulation 15 (2 X 1z} + Q

13} = yfz 2%

ArpuicaTions  The probability theorems
apply m the same way to throws of two dice.
Thus, sf a three and a four are wanted, the
probability of each 15 1f6, and therr com-
bined probabihiey is £f36. But there ate two
&fferent combinations of three and four as
ether sumber may tum up on cither die,
and so the complete caloulanon 15 (16 X
1f6) + (1j6 X 1]6) = 3/18. Bur:fa double
three 1 wanted, thete is only one way to
get 1, and so the probabilwy s simply
16 X 1)6 = 1]36*

One of the most cbvious apphcanons of
the mulnpheanion theorem to genetic prob-
Tems 15 i the calenlanen of Fp ratios. Re~
turning, to Mendel's dibybad cross, for ex-
aple, the ratios can be eanly calculated from
daca on the monohybnd cormponents. The
probability of any Fy plant having round
seeds 15 3[4, and that of having wrinkled
seeds 5 1(4. Similar probabilies apply 10
yellow or green cotyledons, respectively,
Hence the probabihties of the combinanons
may be calculated as follows:

Round-yellow 34 X 3f4 = 9f16
Round-green 34 X 14 = 3/16
Wrinkled-yellow 1f4 X 3{,’ = 316
Wrinkled-green

14 % 1fg = 1/16

* It may be noted m passing that these caleuda~
tions show why ¢he patron of a gambling house 15
always 3 sucker Suppose that the customer has
et that 2 seven will rum up when 2 parr of dice
1 thrown Theee combrations of umbers wll
give this one and six, two 2nd five, o three and
four Each may be obtamed 0 two different ways,
and so their combined probabilities amount to 7 6

Thus the customer’s probabibity of Winnmng 15 only
£/6 Buc the house doer not suffer such 3 by

1t has oot bet on 3 particular combination, but
oy 1har the eustomer Joses, Hence the probability
of the houe WIIDg if $06, for every combing-
won that would mean faduse for the customer
mesns suceess far the house. All of thys 1 based
upon the frequently unw arranted assumprion thar
the game 1 honestly rare 26 che house 1s dishonest,
the odds apznse the wcker may be truly staggeting



Simularly, in 2 trhybrid, the probability of
any particular dominant is 3/4 and that of
the corresponding recessive is 1 4. Thus the
range of probabilities will be;

Phenotype Probability cqquation
ABC 3/4 X 3/4 X 3/4 = 27/64
aBC 1[4 X 3[4 X 3/4 = of64
AbC 3[4 X 1/4 X 3[4 = 9[64
ABe 3/4 X 3/4 X 1f4 = 964
Abe 34X 1f4 X tfq = 3/64
aBe 14 X 34X 14 = 3/64
abC 4 X xf4 X 3[4 = 364
abe 14 X 1/4 X 1/4 = 1/64

These results are the same as those obtained
by experiment, by the Roman square, or by
the expansion of a bnomal, and the con-
currence of so many different approaches to
the same problem lends very strong suppore
to the validity of the laws of Mendel, as well
as attesting the uscfulness of the muluplica-
tion theorem for genetic studies.

Trsts or Reuasury The final major
problem of statistics to be discussed here is
that of the testing of reliability. Before the
reliabihity of a set of data can be tested, 1t is
necessary to have a standard agamst wlich
the data can be checked. This 1s done by
first sceting up what scems to be a reasonable
hypothesis for the explanation of the phe-
nomenon under study. Then one calculates
the 1deal result, as required by the hypoth-
cs1s, and this caleulated or “expected” set
of values serves as a standard to wlnch ob-
served values are compared. Examples will
serve to clanfy this Mendel’s hypothesss for
the cross between varieties of peas with yel~
low and with green cotyledons (as well as
for the other monohybrid crosses) was that
these phenotypes were based upon 2 single
pair of genes with one {for yellow) com-
pletely dommant over 1ts allele and th‘nt the
observed numbers did not differ sigmifi-
cantly, but only by chance, from the calcu-
lated numbers. Prior assumptions, which ate
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as important as an expressed hypothesis, in-
clude segregation of genes in the formaton
of gametes, random fertilization, and equil
viability of all types of zygotes. As demon-
strated in chapter 2, this leads to an expec-
tation of three yellows to one green in the
Fy of such a cross. As Mendel raised 023
plants in this Fy, an exact 3¢ 1 ratio would
be given by 6o17.25 yellows and 2005.75
greens, This, then, is the standard value to
which the results of the experiment must be
compared. Snmilarly, m the case of the d-
hybrid cross between round-yellow and
wrinklcd-grccn varicties, the same assump-
tions and a hypothesis of two pairs of allcles
with complete dommance leads to an ex-
pectation of a 913 : 3¢ 1 racio. As Mendel
raised 56 Fy plants m the experiment, this
would lead to an cxpectanion of 31275
round-yellow, 104.25 round-green, 104.25
wrinkled-yellow, and 34.75 wrinkled-green
This, agam, 15 a series of standard values
against which the obscrved results must be
checked.

For purposes of comparison of calculated
and observed values, they may be tabulated
as shown at the top of page s9. Inspection
shows that none of these deviations is very
large, and probably anyone would agree
that a total deviation of only 10 1 8oco in
the monohybnd cross 1s quitc consistent
with the hypothests bemg tested  Prob-
ably much the same could be said of a
deviation of 10 1 1000 But what of 101
5001 Of 10 I 100} O 10 1 $0? Of 10 10 30t
Where is once to draw the Ime? In order to
provldc a qll:\ntltﬂ"vc answer to d"i q“c"
tion, the English stattsticlan Karl Pearson
{and some other statisictans) devised the
chi-square method.

The clu-square of a sct of data 1s obtasmed
by squarmg the deviation of cach class, di-
viding by the expected class value, and then
addmg all such quotients together. The gen-
cral formula 15 x2=3d2fc, m which x »
the Greek letter chi; ¥ 1s, as usual, the sum-



Monohybrid cross

yellow  green
Calculated  6017.25 200575
Observed 6022 2001
Difference 475 —475
Dihybrid cross
RY Y Ry ry
Coleuloted 31275 10425 19435 3475
Observed 315 101 108 32
Difference 225 —3.25 375 —275

mation sign, 42 represents the squared class
deviations; and ¢ represents the correspond-
g ealeulated or expected values (sometimes
¢ 15 used mstead of ¢) The calculanon 1
csly made 1 tabulac form, and the ex-
amples presented above will be carned
through n that fashion. Fisst the monohy-
brd example as shown by (A) below Note
that the fracnions of the expected numbers
and the differences were rounded off. This
miroduces a small maccuracy, but where
such large numbers are concerned, the
maccuracy 15 vamshingly small, and the
gan i comemence 15 great The tabulation
for the dihybrid cross 15 somewhat more
complex, but no different m pninciple as
shawn by (B) below

tutirrmeTING THE Ci-Square So chie
squates have been calculated But what bear-
g have chu-squares on testng of reliability

or of the goodness-of-fit of the observed
data to the hypothesiss Note that perfect
agreement between the observed and calcu-
fated values for an expenment would lead
to a chi-square of zero, and that the value of
chi-squate increases as the deviations be~
come greater, or as the data give less and
less support to the hypothess A low chi~
square, then, means that the observed data
are consistent with the hypothess under
question. If a quanttative expenment be
sepeated many tmes, different numencal
results wall be obtaned each time, with the
various results falfing on the normal proba-
bility curve Over two thirds of these
(68 per cent) will fall within one standard
deviation of the mean value, and these will
have low chi-squares, Another 27 pex cent
of the tals will Aall withn two standard
deviations of the mean value, These will

Observed Tixpected Deviation a2 &2/
(A) DYellow Gozx Gory 5 25 ©oog
Green 1001 2006 -5 25 0.012§
00167 = x2
Observed Expected Deviation 42 d2fe
Ry
EAN] 313 2

{B) n 101 tog - N ooas

Ry s 104 : % e

o 1 35 3 PR

02647




have moderate chi-square values. Fmally,
the remainmng s per cent of the repetitions
of the experiment will deviate from the
mean value by more than two standard
deviations, and will have large chi-square
values. Thus, a low chi-square indicates that
the data are not inconsistent with the hy-
pothesis which 1s being tested. A large chi-
square, however, indicates a significant devi-
auon, which may have been caused by an
crror m the hypothesis. Restated, a large
chi-square mdicates that the data do not
support the hypothests. As the chi-squarc 1s
a ratio, 1t 15 independent of the numbers of 2
particular experiment. That 1s, expeniments
mvolving very different numbers may lead
to 1dentical chi-squares, and this means that
in cach case there 15 an equal probability or
P value. But the chi-square method 1s not
applicable to very small samples, m which
the expected frequency for any class 15
under §. Also, the chi-square method cannot
be used with percentages, because these infer
a sample stze of 100, winch will usually be
quite muslecading. Tables of chi~squares and
corresponding P values hiave been caleulated
and Fsher's table 1s reproduced herc, 1n
part, as table 6.

DEGReEs OF FREEDOM  In 2 dihybnd ex-
PCrll'ﬂCn(, d]erc are twice as many Phcno-
typic classes as m a monohybrid expeniment

Table 6.
(vertical columns) and for Va

The degrees of freedom are on

ELEMENTARY STATISTICS

Even with comparable deviations, one
would expect a larger clu-square in dihybnd
and more complicated experiments It is
clearly necessary to compensate for this m
interpreting the clu-square, and one does it
by tabulating the chi-squares according to
degrees of freedom. Ordimarily, the number of
degrees of freedom is onc less than the num-
ber of classes. Thus there is one degree of
freedom m the monohybrid cxample and
three degrees of freedom in the dihybnd ex-
ample The meatnng of this can be clanfied
with a smple example. Suppose that there
are ten beans in a jar, and that they are tobe
withdrawn 1n not more than two tnes. On
the first try, there 1s complete freedom to
withdraw anywhere from zero to ten beans
But once the first group has been with-
drawn, the second 1s determumed: 1t must be
the remaming number If four beans were
taken the first tme, stx wall have to be taken
the second time. Thus, with two classes,
there can be only one degrec of frecdom.
Ust oF THE Cmi-Square Taste  Suffi-
cient tools have now been developed to pec-
nut the usc of the chi-square table and the
mecrpretation of the mformation so ob-
tamed. The degrees of freedom are listed m
the left-hand columm, and on the same hot-
zontal row with each 1s a sertes of chi-square
values For the monohybrid expenment dis-

Values of P (top line) for Various Valucs of Chi-Square

rious Degrees of Freedom (N‘)

e fess than the munsher of classes

(Table 6 15 abridged from Table IIT of Fisher Staustical Methods for Rescarch Workers, pubbished by Oliver
and Boyd Ltd, Edinburgh, by persmisaon of the author and publishers )

N’ |P=09g|098 095 |09 loto [o70 |oso |o30 oz0 | 010 | oos | ooz | oot
—l— 000016 | 000063 | 00039 | 0016 (0064 | 0148 | 0455 | 1074 1642 2706 3 R4l | <4r2 863¢
2| 00201 |00404 |0103 |O2IT 04460713 l 1386 2408 | 3219| 4605[ so991 | 7824 9210
j|oms |or8s |o3s2 0§84 | 1005 | 1424 | 2366 | 3665 | 4642 6251 | 785 9837 [ 01348
tloz207 |osw fozur [106s |16 |2195[33571 4878 soBo| 77791 R | r1 6ok 13277
0752 1145 |1610 2343 3000|4351 6064 7289] 9236 1107013 388 [ 15 0%6

Slotn 1134|1638 {2204 (3070 3828|5348 7231 [ Bss8 | 10645 12592 | 15033 16812
M 1564 2167 | 2833 |3822{4671|6346) 8383 9803 |12017 14067 | 16622 | 18 475
i ; 2 2733 | 3490 | 45041 €527 (7344 9524 11030 13 362 | 15 507 | 18168 | 20 090
i et ;OJz 3325 | 4163|5380 6303|8343 | 10656 | 12242 14684 (16919 119679 | 20666
xg i;ig 3 gig 3040 | 4865|6179 17267934211 781 (13 442 | 15987 | 18 307 | 20 161 | 23 209




cussed above, a chi-square value of o 0167
was obrained. As there is only one degree of
freedom, we look 1t up in the first hori-
zontal lne of the wble, It falls between two
values, 0016 and 0 064 At the head of each
vertcal column 15 2 decimal fracuon, the P
value for the chi-squares in sts column. These
are, respeetively, © 90 and 0,80, The proba-
ity that these data are actually random
devianons from a population based on the
monohybnd hypothess bemg tested 13,
thesefore, quite Jugh. One could easily m-
terpolate to get the exact P valuc, but 1t 15
usually conadered sufficient to denote 1t asa
P value greater than 08 Similarly, a chi-
square of 0.127 was obtained from the di-
hybnd expenment Looksng ths up under
thce degrees of frecdom, we find that the
Pvafue 15 greater than o 9

The final question 15, how low a P valne
ean be aceepted as beng not mconsistent
with the hypothesss Because repetinons of
n cxpenment fead to a1 family of values
Which desenibe a normat probability curve,
4 occasional resule will have a very low P
value even when the hypothesis 1 correct
Butf the hypothesss 15 correct, about two
thirds of the expustments should vary from
the mean vatue by no more than one stand-
and deviaon, and should have high p
values, whife g5 per cent of the expenments
should devaate from the mean value by no
more than two sundard deviations, and
should bave p vahues of 005 or higher
Tor thi reason, stausticans genenally con-
sder that a P alue of 003—~the § per cent
fred of prababiliy —or higher mdicates
that the daa are noy wconustent with the
By pathens bewng tested A lower p value

- and dhae gl expeniment
be repeated Bup of several repe-
S W ead g dm oy alue, ane tooks for
defects in the fy, pothesss

fuli 1o ‘PPt the by e

ot i
tobe 5 Crifeant, that v, 1 sgmifies that there

15 reason to doubt the vabdity of the hypoth~
esis upon which the calculation was based,
and it is necessary to look for causes not
considered 1 the onginal hypothesss, nor
in the caleulations based upon 1.

Let us re~state this. If the P value 15 85
per cent, 1t means that numerous repetitions
of the experiment should Jead to deviations
as farge as that obscrved mn 85 per cent of the
tnals, due to chance deviations alone, if the
hypothesis is correct, Smmilarly, with any P
value, the probability of as great or greater
deviatton m further repenitions of the expert-
ment 1s equal to P. And 1f chance alone can
produce so urge a chisquare, there i no
need ta look for other causes of deviation

Questions and Problems

The following 9 questions deal with Mendel's
data For each, caleulate the chn square, state the
number of degrees of freedom, then lock. up the
P value and write t, together with a statement of
whedier the data support Mendel's hypothesss.
Tn each mstance, the F; data wall be given

1 5474 round, 1850 wrinkled peas

2 602z yellow, 2001 green cotyledons

3 705 grey-brown, 224 whate seed coats,

4 882 evenly wflared pods, 209 constricted
seed pods

§ 428 green, 152 yellow unnpe pods.

6 651 plants with axgal mflorescences, 207 with
termna) inflorescences

7 787 tall plants, 277 dwarf plants

§ 315 round, Yellow, 10y wrmnkled, yellow,
108 round, green, 3nd 32 wrinkled, green

9 Finally, 1n the trthybad cross, the ¥y con-
sited of 269 ABC, 83 4BC, gg ABC, 98 AR,
27 Ab¢, 24385, 30 26C, and 5 ghe,

10 Now state the 2ppropriate hypotheses for
the preceding § problems

11 Define

Addwon theorem Normal Probaplty

Ihometry curve

Chissquyre Paramerer

Coeflicient of Populatson
vamatuliy Probabitiy

Degrees of frecdom Pure bine

L\{(m Sample

M:un Standard deviauon

e Statstye
Multphearyon Varuance

theorerm



The following data will be used in problems 12
through 14. A sample of 100 beans were weighed,
gwing the following resules:

WFIGHT 1N NUMBER

CENTIGRAMS  OF BEANS
kL3 I
39 1
40 o
4 5
42 9
43 21
44 25
45 19
46 1
47 s
48 I
49 o
50 2

12. Caleulate the mean weight of the beans

13, Duagram the data wath a frequency polygon
and with a hustogram.

14 Caleulate the standard deviation aud the
standard error

The followmng data will be used m questons
15~tg The lengths of tobacco flowers were
measured and chissified 1 § nulluncter mtervals
Four groups were measured, a short and a Jong
parental group, an Fy, and an F; The followmg
data were obtamed

NUMBER OF PLANTS

CLASS SHORT 1ONG Fy | #3

VALU PARENT PARENT
20 o
25 133 s
30 28 27
s 3 79
40 30 136
45 58 128
50 20 132
m 102
60 1085
65 1 64
70 19 30
75 so 15
8o 56 ¢
8s 32 z
90 9

15. Caleulate the mean, standard deviation, and
standard error for the short parental group

16 Now make the same caleulations for the
tong parental group

17. Make the same caleulations for the Fy.

,a Make the same caleulations for the Fa.

ELEMENTARY STATISTICS

19. Finally, draw a seties of frequency polygons
summarizing these data. R

20. A couple are expeenng their first baby
What is the probability that the baby will be a boy?

21 A couple have a boy and they are expecting
antother chuld. What is the probability that the
second child will also be 3 boy?

22. What is the probability that the next tvo
children (not identical twins) will be boys And
what 1s the probability if the next two are identical
twins?

23. Persons heterozygous for a gene T show 2
mld blood disorder called thalassentia minor
Persons homozygous for the same gene have 2
senous disease, thalassermia mayor, which 15 usually
fatal carly m hife Only homozygous recessives are
contpletely normai. Two heterozygous persons
marry. What 1s the probabality that their first child
will have thalassenna major>

24 What 1s the probabifity that the first chuld
of the couple m question 23 will have the discase
m aither form?

25, Red hair 15 recessive to dasker colots Sup-
posc that cach of the parents m question 3 15 dark=
hared, but that cach had a red-hawred parent
What is the probability that tharr first child will
have red hair and thalassenna mmor? dark hae
and thalassemia mumor? dark haie and thalassemsa
mayor? ted harr and thafassemn major? dark hawr
aud thalassemia m auther form? or red harr and
thalassernna i either form?
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CHAPTER 6

Modifications of

Mendelian Inheritance

I Sex-Related Inberitance

Almost before the facts of elementary Men-
delsm were securely established, evidence
began to accumulate that many types of
genetie acton existed which could modify
the Mendehan ratios A whole series of these
are assocuted with sex 1 one way ot an-
other, and these wili be the subject of the
prosent chapter Bt first, a review of the

dementary facts of sex determnation 15 m
order,

14. THE CHROMOSOMES AND
THE DETERMINATION OF SEX

The first step toward the undetstanding of
the ihentance of sex was taken i 1891 bya
German zo0logut, 1 Henkng. In 2 eyto-
lopcal study of the bug Pyrhocons {fig 31),
be noted that the number of chromosomes
w33 abways uneven i males, although 1t was
e females But he was unable 1o telare
this face 1o the determunation of sex. Eleven
eats bter, the Amersean oywlogse, C E

McClang made e observations 1
seavhoppers A¢ first, he msinterpreted the

erpined ciomosome of ghe malss, regard-

g " "
8 8231 Maceenary chromosome, not

sepresented in the fenuales But he boldly
postulated that the accessory chromosome
might form the basis of sex determmaton.
Hss researches durnng the following years
played a major role m establishing the
chromosomal mechanism of sex determina~
ton, which constitutes an important part of
every testbook of clementaty botany or
zoology. Equatly important in the develop-
ment of this theory were E. B, Wilson and
tus assoctates. Concernng Wilson, late pro-
fessor of zoology at Columbia University,
Muller has sad that “we geneticists (and)
all . ... who have acquired what we are
pleased to regard as ‘the modemn genetic
poune of view,’ see the phenomena of life
through the eyes of Wilson "™

The mam facts of the chromosomes 1n re~
fanon to sex determination can be sum-
manzed bricfly. Henking and McClung
both found, m thew respective maternals,
that the males had 23 chromosomes and the

* By permussian from Genencs, vol, 34 po1

Fig. 3. A pyrhocond big



MODIFICATIONS OF MENDELIAN INHERITANCE~I. Sex-Related laheritanes

females 24, These existed in the cells not
Jjust as so many unrclated bodies, but as
pairs of like chromosomes, or homologes
{see chapter 3); twelve pairs in the females,
cleven pairs plus an unpaired cliromosome
in the males. The cleven pairs of the male
are homologous with the corresponding
cleven pairs of the female, These chromo-
somes, with respeet to which the sexes do not
differ, are called antosomes. But the other one,
paired m the female and wnpaired m the
male, was called the X chromosome by
McClung. It js now commonly called the
sex chromosome, or better yet, the sex~differ~
ential chromosome, When gametes arc formed,
the females can form only one type (with
respect to kinds of chromosomes included),
114 4 X, if A stands for one autosome. But
the males will form two types of gametes'
all will contamn 11 autosomcs, but half will
also have an X chromosome (114 + X),
while the other half will get no representa-
ave of the X par (114 + O). Matmg can
only lead to the parental types, with 224 +
2X giving the female and 224 + 1X gving
the male phenotype. Thus sex determmation

Femole

Fig. 32- '
Note that in this figire and in figs
of g backeross.

has the nature of a Mendclian backeross,
with the female parent being homozygous
aud the male parent heterozygous. This
simple XX—XO type of sex determinstion
1s diagrammed, with simple numbers, m
figure 32.

Although the type of sex determination
described above 1s widely distributed i the
amimal kingdom, there is a more common
type. This is the XX~—XY mechanism of sex
determination, in which the X chromosome
has an unhke mate, the Y chromosome, in
the male. This 1s well excmphfied by the
common fruit fly, Drosophila melanogaster.
As this species has cight chromosomes, the
formula for a female is 64 - 2.X, while that
for a male 15 64 + X 4 Y. Sex determina-
tion 1 Drosophila 15 dagrammed m figure
33. Man, with 48 chromosomes, 15 also 2
good cxample, m which the formula for a
female 15 464 4 2X, and that for a male
464 + X + Y. Comparson of figures 32
and 33 will show that there 1s no essential
difference between the two. Each represents
2 Mendehan backeross, with XX being the
homozygous parent i both, while X0 the

Sex determination of the KK—XQ type, excoplificd by the grasshopper.
wre 34, sex determmation follows the patters



gametes @

aygotes &

o

g M

beterozygous parent in the first case and XY
m the second case, The d that

Sex deterumation of the XX—~XY type, evemphfied by Drosophila,

The X and Y chromosomes are itt colot.

Morgan introduced the wse of the frsic

st depended upon the segregation of such
secdifferennal chromosomes was the first
succesdisd proof of a relanonshsp berween a
speafic chromosomic and a phenotypre char~
acter, although Wesmann's ideas on this
subject had been under discussion for many
yoans

15, SEX LINKAGE

The pattern of cransmussion of the X chro~
mosomes from generation to generation s
thuy somewhar different from that of the
sutoomes Hence one would expeet that
geties carned w the X chromosomes would
2o show a moditied pattern of wherntance,
fanaflel to that of the X ct Such

Ry, Drosophila melanogaster, for genetic ex-
penments Tt was 2 very fortunate choice,
for thus Sy wich sts rapsd breedmg (ten days
to two wecks for a generanon), with 115
numerous progeny, with 1t many inherit-
shle vartanons, and its small chramosome
number (20 = 8) has contrsbuted a very
large measure to our knowledge of heredisy.
1n general, as discussed i chaper 2, recipro-
cal crosses give sdentical results s the Fr and
¥2. However, when Morgan made crosses
between red-eyed and white-cyed flies, the
recprocal crosses gave stnkingly different
resas, as shown at the bottom of the page
Morgan, with s rematkable ansight, saw
that these resules would exactly parallel che

A pattern was first repotted n 1910 by T H.
Mergan of Columbia University, who was

fo become one of the most distngushed of
Amencan geneticnns

Pored |
F

+ white &
red

Tyaeed | .

tred o white o

dinb of the yex ch if 1t
be assumed that the Y chromosome does not
carry an allele for eye colot. In figure 34,
the teansmussion of X and ¥ chromosomes
1s mdicated, with gene symbols inserbed in

white @ X red &

red 99 white g

1red 9 x white ¢ ¢
el 2y white
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; Fg . @/
Zygotes

the X chromosomes m order to make this
parallel as graphic as possible. The gene for
red eye, the normal or wild type 1s symbolized
by 1%, and the gene for white eye by w The
same thing may be done less graphically
with gene symbols alone, as below. Here,
o symbolizes the fact that the ¥ chromosome
docs not carry an allele for eye color.

P WWQ Xuwod
F, Wiw @ ¢ Wog'd

B,y WWO .1 Wi @ 1 Wog 1ueg

Fig. 34, Sex-uked inhentance, exemplified by
eye color m Drosoplula In 34 A, the ferale
parent 15 red-cyed and the male parent wiite=

eyed. In 34 B, the reaprocal cross 1 presented
In eacl amtanee, a chromosome with the gene
for red is colored rd, while a chromosome with
the gene for winte 1 black and whute, Lye calor
corresponds to the actual phenotype

ww 9 N Wo ot

Wa 09 wo g

TWan @ r1ww o 1 Wog.1wed



Following Morgan's lead, the paralld be-
tween the mheritanice of cye colar and of the
sex chromosorcs should now be quite clear.
He called this phenomenon sex finkage.
Several secondary points should alsobe men-
tioned. First, note that cye color has nothing
to do with sex. The sole enterion of sex
Imkage 1s that the gene is on the X chromo~
some While there 15 no theoretical reason
why 2 sexlinked character should not be
asooated with primary or secondary sex
characters, actumally no known sex-linked
gene has sny phenotypic connection with
sex, Sccond, note that i che second cross,
ww @ X iog the sons all have the
thenotype of there mother and the daughters
all have that of thaxr father. This phenom-~
cnon of criss=cross mhentance has given rise
%o the fabe wdea that sony imbent prmapally
from thewe mothers and daughters panci-
pally from their fathers Actually, there 1s
»o difference betw cen the sexes wath respect
to 1 anh and linked
genes show the criss~cross pattem only when
the mother 15 homozy gous recessive and the
fther donmnant,

Tir ¥ Cizovosove ann Hereraciro~
sans Some change m termmology
siecesary alsio Up to this point 1t has been
posble o classify any genotype a5 exther
hontozy gous or heterozygous. But how 1s
one o clasaify the males which have only
oneaflele for eye colors Adurd serm, hemzp-

s or simplex, 18 wsed for this purpose The

Fig N Babbedbosles The brles are
mich vedaed and the abdomen 13

sathier deformed,

phenotype is determined by 2 simplex gene
even thongh the gene would behave as a
secessive in a heterozygote. No normal
allele is present to mask 1ts effect. Finally, it
may be ssked whether it is typical dhat
alleles ase nussing from the ¥ chromosome.
For Drosopfula, the answer is generally yes.
There 15 only one known instance in which
a2 X-botne gene hasanallelein the ¥ chromo-
some, This 15 the gene bobbed, a recessive
gene which causes shortening of the bristles
of the fly {fig 35). When thus gene was first
studied, 1t was thought to be sex-hmted
(capable of expression only m one sex—see
below) because only females showed the
trait. Male offspring of bobbed fernales, all
of which ought to be amplex and so show
the traxt, were phenotypically normal, But
1t turned out that they were normat because
the Y chromosome catries the normal allele
of bobbed. Races which have the bobhed
mutant on the ¥ chromosome have since
been found, and these show the expected
phenotype when a bobbed X chromosome 15

also receved from the mother. There ace
also a few genes for male ferolity on the Y
chromosome. In contrast to ths paucity of
genos, neasly 150 genes are known i the X
chromosome of Drosoplula. It 1 clear, then,
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P e e = e e

i

the X chromosomes 1 order to make this
parallel as graphic as possible. The gene for
red eye, the normal or wild type 15 symbolized
by ¥, and the gene for white cye by w The
same thing may be done less graphically
with gene symbols alone, as below. Here,
o symbolizes the fact that the ¥ chromosome
docs not carry an allele for ey color.

P WWOQ Xued
Fy Wiw ¢ 9 Wodd

Fi1wWweo:itWwo:1Weg

1uo o

Fig. 34.  Sex-linked mherttance, exemplified by
eye color mt Drosophula In 34 A, the female
parent 15 redcyed and the male parent white-

eyed In 34 B, the reaprocal cross is presented.
Int eaclt nctance, a chromosome with the gene
Jor red is colored nd, while a chromasome with
the gene for winte 15 black and whte, Eye color
corresponds to the actual phenotype

ww Q@ X Wo @
Ww oo wogg
ITWw Qi1 ww Q

“1Wo g1 wod



Following Morgan's lead, the parallel be-
sween the inhentanicr of eye caloe and of the
sex chromosomes should now be quite clear.
He called this phenomenon sex finkage.
Several secondary points should also be men-
voned. Farst, note that eye color has nothing
1o do with sex. The sole enterion of sex
Linkage is that the gene 15 on the X chromo~
some. While there 15 no theoretical reason
why a sex-hnked character should not be
asocated wath pnimary or secondary sex
chotacters, actually no known sex-hnked
gene has any phenotygic connection with
sex. Second, note that 1 the second cross,
we 9 X Wo g the sons all have the
phenotype of thete mother and the daughters
aff have that of their father. This phenom-
enon of crissecross wheritance has given nse
to the false 1dea that sous inherst principally
from ther mothers and daughters prma.
pally from therr fathers Actually, there is
no difference between the scxes with respect
to autosomal inhentance, and sex-linked
genes show the criss-cross pastern only when
the mother 5 homozygous recesstve and the
father domunant

Tiz ¥ CaromosoMe anp Hersrocimo-
MATY Some change m termmology s
necessary also. Up to ths pont 1t has been
posstble to clasify any genotype as esther
homozygous or heterozygous But how 15
onie to classify the males which have only
one allele for eye colors A thurd term, hemizy-

gauis o smeplex, 15 wsed for this purpose The

Fig 35 Bobbed bristles The bnistles are
el seduced and the abdowen 1
ratfier deformred,

phenotype 15 determined by a simplex gene
cven though the gene would behave as a
recessive 1 a heterozygote, No normal
allele s present to mask 1ts effect. Finally, it
may be asked whether it 1 typical that
alleles ate missing from the ¥ chromosome
For Drosaphila, the answer is generally yes.
There is only one Mown mstance s which
2 X-borne gene has an allelein the Ychromo-
some, This 1 the gene bobbed, a recesve
gene which cawses shorterung of the bristles
of the fly (fig. 35). When this gene was fiese
studied, it was thought to be scxlimited
(capable of expression only in one sex—sce
below) because only females showed the
trait. Male offipring of bobled females, all
of which ought to be simplex and so show
the trait, were phenotypreally normal, But
1t turned out that they were normal beeause
the Y chromosome carnes the normal sllele
of bobbed. Races which have the bobbed
mutant on the Y cheomosome have since
been found, and these shaw the expeeted
phenotype when a bobbed X chromosame 1s
akso received from the mother. There are
akso a few genes for male ferubity on the Y
chromosome. In contrast to this panaty of
genes, nearly 150 genes are known i the X
chromosome of Drosophila. 1t is lear, then,
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that the Y chromosome is relatively inert, as
judged by the frequency of identifiable
gencs. It has been shown that there are other
diffecences in chienucal constitution and in
biological behavior between the Y cliromo-
some and the othiers. The Y chromosome is
sad to be feterochromatic, in contrase to the
euchromatic X and autosomes It should be
added that heterochromatin is disteibuted o
some degree among all of the chromosomes,
and that it may be quite active if judged by
some other criterion than frequency of
mutant geues in it

Nor is the “mertucss” of the Y cliromo-
sonie equal i all species. It seems, m general,
to contain a higher proportion of hetcro-
chromatin than do the autosomes or the X
chromosomie; yet 1t may be much more
*“actave” m some species than m Drosophila,
In man, for example, an orgamsm far loss
well known gencucally than Drosoplula,
around 20 Y-lnked genes are known.

Tur Hergrocamoric Six In the cxam-
ples discussed above, the females can produce
ouly a smgle eype of egg with respect to
sex~determunmg capacity  They are there-
fore sad to be hamggamene (Greek—simlar
gametes). The wales, however, all produce
two types of gametes, and so are sad to be

heterogameric (unlike gametes). ft may be
asked whether this s 3 necessary relanon.
ship, or whether this selationship between
the sexes could be reversed, Actually, the
Taster s the case, although male heterogamery
is much the most usual thing, But fomale
heterogamety 1s found in the Lepidopters,
somce fishes, the Uradels, Reptilia, and Aves.
In all of these, the male has a perfeetly
matched pair of sex-differcntial chromo-
somes, while the female has eithee an odd
chromosome or an imperfectly matched
pait. Sometimes the XX-XO or XY termii
uology 15 apphed to these cases, with XX
meanmg a male and XO or XY meaning 2
female. But often a different sct of symbols
1s used, with JVII meanmg a male and
I¥Z meanmg a female. But, with erther st
of symbols, the essential meanmg is the
same: males produee a single type of gamere
with respeet to sex determmation, whde the
heterogametic fenales hold the balance of
sext determnacion,

The question of heterogamety does not
artse with respect to most of the higher
plants, as the sexcs are not scpatate {they
are monoccrous).  Hence  sex~differentisl
chromosomes are not possible, But there are
a good many species m which the sexcs are

fig, 36 The cwrrant moth,
Jastwcolor, (Redrawn fow Prinnetr}

e

Abraxas grossulaesats Ow die e, wormal, o he right,



Fig 37 Slow and rapid feathermg, a sex-hked trait in the chickent These are ten-day=old
ehtcks, but the one on the e uas the genotype fer rapid feathersng and she one on the lfjl
that for slaw feathermg The effect s prinapally on the wang aud tal feathers, which

scparate {doectous), and m these there are
sex-differenttal chromosomes  Just as m
amamals, ale heteregamety 1 the tule, but
female heterogamety alio occuts, a3 in the
strawbesry

TFeMALE HETEROGAMETY AND SEX LINRAGE
{ohentance of sex-lnked characters does nat
differ i prncrple of the organsm studied
shows female heterogamety The patterns of
whemance are just 35 gven above for eye
color m Drosopfula, bus the sexes are re-
versed Examples will make thus clear In the
cutcant moth, Abrasas grossulanata (fig. 36)
pormal datk wing color, L, 1s damimane
over lactcolor, f, o pale, mitky-colored
vanety The reciprocal crosses may be de-
scribed 1o Mendelan symbols, with the sex
symbols added for clarity, thus

are shown s color, (Redrawns from Hutt )

A sccond example may be taken from the
domestic chicken. In Leghoms and some
other broeds, the shucks feather out rauch
more rapdly than 15 characterisue of most
breeds. The difference 1 most stuking from
eight to ten days afiter hatching, At thss age,
a typreal slow-feathering ehuck wall have no
tall festhers and only very small wing
feathers Yet 2 rapid-feathering chack of the
same age may have tal feathers as much 25
an inch long, and wing feathers extending
to the tail or even beyond i (fig, 37). It has
been shown that the difference depends upon
a sngle pare of sex-tinked gencs, with stow-
feathermg, X, beng dominant aver rapid-
feathering, k. Thus the reciprocal crosses

will show the pattern given at the top of
page 70

P Leoexlg oo xXLLa
dark lacucolor lacticolor  dark
By foge Ligg Wag Legg
LCTE S § B 1Lo.1lo 3 dask * 1 lacticolor
cla«rEA i }acticnlnr darlf lacticolor 1 LL -1 Li: tLo-x{o
e T e P Y
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P KO ¢ X Mg

slow rapid
Fl kO o9 Kkgo
rapid slow
F; tRk:1hkk : 1 KO:1 kO
slow  rapid slow  rapid
EEI °e

SeX LiNkAGE IN Man  Sex linkage 15 2
well-known phenomenon m man. R. R,

KO 9 X KKg
rapid slow
KO ¢e KRhga
slow slow
3 slow : 1 rapid
T KK:1 Kk:1 KO:1k0
144 i1 Q9Q

of fanuly histories, which are called ped-
grees Rarely mdeed will the investigator

Gates, m his comprchenswve treatment of know the genotypes of the persons in 2

human genetics, lists no less than forcy-five
sex~lnked genes in man, mcludmg such
diverse things as color blmdness, hemoplulia,
toothlessness, deafness, and white forclock.
Not all of these arc backed up by equally
good evidence, but red-green color blind-
ness will serve as a good example Normal
viston, C, is domnant over color blmduess,
¢. {Actually, there are several types of color
blindness, and the hereditary basis for the
differences wall be discussed m chapter 8.)
Using these symbols, reciprocal crosses
could be diagrammed ust as for the anumal
crosses discussed above. But this would not
be very meanmgful, for expertmental crosses
cannot be set up m man. the student of
human heredity must depend upon the study

—
-

2 E

pedigree (at the outset of a study), and so it
15 necessary to use pedigree symbols which
describe the phenotypes of the members of
the fanuly, By studying such pedigrees m-
dividually, and by the use of specral methods
to be discussed 1 the final chapter of this
book, the genetcist hopes to gam an insight
mto the mode of mhentance of human
characteristics.

The method may be mtroduced with an
actual pedigree for color blindness 1 man
(fig 38). In tns pedigrec, cach arcle repre-
sents a female and cach square a male. These
symbols arc preferred to the usual symbob.
@ and o, because the fatrer become cort-
fusmg w complicated pedigrees m which
many supplementary symbols must be used

Fg. 38
represcnit  femmales, sq

Ths ts a pedigree for color blmduess, a typical sex-lnked trart in man. Circles
nares males The colored symbols represent affcted persons.



Roman numerals identify the successive gen~
eranons, while Arabic numerals 1dentify the
ndvidusls m each generavion  Married
persons arc connected by 2 horizontal line,
a5 1 the case of [~1 and 2, [[—3 and 4,
W1 2nd 2, and -6 and 7. The children
areattached to this marrage hine in a definne
way. Thus 111, 2, and 3 ate the children of
1—1 and 2, and 1l—2, 3, 4, 5, and 6 arc the
children of 1i—3 and 4 Fimally, persons
showmg the phenotype under study ate -
dicated by a blackened symbol. When analy-
a1s of a pedigree shows that a pacticular per~
son must be a heterozygous carrier of a
recesstve gene, the approptiate symbol may
be half filled 1 Thus, we know, from the
facts of sex-linked mhentance, that the
wormen desiguated a5 i3 and Mi—6 must
have been heterozygous, or else they could
not have had color-blind sons But we do
not presumic to make such a judgy on

blindaess {and other sev-lmked traits} are
limited to men  This 15 not true. Bue a
woman raust be homozygous in order to
show 3 sex-tinked recessive, winle 2 man
need only be smplex, It is clear that the
fatter is much the more probable situation,
especially for a rarc gene, but both are possi-
le and bave been observed many twnes
Another sex-linked trait in man whieh has
reccived a great deal of artention is hemo-
philia, thebleeder's disease. Asis well known,
this disease 15 characterized by a very slow
clotnng tmc, so that affected boys may bleed
to death even from very winor wounds.
Because it hos played an important role m
modern European hutory through sts cffect
on the Bourbon and Romanoff fanubes, 5
15 often called the royal disease. Bur the dis-
ease 15 not so seleetives it strkes at all levels
of society, but usually withour prear public-

meomplete mformation {1l-—2 has a 50 per
et probability of carrymg the gene (be-
case he mother was heterozygous), yet
the datz do tiot prove that she carries 12, and
sa her carcle 55 lefe blank,

Note that the girl mdycated as Vs &
colot-blnd. Tt has often been said that color

Fig. 39

Apedgree for benaplaia 1 may Chromosames

wy 5 hemophihic man s € cnough
to live long enongh 1o Jeave chilleen, all of
Tus davghters wall be carnters but all of his
sons will be norasal, for they get theie only
X chromosome from tha mother. Bug
when a carrer davghter marries, half of her
sons will get the normal X chromosome and
the other half will be bleeders (fig. 19).

arn et
O vl e syl for g e 0 e

disensed persons are also red
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Or, more exactly, each son has a fifty-fifty
chance of being normal or a bleeder. Half
of the daughters will agam be carniers Note
that a hemophilic gl could be born only if
a carrer woman should marry a hemo-
philic man. Actually, few hemophilics sur-
vive to marriageable age, and so one would
expect such marriages to be exceedingly
rare. But 2 few have been reported, and yet
no certain cases of hemophilic girls are
known. The usual mterpretation of this has
been that the homozygous condition, ki, 15
even more severe than the sunplex condition,
50 that 1t causes the death and resorption of
the embryo m the uterus. This has been
supported by studics showing that hemio-
philic men tend to have fewer daugliters
than expected, and from evidence of mn-
terrupted  pregnancies m such marrages.
But the evidence 1s mcomplete, and at least
some of the reported cases of hemophilic
girls may be genuine.

Recently, a type of hemoplilia has been
studied in dogs, the climical manifestations of
which appear to be 1dentical with those of
human hemophilta This canine hemophilia
15 also mhertted as a sex-linked recessive, It
has been demonstrated that, m these dogs,
homozygous hemophihe females are no
more severely diseased than are their henn-
zygous brothers It has been mferred from
these facts that the same must be true of
man, and that the rarity of hemophilic gurls
1s a simple conscquence of the ranty of
marnages of genotype Hh X ho This may
be correct, but analogies between different
species can be musleading, and 1t would ap-
pear that addinonal evidence from human
families 15 still needed to settle the question.

16. SEX-INFLUENCED
INHERITANCE

Sex-mfluenced inhentance should be con-
trasted with sex lmkage, for they lave
nothing in common beyond thetr sumilar

names. All genes which are carned by the

X chromosome arc said to be sex-linked
because their inheritance parallels that of the
sex-differential - chromosomes  themselves
Actually, all known sex-linked genes lead
to phenotypes which have nothing to do
with sex, although there is no theorencal
reason why this should be so Sex-influenced
characters, on the other hand, are characters
which may be expressed differently in the
two sexes, ceven when therr genotypes are
1dentical. Secondary sex characters in gen-
cral are examples, The most common cx-
pression of sex mfluence is that dommance
15 reversed between the sexes Agam, all
known examples are autosomal, althongh
there 15 no theoretical reason why there
should not be some sex-lmked genes for
sex-influenced characters.

SoME EXAMPLES OF SEX INFLUINCE  Ayr-
shire cattle (fig. 40) show a pattemn of
spotung on 2 white background, and the
spots arc always esther red or mahogany.
Ths difference 15 based upon a smgle pait of
genes, cattle of genotype MM bemng ma-
hogany and whte, while those of genotype
mim are red and white, But what of the
leterozygotes, Mir: Males of this constitu-
won arc mahogany and white, while the
females are red and whte, This will lead to
some modificatton of the ordinary Mendel-
1an ratios, as may be scen by diagramming a
standard monohybrd cross:

r MAL
mahogany

Fy

mm
red
Mm
o mahogany
99 red
F 1 MM

2 Mm 1 mm

o?'d*\73 mnh(;g:m\}; 1 red

¢ ¢ x mahogany - 3 red

In the above diagram, phenotypic descrip-
nons have been abbreviated by omuttng



Fig. 40 A group of Ayrshure catle, showmg much of the rauge of spotting pattem which

charactenzes tus dusry breed {Courtesy of € Chnis Bndges,

“white,” which 15 pare of each phenotype
The reciprocal crosses are identical sn the Fy
and Fy, because the gene 15 autosomal 1f
one looks at only onc sex, then the usual
Mendelun rauos appear unmodified. But
the domnance relationships are reversed between
the sexes.

Another typical example of sex-influenced
mhentance 15 afforded by the mhentance of
horns 1 sheep Dorsct sheep are always
horned 1n both sexes, while nereher sex bears
homs m Suffolk sheep If Dorsets and
Suffolks are crossed, the male offipring are
horned and the females ate homless On
terbreeding the ¥y sheep, an Fy 15 obtamed
m which the males show a ratio of three
horned to one hornless, while the females
show 2 tano of threc hormless to one homed
(fig 41} Here agam, 1t 15 clear that a per-
fecty typical transmission of the genes has
occurred, but the gene for horns 1s domunant
w males, while ws allede s domunant m

Edutor, The Ayrshire Digest )

mules

females

O.C@

¥ig. 41, Inkentance of horns fn sheep, showng
see-nfluenced dominance
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females, If the gene for horns be H and its
allele b, then the cross becomes:

P HH X hh
Dorset Suffolk
horned hornless

B Hh

F horned
9 @  hornless
Fy, x HH 2Hh 1 hh

7o 3 horned ¢ 1 hornless

¢ ¢ 1 horned : 3 hornless

Pattern baldness 1n man should probably
also be mcluded m thus category. There are
many types of baldness with different causes,
some heredttary, others not, Pattern bald-
ness 15 the type m which the hair first re-
cedes around the temples, then thins and
disappears from the top of the head, and
finally Jeaves a frmge of hair Jow on the
head {fig. 42). Analysis of many pedigrees
has shown that the genotype BB leads to
baldness m aither sex, bb leads to normal
hair 1n cather sex, but Bb leads to balduess m
men and to normal hair m women Somc
anthonties consider this to be a sex~hmmed
gene, sex humtation being an extreme type of
sex mfluence m which a particular pheno-
type can be expressed ouly mn one sex. In
the example at hand, 1t has been shown that
the gene B gets its effect m collaboration
with the male sex hormone. Yer numerous
published pedigrees include bald women
{scc R. R Gates, Haman Hereduty), and 1t
may be that the small quanuty of male sex

Female Parent

wie x ww
ww X Wie
< ww

uww

Male Parent

hormone normally present in the blood of
wonien is sufficient to cause baldness in
women of genotype BB, but msufficient to
causc it in women of genotype Bh. In sup.
port of this, there is an often-cited case of 2
woman who, after developmg a tumor of the
adrenal cortex, became bald, developed 2
beard, and a decp vorce. The adrenal cortex
normally produces a small amount of male
sex hormone. Aftee surgical retmoval of the
tumor, her vowe again became feminine,
her beard disappearcd, and she grew a nor
mal head of hair, Assuming that she had the
genotype Bb, the case fits the theory beauti-
fully
Sex-LiMiTep  INHERITANCE
mheritance is, as mentioned above, an ex-
treme type of sex mfluence fn whch 2
particular phenotype can be expressed only
m one sex As the genes are autosomal (1
all known cases, though 1t 15 difficult to see
why tlus should be sa), all genatypes should
occur with 1denuical frequencaics m both
sexes, yet the physiological différences be-
tween the sexes (prabably n rcgard to sex
hormones) are such that certam genotypes
can be exprossed only w one sex Thus it
the sulfur butterflies (genus Colias—hg. 43)
males arc always yellow, but females may be
cither yellow or white, White calor w the
females depends upon a dommant gene, )
so that females of genotypes Y or I
are white, while those of genotype ww are
yellow. But males of all three genotypes are
yellow. Thus, whte 15 a sex-huted color.
The genotype of a male can be deternuned
by crossing him fo a yellow female. The
results may be tabulated as follows:

Sex-limited

Female Offspring
W all white

W xoewe
r white « 1 yellow

we all yellow



Fig 42 Pattern baldness
(Courtesy of Dr, John J Reedy)

Fig 43 Coluas plulodice, a
silfi g Thus speomen 15 a
gynand, with the night side bewng
female and white, winle the

ejt sde 15 waale and yellow The
white patclics on the left sde

ay be physielogically funale

also (From Reanngton,
Advances wn Genetucs, vol 6 )

- .
8 44 Pelprorphisn w Rapio polytes Upper e, pper right, cyms type femate
which sesewbles the piale, lowr I, rounyfas 70 fonals and oy ight,

polytes type female
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females, If the gene for homs be H and its
allele f, then the cross becomes:

P HH X hh
Dorset Suffolk
horned hornless

F, Hh

&g  horned
¢ ¢  hornless

F, tHH 2Hh 1 hh

& ¢ 3 horned : 1 hornless

@ ¢ 1 horned : 3 hornless

Pattern baldness in man should probably
also be ncluded 1n this category. There are
many types of baldness wath different causcs,
some hereditary, others not. Pattern bald-
ness 15 the type m which the hair fiese re-
cedes around the temples, then ths and
disappears from the top of the head, and
finally leaves a fringe of hair low on the
head (fig. 42). Amalysis of many pedigrees
has shown that the genotype BB leads to
baldness m erther scx; bb leads to normal
hair m either sex, but Bb leads to baldness in
men and to normal hair m women. Some
authorities constder this to be a sex-limired
gene, sex linntation being an extreme type of
sex mfluence m which a particular pheno-
type can be expressed only m one sex In
the example at hand, it has been shown that
the gene B gets 1t cffect m collaboration
with the male scx hormone. Yet numerons
published pedigrees wiclude bald women
(sce R. R. Gates, Human Heredity), and 1t
may be that the small quantty of male sex

Female Parent

wiw X ww
ww X W
ww X uw

Male Parent

hormone normally present m the blood of
women is sufficient to cause baldness m
women of genotype BB, but msufficent to
case it in women of genotype Bb In sup-
port of this, there 1s an often-aited cnc of 2
woman who, after developmg a tumorofthe
adrenal cortex, became bald, developed 2
beard, and a deep vorce. The adrenal cottex
normally produces a small amount of mde
sex hormone. After surgical removal of the
tumor, her voice agam became feminine,
her beard disappeared, and she geew 2 et
mal head of hatr. Assummng that she had the
genotype B, the case fits the theory beaut-
fully.

Six-LIMITED INTIERITANCL
inheritance 15, as mentioned above, an e
weme type of sex mfluence m which 2
particular phenotype can be expresied only
m onc sex, As the genes are autosomal (1w
all known cascs, though it is difficult to se¢
why this should be so), all genotypes should
occur with identical frequencics 1t bo
sexcs, yet the physiological differences be-
tween the sexes (probably m regard to seX
hormones) are such that certam genotypet
can be expressed only m one s Thus u
the sulfur bucterflies (genus Colias—fig 43
males are always yellow, but females may b
cither yellow or white. ‘White color 1t d“.
females depends upon a dommant genes lf.
so that females of genotypes W of W
are white, while those of genotype 1 are
yellow, But males of all three genotypes are
yellow Thus, white 15 2 sex-limuted color:
The genotype of a male can be determin
by crossmg him to a yellow female. The
results may be tabulated as follows.

SexeJunited

Female Offspring
Whe all white

1 Wi 1wt
1 white . 1 yellow

we all yellow



Fig. 42, Patiern balduess.
(Cartesy of Dr Joln J Reedy))

Fig 43 Coluas philodice, @
sulfur wing This specuien 15 @
gynander, wath the reght sde being
female and white, winle the
lqt sde 15 male and yellow The
whe patches on the left side
nay be pliysrologucally female
also (From Remmgron, tn
Advances m Genetuss, vol 6)

Fig.
ig. 44 Polymorphtsm v Papihio polytes Upper lef, male, upper right, eyrus type female,
wiuch resembles the male, lower left, romulus type female, and lower y.gm'
polytes type female
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Only the female offspring are taken into ac-
cotmt, as only they can show the color
difference.

A simular, but more complex, case occurs
in the swallow-tail butterfly, Papilio polytes.
All of the males and some of the females
show a color pattern called the eyrus type.
But females may also show two addrtional
patterns, the romulus and polytes types,
which mmic the patterns of species of the
related genus Pharmacophagus. The spectes 1s
thus said to be polymorphic, a fairly common
thig in the Lepidoptera, This polymorph-
ism has becn shown to depend upon two
pairs of genes, 4 and B. If a question mark
be used to mdicate that the second gene of a
paie mught be cither domunant ot recesuve,
then females of genotype A?B? are the
romulus type, those of genotype A?bb are
the polytes type, and those of genotypes
aaB? or aabb are cyrus type. But the males
are always cyrus irrespective of genotype
(fig. 44)-

Tue Puysiorocicar Basis oF Sex Limi-
TaTION A well-known feature of the plu-
mage of chickens throws much light on
problems of the type discussed above. In
most breeds of chickens, the males have
long, pomted, fringed feathers on the neck,
ta1l, and some other parts, wiile the females

have shorter, rounded feathers which lack 2
fringe {fig. 45). However, there are some
exceptional breeds. Sebright bantams are al-
ways hen-feathered, irrespective of sex,
while the males may be cither cock-feathered
or hen-feathered in Campine, Hamburg,
Silver-laced Wyandotte, or Game breeds.
It has been d tated that hen-feathered
cocks carry a dominant gene, Hf. Thus
chickens of enther sex will be hen-feathered
m the presence of genotype HfHf or HfH.
But the homozygous recesstve, Iflf, will be
hen-feathered 1f female and cock-feathered
1f male. Thus 1t 1s clear that typical breeds of
chickens are always homozygous recesstve;
Camptnes and other breeds m which the
cocks may show either type of feathermg
include both alleles i the breeding popu-
lation; while Scbrghts are homozygous
dommant.

Up to this pomt, no data on feathering
have been mntroduced which are not com-
parable to data of the previous examples.
But suppose that one castrates 2 homozygous
HYHS chicken. Irrespective of the onginal
sex of the chicken, cock feathermg develops
after the next mole. It appears, then, that the
gene for type of feathering collaborates with
the sex hormones 1n the production of the
phenotype. Esther sex hormone, m combi-

Fig 45
Note the fong,
comb and wattles.

Hen featherng and cock feathering. The hen is on the right, the tock o the left
ponnted ek and tan feathers of the eock, aso the arger



anon with the gene Hf produces hen feash-
enng; but in the absence of any sex hor-
mones, the same gene leads to cock feather~
g (o, rader, to an intermediate mndi‘tion
which 1 stmidar to cock feathenng) Simt-
luly, the genotype hfhf which ordmarily
leds to cockefeathered males and hen-
feathered females, leads to cock feathermg 1
Al caseeated chickens, regatdless of sex. (3
such a castrated chicken 1 treated with male
sex hormone, the cock feathering 15 mote
perfectly developed, of treated wath female
sex hormones, hen feathenng 15 developed
Thus st 15 clear that cock feathenng 35 2
developmental norm, deviations from which
tnay be achieved by an appropuate combi-
nation of genotype and sex hotmonies The
genotype Al leads to cock featherng m the
presence of the male sex hormone, and to bent
feathermg with the female sex hormone.
This 5 chatctensoe of most breeds of
chickens. But the gene Hf prevents cock
featherng, m the presence of etther sex
hormone and so causes hen feathening
These are secondary sex characters par
extellence, and 1t seems probable that secon-
dary sex characters m general are wherited
m 2 comparable way, with sex hormones
playmg 2 mayor role m the expresuion of the
characters In man, the secondary sex char-
acters (those traws whach are asocrated with
sex bt which do not play a direct role 1
feproduction) include such shings as hagh
vaice, well-developed hreasts, and broad
hups and pelvis m wonn, whie w wen
they include deep votce, rudumentary breasts,
devefapment of beard, and narrower hups
and pelvs The uvolvement of the sex
hotmones 1 the development of these
characters s mdicated by the fact that the
sccondary sex characters do not develop
anttt e of puberry Furthermore, wmors
of the adrens ghind, the cortex of which
oxdinaniy produces some male sex hormone,

my tesult am the development of male
secondary sex chatacters ‘wormen,

Embryonic DIFFLRENTIATION OF SIX in
wiew of the mode of embryonic develop-
sent of the sex otgans, the above facts are
not unexpected For the details, reference
chould be made to embryology rexts such
as that of Arcy, but it may be mentioned
that the gonads and some accessory organs
develop from an embryanic rudiment called
the gemital ndge. Inits carhiest stages, this 15
morphologically identical in both sexes, and
embryologists have long referred ta it as the
indifferent stage, meaning a stage in which
sex of the embryo cannot be diagnosed, and
from which 1 nught concervably develop
m esther direcuion,

Nutnerous facts are avaifable which indi-
cate that the cmbryo actually is "indifferent”
at this stage, and that the gencvic system
{XX or XY chromosomes) deternunes the
actual course of development through the
agency of the sex hormones. The oldest line
of evidence 1 supphed by the phenomenon
of freemarnns 1n cattle. Twans of Nike sex in
cattle are perfectly normal OF twins of un~
ke sex, the male 15 always normal, but the
female wually shows many male charac-
tersstics, especrally mternally, and s stenile,
Such a “female” 15 called a freemarn, F, R,
Lilke of the Uuversity of Chicago has m-
vestigated chus, and he has found thar freee
martns result when the two placentas fuse,
thus permurting exchange of blood berween
the two embryos As the male hormone 15
seeseted somewhat, cather than the Semste
bormone, st cawses the penetically female
embeys to develop along male hnes, The
placentas do not always fuse, however, and
1 these cases the female calves are perfectly
3:‘3:;:]1: vlct\c;ahma“dm, whas been possible

mplete se¢ reversal by hormone
Z:SZ?:;?;:’:E;?‘“E l;ﬂme. and sinifar
Thus 3t scems clear (:;‘C i opossaros
leat the dffae s that m vestebrates, pt
on of hoth primary and
secondary sex characters js mediated by the
sex hormones
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INVERTFBRATES AND THE DLVILOPMINT OF
Scx-Luitep Craracters The discussion
of sex hmitation began with examples from
the mvertebrates, yet data for the explana-
tion of the phenomenon have been drawn
entirely from the vertebrates, To what ex-
tene can this explanation be applied to
butterflies and other mvertebrates: Actually,
it is dufficult to nmagine any mechamsm
other than sex hormones through wlich sex
mfluence and sex hmitation nught operate,
The exastence of sccondary sex characters in
many nvertebrates has often been inter-
preted as cvidence that they must have sex
hormones. Bue, although other hormones
of mvertchrates have been  suceessfully
studied, no convinemg demonstration of sex
hormones among invertebraes has yet been
made. The question 1s thus m a most un-
satisfactory state.

17. MATERNAL INHERITANCE

One final sex-related modification of the
Mendehan tatos 1s provided by the phenom-
enon of maternal whentance In examples of
this phenomenon, the phenotype of off=
sprng 15 deternined by the genotype of
tharr mother  As a result, all Mendelian
ratios are perfectly normal, but they are de-
fayed by one generation. Tlis rather rare
situation 1s o bC C(’"(m‘((.‘d “'"h Ilhl/l'flld[
impressions, so common m folklore, but
never substantiated by saientific analysis.
Maternal ampressions  are the  supposed
pheuotypre effects upon cluldren resultng
from experiences of the mother, especaally
from emottonally charged experiences Un-
like the fictictous maternal mipresstons, ma~
ternal mhenitance 15 a well-established phe-
nomenon, though not a common onc
Cotwing 1y SNaiLs  The best worhed-out
example of maternal mhenizance s the m~
heritance of direction of collmg snatls If
2 sual shell 1s held with the base coward the
obscrver, the direction of coiling must be
cather counterclockwise (dextral) or clocke
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wise (sinistral). Boycott has investigated
this in the genus Limnaca, Starting with
pure-breeding strains, a dextral snal may
be used as female parent and a smistral as
male parent, The Fy will all be dextral, so
that the gene for dexerahity appears to b
dominan, and we would expect a 3:1
ratio n the Fy. In fact, however, if the Ty
smails are self-fertiized, the Fy is abo en-
tirely dextral, and the expected three to
otie segregation oceurs in the Fy. Now what
of the reciprocal crosse I a sinistral snanl be
used as the P gencration female and a dextral
as the male, the Fy wall all be sinistral. But
again, the Fy 15 all dextral and the Fy shows
the three to one segregation,
It was Sturtevant who first pointed out
that this situation would be perfectly vo-
derstandable 1 1t be assumed that the char-
acter has already been determimned i the egg
before ferndization, and hence that the phewo-
type of the offsprng corresponds 1o the genotype
of the mother, That the asymmetry of the
snail 15 determmed extremely carly is quite
probable, for the mutotic spmdle of the
cleavage divistonss 15 already asymmetrical.
If the gene for dextrality be § and that for
sumstrality s, then all of the Fy must be S5
Those from the first cross were destral be-
cause thete mother was S8 wile those from
the sccond cross were suustral because their
mother was ss In etther case the Fa will be
deatral because of donunance m thie hetero-
zygous mothers. But, although all of the I
are dextral, thete genotypes arc 88, 85, and
ssma 2 1rano, The Ty from the fiest
two classes will be dextral, while those from
the last class wall be sumstral Thus all ex-
pected ratios arc obtamed, but one genera-
ton later than expected because the char-
acter s derermmed m the unfernhzed egg,
and hence by the genotype of the mother.
The enure sertes of crosses 1 dlustrated
tigure 46.
Y{AN"R“\I A more u!nlp|c‘( case Ur
maternal mhentance has been studied 1 the



Tag 46. Inhentance of direction of cotlng in snaals.

skorm, Bombyx more, by R. B Gold~
hrmdt and K. Katsuky, and will be dis-
cussed here principally to show how 2
seally complex geseuc problem can be
solved In the skworm, the sexes are ord-

nartly separate, but 1 are

Note that the expected 3°t
ratte occurs i tie Fs.

nmes fal to parnapate m the anaphasic
movement so that 1t 15 not included n
a daughter nucleus. I this should happen
to an X chromosome, anomalies of sex
would be expected, If one of the first

P

found which presens a mosaic of male and
female parts These mosaic organisms, called
gynanders (ongmally gynand

two bl gets the normal chromo-
some complement, and the other loses an X
chromosome, then the first cell and sts de-

phs), are
P An hermaphrodte has
no sex-differential chromosomes, and has
complete, fanctional scts of reproductve
organs of each sex But the gymanders do
not have two complete

1ot Ty Trod

productive sys-

dants will have the female genotype
wihitle the XO cell and wts descendants will
have the male genotype If one cell loses a
chromosame at the second division, then
onc fourth of the resalimg fly should show

tems Rather there 1s 2 mosaic of parts The
commonest sitvation. . these moths 18 3
bilateral mosuic, one side bemng male, the
other fomale. Gynanders (see fig 43) are
known also m other msects and crustaceans
They have been teported also 1n birds and
mammals, but because of the sex hormones
® i mose probable that these are miersexes,
another kind of sex anomaly which will be
discussed 1n chapter 15

Gynanders v Drosophula have been pat~
uelarly instructive 1F 2 zggote has two
X chromesomes, 1t should develop mto a
fomale fiv, But 3 cheamosome may some-

male ch The later m embryonic
lafe such an acardent of mitosts happens, the
smafles will be the resulung sector of male
uissue That this 1 the basis for formation
of gynanders . Drosophils can easily be
shown by seong up a stock of females
heterozygous for a sex-linked mutant, such
as whate eyes, Wio. Al such flies should have
1ed eyes, bur occastonally such a fly will
show male charactenstics on one side, and
about half of dhese sex mosates have 3 white
cye on the male side As there 15 an equal
probability of losing exther chromosome of

the pa, thys is 3ust what should be expected
+f the theory is correct.
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But m Bombyx gynandrism is not a resule
of an occasional miitotic accident: it is heredi-
tary in certam strains, The eritical crosses
may be tabulated as follows:

A. normal 9 X mosaic @ — F| normal
B. mosaic @ X normal ¢ — F; mosaic
Fy normal X normal —— F; normal

« Fy mosaic X mosaic —— F; normal
Fy mosaic X normal —— F, normal

F; from any F; — 3 normal : x mosaic

Inspection will show thae these data ace
strictly comparable to the data on cotling of
snatls The Fy moths show a phenotype
correspondng to the mother’s genotype;
douunance shows up m the Fz, and m the
Fy, 2 typreal monohybrid segregation 15 ob~
tamed And so this example of gynandnsm
st be based upon a single recessive gene,
with maternal deternumanon of the pheno~
typs.

But how does the gene work? Male tissue
should have two X chromosomes and female
tissute should have an XY pawe (moths have
fenuale heterogamety). How 1s this possible:
To wmvestgate this, Goldschmide and Kat~
suki crossed @ mosarc stran with 2 non~
mosaic stramn carrymng the autosomal reces
sive gene, ey They found that oily (which
gives the skin a eranslucent, oily appearance)
also formed masaics, and that the two were
wdependent. That is, a stk worm could be a
gynander but not otly, or a gynander and
aily throughout, or a gynander with one half
oy and the other half {m two different
combmations) normal-skmned, or finally
the worm could be normal with respect to
sex (male or female) while a mosarc for the
skin character. Thus the two conditions
showed mdependent segregation, not only
between different members of a brood, but
also between the nghe and left halves of the
same mdwvidual! The only possible basis for
mdcpcndcnt segregation 1s found m mnde-
pendent fernlizations, and so a cytological

study was made to determime whether the
egg of the silkworm could possibly be a
double zygote. In the Lepidoptera, the polar
bodies are not actually extruded from the
egg, but rather the polar nuclei become e
duced in size and degenerate m the cyro-
plasm of the egg, leaving only one forthe-
able nucleus in the egg. But, in the eggs of
mosate serains, it was found that the nackeus
of the second polac body remamned full-
sized, so that the cgg cantains two ferubz-
able nucler. If these differ in genetic content,
a mosaic will resule. IF one contains an X
chromosome and the other 2 Y chromo-
same, a sex mosaic will resule. And because
tins retention of an extra nuclens oocurs in
the ovary of the mother, the mosaie char-
acter must show maternal inheritance,

In this chapter, many very diverse phe
nomena have been treaced. The clement
common to all of them 15 dependence upon
sex, but 1t may be well o conclude by em=
phastzing the differences between  them.
Sex hmkage 15 concerned with the trans
misston and expression of genes which are
catricd on the sex~-differential chromosomes.
These need not be sexual characters 5ex
mftuence, on the other hand, 15 concerned
with autosomal genes which are cxpressed
differently m the two sexes These ate coms
monly sccondary sex characters, as arc the
sex-lnuted characters, wlich can be ex-
pressed m only one sex Fally, maternat me
heritance {or, beteer, mateenal determmnation
of the phenotype) 1s concerned with those
characters which arc atready embryologicat-
ly determmed m the unferuhized egg As the
subsequent development of such characters
1s already determmed before sperm entrance,
the phenotype of the offsprng must corre=
spond to the genotype of the mother All of
these diverse phenomena show deviations
from the ordmary pattern of Mendchan -
hentance, deviatuons which are correbated m
ifferent ways with sex.



Questions and Problems

1. Define,

Autosome Muternal smpresston

Crwscross wherte  Maternal inhentance

ance AMonoecious
Dioccions Polymorphusm
Fuchtomstin Sex influence
Freemartn Sex limitation
Gynander Sex-differerant
Hemophilia chromosome
Heterochromatin Sumplex
Homologue

2 fa cats, the gene B subscrves yellow coat
tolor, whilk 1ts allele b subiserves black. The hetero-
Typote, 5, leads to 2 torwone shell pattern Thus
par of geries 13 sex-linked 1 a tortose shell female
1 crosted to a black male, what types of offsprng
should be expected, and m what proportions?

3 Tnthe above cross, a tortoise shell Kitten was
snchuded 3m the first biver What was e sex® Why?

4 In the same cross, what 1s the probability of
producing 2 black male? a black female?

5 A yellow female Drosophisla xs mated with a
gy male Al of the female offsprmng are gray,
while all of the males are yellow What 1 the
pattern of mhentance here® Draw chromosomal
diagrams to tustrate

6 What would be expected 1n the F; of the
€rass 1n question

7 What would be expected 1f the Fy fermakes
of question § were backerossed to gray males?

8 A batd man marrics a normal woman whose
fatber was bald What 15 the probability that their
firse son will be bald> What 15 the probabulity that
thett first daughter will be bald>

9 A woman whose fither was hemophshe
wames a norma) man Whar 15 the probability
that ther first son will be hemophilic Wit s the
probabuiity that her first daughter will later have 2

hemophalic son?

Problems 10 through 12 deal with Ayrihure
caule

19 A red and white cow whose forher was
mahogany and white 1 backesossed to 3 red and
white bull Only red and white offspring esudt,

regasdless of sex. Grve the genotypes of all of
these cattle .

13, A mahogany and white cow gives birth to
2 red and whte calf What 15 the sc of this calf
How do yon know?

1 A ted and white cow gives birth 10 2
mahogany and whue calf Can you speafy the
s of thas calf? Justufy your answer.

13. §€a horned female sheep s crossed to a horn-
less male, the male offipring ate horned and the
fernales are homless How could you prove exper-
imentally that this 15 not based upon sex hnkage?

14, How could you prove 3 nule Colias ta be
heterazygous for colots
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CHAPTER 7

Modifications of

Mendelian Inheritance

II: Lethal Genes

Fancicrs of plants and animals always want
to obtamn purc-breeding varieties of exotic
orgamsms, but this 15 not always possible.
Inn pregenetic tunes, certam varieties were
referred to as “cver-sporting,” because they
could not be made to breed true. A good
example 15 afforded by yellow mice. The
wild type coat color 1 muce 15 a salt and
pepper pattern called agouti, after a South
Amenican rodent. This pattern 1s based upon
hairs which are generally black, but which
have a yellow band near the up, giving a
gray impression In the yellow mice, the
black pigment 15 nussing, leavmng the coat
bright yellow. These mice have long been
prized by breeders, but unfortumately they
could not be made to breed true: yellows
always had litters consisting of yellows and
agoutss 1n a ratio of about two to one.

18, GENETIC LETHALITY

The problem of yellow muce was attacked
genetically by L. Cuénot, a French geneti-
est, early n the present century. He demon-
strated that the yellow mice do not breed
true because they are always heterozygous,
and the gene for yellow, AY, 15 domunant to
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the gence for agouti, A (the capital leteee i
used because this gene is in tum dommant
over certain other alleles). That this was true
was shown by the fact that crosses of yellow
mice to mice of other colors gave 2 one to
one ratio, (Adding the results of cight large-
scale experiments gave actual figures of 2378
yellow to 2398 non-yellow. Caleulate the
clu-square, and scc how good this is!) But
why should only hetcrozygous yellows
occurt Where are the homozygotes which
should make up 25 per cent of the F; of 2
sumple monahybrid experiment: Cuénot
first suggested that random fertiltzation did
not apply here, sperm with the gene A"
actually avording eggs with the same gene,
but chis was erroncous. It tumned out that
ATAY zygotes actually do occur, bue they
do not survive long enough to be bom. A
clue was given by the fact that a cross of
AYA X AYA gave progeny in a ratio of two
yellows to one gray. When daily autopsies
were performed upon a group of pregnant
nmce from this cross, 1t was found that about
one fourth of the progeny were visibly ab-
normal and underdeveloped as early as the
morula stage, and these all died and were
resotbed by the aighth day. These were
assumed to be the AYAY embryos Thus the
cross may be symbolized as follows

PA 1 A4

ATA X ATA - AAY 2
yellow  gray

dies

A gene capable of killing its possessor 15
approprately called a lethal gene,
Frequrncy or LiTHAL GiNes  One nughr
expect genctic lethality to be a rare thing,
but study of the problem has revealed that st
15 surprisingly common. In a recent review
of lethal genes n Drosoplula, E. Hadom
listed about fifty such genes with respect to



which some specific knowledge 2 to mode
of gene action is available. ft would be diffi-
cult to estimate how many others have been
studied m fhus specics, but st must ran nto
the hundreds E. B, Hute bt vwenty-one
Yethal genes w the fowh Gates lists dlmast as
many m man. Leshal genes may take dhetr
effect at any past of the life cycle, from the
gamete to the adult. Gamete lethals are very
common in plants, although they ate un-
knownt n ammals In the imson weed,
Datra stramonzem, for example, A, F.
Blakestee and his coflaborators have found
mote than furty gamete lechals. These ob-
i theie effects m different ways. one pre-~
vents symapsss, thus leadng to unbalanced
cheomosome complements, several ciuse the
pollen tabes 1o burst (probobly becanse of
ineveased osmotic pressare, tWo cause pre-
e gevoamanon of the pollen; several
othets prevent germmation of the pollen
alogether, and several cause slow growdh
of the pollen tubes, so that normal poflen
has already fernbized the ovules before the
defective pollen reach the ovies, Thus these
dita indicate spearfic physologic channels
thaugh winch the genetic effect s obtamed
In Hadorn's teview, there are oted lethal
genes of Drosopinda whach cause death 1n the
embryo, latve, pupa, adult, ot avthe divading
tne berween two phases m the e cycle
A very common tvpe of lethal genes
plants 15 albynsm, m which the scedling
develops wicout chiorophyl, and so starves
o death Dy culturmg scedlings on aruficral
wnen medua, 1t has been possible to dis-
wigush between rwo types of atbmism an
absolwe type m which no chlorophylt 15
ever developed, and 2 relative type m which
;:Iloreph)'ll [“ developed, but 2t a ek
tee tme than normal The latter ¢
fully viable under the condinians of ﬂ)"i:
Pc;xmcnt, ?u;‘ would be lethal m nanyre

n man, Jerbials are known which sterke 1n
t:‘:‘é‘t‘;:"\‘v’:\‘t{:ﬂ"mmnmi. 2 cancer of
ich bl the vicrm by the age

of five or six years Qthers may strike much
tater in Jife, hke inhericed cancer ot Hunfmg—
on's chorea, which usually kalls in middle
Wwfe, The latter are usally not rcgmicd as
genetie lethals, for they obtain l!\cl\‘ effect
sufficiently Yate 1 hfe that the victim 1 quite
likely to dye easher from other cavses. B
there is no sutcinsic difference between these
genes and those that strike eardier. Tt may be
sud, then, thar lethal genes are surpnsingly
common, and that they work through spe-
afic physiologtcal channels which may be
effecnyve at any pomt 1 the bfe eyde.

Tyees of Leriat Genes Up to the pres~
ent, only recessive lethat cffects have been
mentioned, and this 3¢ the most common
stuation. However, there are two knds of
secessive lethals some, ke the gene for
yellow color m mice, have o domwant
phenatypie effrct which 1 vwble in hetera-
zygotes. These have some tumes been called
“dommant {ethals,” but they are better
called recesstve lethals with dommant effecys
in the heterozygote. Other recessive Jethals
have no vimble effects 1n the heterozygous
condition These are very common in Dro~
sophula. 1 sex-linked, they ate also usmally
lethal when simplex, 2 fact which will be
duscnssed more fully below

Finally, there are some genumcly domi~
nant lethal genes—genes whith kafl the
beatet even m the heterozygons condinon,
These presumably must abways anse. by new
mutation m the germ cells of 2 parent of the
affected indwidual, and should not be passed.
on for moze thar ane generation, How, then,
<can such 2 phenomenon be studied, and how
can one establish the role of'a genes Lethality
operates theough speafic physiological chan-
sels, and these are, at Jease potennally, sub.
Ject o treatment. Heredity 1 pot 2 magical
carse {ac blessng). The gene for renno~
‘:’i:m:au::?::;;: ‘f‘i:‘mimnt Jethal in

4 of the yetina m eart

chuldhood, It can be suecesstully treated b§
surgery (removal of the cyeball} if the
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operation js done before the tumor metas-
tasizes to the brain. Some such operated chil-
dren have grown up and raised famulies of
their own, and their children show a one to
one ratto of normals to affected children, as
would be expected if the discase were caused
by 2 dominant gene.

A distinction may also be drawn between
lethal genes and sublethal or semilethal genes.,
Generally, genes which kill the bearer m
embryonic or mfantile stages are called
lethals, while those which result in death
later w0 hife are ealled sublethals or sen-
lethals, The names wfer a distnction m
seventy rather than m timing, and the n-
ference 15 frequently, though not always,
justfied. For the carlter a gene takes its
effect, the more neatly 100 per cent of s
bearers does it kill; and the later 1t takes s
cffect, the nulder and more readily subject to
treatment 15 1t. In this connection, 1t should
be mentioned that although susceptibihty to
infectrotis diseases 1s often mherited m man,
these genes are not usually classed as lethals
or sublethals, because an extrmsic factor (the
infectious organism) 1s necessary for the de-
velopment of symptoms.

Scx-LinkeD LrtiiaLs i Drosophile The
sex-lmked lethals of Drosoplila are numer-
ous, and they have been studied mtensively
because of their easc of recogmuon. They
arc Jethal to males n the stmplex condition,
and henee the females act as carniers, but
they do not become homozygous. If the
symbol I be used for a sex-lnked lethal gene
and L for 1ts normal allele, then the pattern
of mheritance 1s the followmg.
LL, L, Lo,

normal

lo

dics

L{ X Lo —

Thus it may be scen that a cross mvolving a
sex-linked lethal results in a sex rato of two
females to one male. Of the females half are
hotmozygous normal and half arc heterozy~

gous.

It may be well to meroduce hete a con
vention of notation which Drosaphila work-
ers have found wseful, and which has abo
found favor with many other geneticwts
The carliest gencticists used gene symbols
which were based upon the name of the
dominant member of cach pair of characters.
Later, it became apparcne that most e
cessives are deviations from normalky. In
any orgamsm, there are more gene pas
than there arc convenient ways of descbing
normaley, and so 1t became customary to
use the imtial of the name of the recessive
character as a gene symbol. Fmally, the
Drosophila geneticists have agreed to desig-
nate the normal or *“wild-type” alleles by a
plus sign, wihile mutants, whether dominant
ar recessive, are designated by the ey
letters.  If confusion  between  different
“plusses” 15 probable, then the cortespondmg
symbols may be written with “plusses” a8
superscripts Thus the cross diagrammed
abave becoties:

X to— 4+, + 4 +ole

dies
OR,
Il [to—I+14 110l
dies

19. CAUSES OF LETHALITY

Lethal genes with domsnant somaue cffects
are of espeesal mterest because of the possi-
bility that the somatc cffects may be in
dicattve of the mechanism of lethality. Tlm_
hope 15 not always jusufied In the case of
the yellow mice, 1t 15 very dfficult to sec a
connectton between viabthey and so super-
ﬁClJI 2 character as coat color Yet 1t 18
probable that the disturbed prgment me-

bolism s symp of a fund. t2
metabolic duorder, and only a proper ex-
penimental approach to 1ts study s sull
lacking.

Leruat Grars witi DomNaNt EHicTs
m e Herrozycotr  Other examples




have, however, been stodied with more
success Dexter catele afford 2 good example.
Dexters we characterized by 2bnotmally
short legs and a somewhat shortened muzzle.
1€ Dexters are crossed, one fourth of the
progeny are Kerry catile, a different breed
which hay notmal skeletal structure; one
balf ate Dexters, bke the parents; and the
remaming one fourth of the calves are
suillborn, and are charactenzed by an ex~
treme bull-dog like appearance. It is clear
that Yethahiry results from an exvreme mans-
festatson of the same developmental abnor-
mahetes which characrenze the viable Dex-
e catde. I D be wsed to symbolize the
Dextzr geye, then the cross becomes

Dy X D4 — 1 DD: 2D+ 114 +

dies  Dexter Kerry

The Kerry cattle are, of course, fully viable.
A comparable case i a plant was analyzed
m the early days of genenics. A vanery of
snapdragons was available which had gold-
encoloted leaves rather than the wsual
green. When these were self-fernlized, they
gave 3 1ano of two golden 10 one preen By
examinmg the early scedhings st was found
that acrually three phenotypes germinated m
2 ratio of one yellow 1o rwo golden to one
green. Taking G as the symbol for the gene
for Golden color, the cross is
G+ X G+~ GG 2G+ .1+ +
yellow golden green
dies

Tig 47 Creeper fowl Compare with figure
48, and vate dhe e<trtme shortes of ihe legs,
(Conrtesy of A A, Winchester )

The gene evidently causes an abnormality of
the chlorophyll which 15 not sufficiently
serious to prevent adequate nuttition in the
heterozygous state, but which is lechal when
homozygous.

A famous cxample in an animal is that of
the creeper fowl Creepers are chickens with
abnormally short legs (fig. 47), and with
other skeletal defeces They are always
heterozygons. Esbryological study of the
chucks from the creeper X creeper cross
shows that about 25 per cent of the chucks
are grossly abnormal even m very early
stages Although the membranous bones are
formed normally, cartifagmous replacement
bone 13 formed extremely defectively ot not
atall There are also abnormalitics of citcu~
latory development Thus again, the cavse
of lethality m the homozygotes 15 indicated
by the phenotype of the hetetozygote.

The study of lethal genes with dominant
effects has maade 1t clear, then, that lethal
genes operate by the discuption of speaific
developmentat or phystological processes,
Detailed embryological study of recessive
lethals which have no effects m the heterozy-
gote have led to stmular conclusions, Hadarn
kists numtetous examples 1n Drosoplilas m
which speafic embryological defecs ate
assactated with speaific genes Therc s every
reason to believe thar adequate study wonld
prove this to be true yn all such cases,
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20. LETHAL GENES IN MAN

The known lethal genes of man generally
arc effective late in fetal life or after birth,
They range from such devastating lethals as
amavrotic idiocy through sublethals like
hemoplulia to conditions such as cancer
which strike so late in life that they usually
are not classified as lethal genes. In addition
to these well-known lethals of man, 1t 15
probable that many spontancous abortions
are caused by lethal genes, but these have not
been studied adequately.

Fig. 48, Brachydactyly in suan., (Peom Korai,
Journal of Heredity, vol 43}

Two examples—retinoblastoma and he-
mophiha—have been discussed above m

deterioration, with death usmafly resulting
within the first five years of hfe. This ducase,
for which no treatment is known, 1 m-
herited as a smple recessive, Nt only s
there no known effect of the gene in the
heterozygons condation, but the patenss of
an affected child may actually be supeno in
intelligence and sound in gencral health,
Brachydactyly, the forcshortening of the
fingers {fig, 48), 15 well-known dommant
man. It is fairly rare, and very few marnages
between two brachydactylic persons have
been recarded, but the indications ace that
the homozygous bales have grosdy ab-
normal skeletal development and die in
utero. Another interesting case of a lethal
gene in man with a dominant effect in the
heterozygote 1s afforded by a type of anemis
called thalassemia, winch 1s charactenized by
extremely defective red blood cells Hetoro-
zygous persons show a nuld form of dhe
disease, thalassenma munor; while howory-
gous persons have the discase 1 1ts subletll
form, thafassenua maor (fig. 49).
Alethal gene, then, 1s one which results 1
developmental or physiological reactions
wlhiteh cause the death of the organism, Such
genes may be complotely recesave, lhe
many of the lethals of Drosophila. Ot they
may be dompant, like the gene for rclu.uw
bl w man Sall others are recessive

1
other conmections Add ! examples may
lie added now. Amaurotic idioey 15 charac-
tenzed by progressive blindness and wental

with respeet to lethahty, bue they hive
dommant phenotypic etfects m the heterozy-
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gous condition, These include such ex-
amples as yellow coat color s ymuce, creeper
fowl, and thalassemia in man They are
especally important, because thewr study
may lead to an understanding of the causes
of genetic leshality. Lethal genes may take
there effect at any time during the bfe cycle
from gamete to adult The term “lethal,”
however, 15 generally reserved for those
which kill early m the Ufe cycle, with those
which result n death at later stages bemng
clled “sublethal” or “semilethal” The
whole array of types of genetic lethality has
been found 1n man.

Questions and Prablems

1 Define-
Agouts pattern Secdling lethal
Domuunt Jethal  Sublethal gene
Guamete lethal Zygote lethal
Tethal gene

2 An anencephalic chuld (lackang a brawm) was
born, but dicd on the day of bith The attending
thysican advised the parents that such a freak of
nature would be unlikely to oceur twice 1n the
same farmly Yet a second such child was bom to
the same couple They also had a notmal son, who
was later martied and also fathered an auericephalic
child How could you explam these facts* And do
You thwk that the physican was adequately
nformed®

3 A female Drosoplirla has epithelal tumors
$be s mated to a normal male, and the Fy mcludes
15 females with tumors, 37 normal females, and

39 males, all of which are normal Explawn these
tesults

4. Albmusm is 2 common recessive mutation
+n corn and many other plants Yct the harvesters
never see an albmo plant n the comn fields Why?

3. In crosses between Dexter catle (Dd X Did),
one fourth af the progeny are afways stilbort
Why?

6 What 1s the genotype of the sultborn
Detters®

7. Suppose that death occurted 1 the stidiborn
Dexters at 3 much catlier stage—perhaps m the
blastocyst stage. What would be the apparent seg-
regation tatio® How could 1t be interpreted? Can
you gite an analogous case that has been success-
fully analyzed®

8. What would be the outcome of the cross
between Dexter and Kerry cattles Wrue this cross
in genetic symbols

9. Discuss the economuc aspects of the crosses
1 problems § and 8

1o How could you prove the existence of a
gamete fethal*
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CHAPTER 8

Modz’ﬁmﬁons of
Mendelian Inheritance

II: Muldiple Alleles

If one has two varieties of the same species
showing alternative characters of, for ex-
ample, flower color or coat color, and if
upon crossing they yreld a three to one ratio
in the Fy, 1t 15 no surpnse. Tt simply means
that the two colors are based upon a parr of
allelic genes, with one bemg dommant over
the other. But supposc that a third race, with
still another color, 15 crossed first with one
and then with the second, and these crosses
also lead to monohybrid ratios i the Fp?
Tlus situation has been found repeatedly m
genctic studies The nterpretation 1s simple

the wild type gene has mutated s more than
onc way so that a series of threc alleles has
been formed. Such series are common, and

are called multiple alleles. There is no reason
why such a scries should be restrcted to
three members, and m face much lurger
sertes are known

21, BEHAVIOR OF MULTIPLE
ALLELES

The principles of mheritance in a seres of
multiple allefes are well illustrated by the
vestigial scries 1 Drosophila. Vestigial wings
—rg—1s a well known character m which
the wings arc reduced to useloss rudunents.
It 15 mhenited as a simple, autosomal te=
cesstve. But there 1 also a sertes of around 2
dozen other genes which cause some degree
of reduction m the wing size, and which are
recesstve to normal, long wings These range
from micked, m which only a small nick is
mussing from the end of the wing, theough
strap m winch the wings are reduced to long,
narrow organs, to mo wing (fig. $0). These
alleles are symbolized by rg to mdicate that
they arc all mutants of the same gene, and
they arc differentiated by superscripts, 35
vg™, vg™, and vg™. All members of this
sertes affect the same character m varymg
degrees quantitatively, and thus 15 usual for
sertes of multiple alleles.

-
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Fig. 50. Some members of the vestigral serses in Drosophila, together with thew componnds.
At the extreme left is the most extreme mutant, while at the extreme nglt 15 a normal wing
In-betiween is a graded senies The small structsire to the right of eacl wng 15 the correspondung halter,

ot balancer. (Redrawn from Mohr )



Notmal wing behaves a5 3 dominant over
2 of the other members of the serics. But
«hat of hererozygotes between the fower
membess of the series, ngug”, for ex-
ampler Such heterozygotes show a pheno-
type intermediate bevween the two types
sepresented, and they ate called compounds.
Formation of such intermediate compounds
s usual i & sertes of mualtple allles, but e s
notumiversal, Theee ate cases W which mem-
fets of a sertes form a sort of hierarchy, with
each dommant over those below it in the
series

Fanally, it should be d that it

patis of the chromosomes, and that f‘hc
chromosomes exist in pairs. A population
may include, let us say, three alleles of 2
particular gene, but no individual in that
population can catry more than two of the
alleles. Thus 1f a populauon included the
aleles vg, vg® (anelered), and vg, zy%oxic
types would include vgug, vgug®s vf" [
vg v, vg vg"s and vgug”. Thus the same
rule applies as in other types of inherisance:
each kind of gene s represented twice, and
o more, 1 2 Zygote, because the genes are
pats of the chromosomes, and each kond of
i R

cannot be assumed that a gene s allelic to 3
particular series simply because 1t affects the
same character. Thus another gene, m,
causes symmetneal reduction 1w wing size m
Drosophils 1f the cross vg vg X o [m 15
sex-linked) 1s made, the Fy will be all normal,
because each gamete brings 1 the normal
allele of the mutane curred by the other.
In the By, 2 modificd dihybrid rato is ob-
taned, Symalarly, there 15 2 large series of
mulple alleles for eye color n Drosophila,
2nd the phenotypes ate a dilution sevies run-
tung, from the wild rype red through such
colots as cherry, eosn, and apnicot to white
Bur other genes cause quahitauvely different
eye colors, like cinnabar and vermihion, and
these are not alleles of the white series Thus
only 2 breeding wst can determine whether
particular penes are allcles
Mulmizie Attsins anp Crromosomes
I 5 smportant to note thar, although 2
serics of mufuple alieles may include many
members, no more than twa can ever be
Present m 2 single zygore Thus 1s 2 simple
tonsequence of the facts that the genes are

B st Sunsed If the fusks be peeled backe
and replaced by a black paper cover i wlnch
the words SUN RED pue been qut, surlight
Hel) etuse vhe i velopmant of prgment 1 the
#rroicd parts of plants of genotype stsp

is rep d twice in the
zygote.

These facts had considerable theoretical
importance at the time of their discovery
beeause of thei bearing upon the theory of
the natute of the gene. Bateson and Punnett
had proposed the “presence or absence”
theory, according to which a domunant gene
was a veal thing which played a definite tale
1n the physiology of development, while a
wecessive gene was smply the absence of
its dominant allele. Many of the facts of
elementaty genetes ate conducive to ths
theory, but the facts of multiple alleles
proved the theory 1o be wrong For there
ate more than 2 dozen atleles m the white eye
senes of Drosophila, all of whch are re-
cessive to ted. Yet st 15 clear chat the domu~
nant gene could nat be absent m a vatiety of
different ways The recessive gencs must be
real entittes just as are the donmnants,

Drviese Examecrs Maultiple allelom is
as common 1n other orgamsms 25 it 15 m
Drosoplula. A fow esamples will suffice. In
maize, thete 15 2 gene called sim-ypd (fig. 51)
which causes the usually green plant to tum
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red upon exposure to sunlight. But there is
a third allele, weak sun-red, which causes a
weaker red color; and a fourth, dilnte sun-
red, which causes a very weak red color.
Normal green is dominant over all of the
others, but each of the recessives 1s dommnant
over those below it in the serics,

The agouti series m mice has already been
introduced. The gene for yellow coat, 4*
1s dominant over the gene for agouti coat, A.
But this in tumn 15 dominant over the gene
for black, a. A sunilar but more extensive
series has been found m rabbuts (fig. s2).
Full color, bascd upon the gene, C, 1s an
agoutt pattern with a yellow band near the
tp of each black hair. The gene ¢**, Chin-
clulla, causes the yellow band to be replaced
by a white one. A tlurd gene, ¢, Himalayan,
causes the rabbit to be white except for the
feet, tail, ears, and nose, which are the
coolest parts of the body. That temperature
actually has something to do with the de-
velopment of color 15 shown by the facts
that rabbuts of genotype ¢ are all black 1f
raised 1n a cold environment and all whate 1f
raised 1n a hot, humid room. It appears that
the Himalayan gene determines a threshold
temperature above which pigment cannot
be formed. Under normal conditions, only
the extremutics fail to reach this crtical tem-

perature. The color pattern of Siamese as
is similarly detcrmined. Finally the gene for
albinism, ¢, is recessive to all of the other
members of the series. Each gene in the
series is dominant over those following i,
if they be arranged in the order: C, ¢, &,

22. MULTIPLE ALLELES IN
MAN: THE BLOOD GROUPS

Multple alleles are also well known m man,

It has been much publicized that color

blindness is inhented as a sex-hnked 1

cesstve. But there are several different forms

of color blndness, differing in the degree of
the disability and in the specific wave lengths

to which the person 1s blind. There is some
evidence that these differences are based
upon a serics of multiple alleles, There is also
another possibility, not readily understand-
able until chapter 11, and that is that the
several types of color blindness may be
based upon different non-allehie genes which
are so close together m the chromosome
(closely finked) that 1t 15 difficult to do-
tmgussh them from one another. But much
the best known and most important serics of
multple alleles m man arc afforded by the
blood groups. Before taking up this subject,
however, a digression on the subject of
Immune reactions 1s appropriate.

IMMUNE Reacmions If a protem-—con-
tammg materal, such as m a bacterial in-
fection, wvades the blood stream, it orde-
nanly causes the production m the blood
serum of aunibedies, protems which have the

Fig. 52 Rablut coats At the left is a rabbit of
the agontt, or wild-type, paticrn In the

center is @ Humalayan robbat, and at the ripht,
an albmo



specific effect of destroying the foreign pro-
temn, The foreign protein which causes pro-
duction of antibodies and which may be
destroyed by them is called an antigen. Thus
¥ 2 young child s infected with the measles
organism, the orgamsm multiphes 1 Mis
body and he develops rypical discase symp-
toms, But meanwhile anubodies capable of
destroying the measles orgamsm are being
developed When the patient gets well, his
Hlood contams 2 hugh titer of antibodses, If
he 15 remfected, the antbodies kil the -
vading organism promptly, and no disease
symptoms follow. Thus the antigen-anti-
body teachon s 2 protectve mechamsm,
and 30 15 called an immune reaction

1t should be added that immune reactions
are lughly speafic Ant-measles anunbodies
give excellent protection agamst measles but
10 protection whatever agamst scarlet fever,
and so on Further, sometimes a person has
anubodies agamst a speafic wfection even
when he has not previously contacted the
organssm One then speaks of natural e

sty m contrast 1o the acguired upmupiry
discussed above.

Fig 3 Blood group reartions At she left vud
of eaui \ide 1as @ drop of anti-A sessm, and
#t the nght end, a drop of antt-B serun; To

e antisers on a shde drops of biod cell
swsprusien from tl pereon bewug tested are
adied No aggltmanion m euher drop dicares
that the person bilongs 1o group O,
argbatnation iy @ti-A senum Vut ot g anti-B
mdieaes group A, aqghimnation m ant-B bur
ot v aite= A dscates group B, wule
ageltmateon m both autrasera

indrcates gronp AB

LanpsTEINER AND THE Broop Grours
Since the early 18c0's blood transfusions
have been attempted occastonally, But the
results were, for many years, unpredictable.
Sometimes the patient received the benefits
for which the physiaan hoped, while in
other cascs transfnsion was followed by
alarmng symptoms and even death. The
solurion was found in 1900 by Karl Land-
stemer, then a Viennese serologist, but for
most of Jus later bfe 2 member of the staff
of the Rockefeller Insttute of New York.
Landstemer found that a suspension of red
blood cclls from any person would be
agglunnated—clomped together in large
masses—in the sera of some persons, but
not 1n the sera of others (fig. 53). By testing
cells and sera from many people, he found
that the results mdicated that the red eells
mght carry both, erther, or nether of two
anugens, called A and B, in any combina-
tion, that 15, A, B, AB or O, But whatever
antigens 2 person mught have on s red
blood eclls, hus serum would contam nagural
antibodies capable of reacting with those
antigens not present m his own red blood

—
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cells. These antibodies he named by the
Greek letters corresponding to their antigens,
o and g. The blood groups are named ac-
cording to the antigens present and they
may be tabulated as follows:

Blood group A B AB O

Antigens on RB C A B AB ©

Antibodies in serum g« O

aff

When in a transfusion or in a test tube
cells with A are added to scrum with o or
cells with B to scrum with g, the cells are
first agglutmated and then later destroyed
(hemolysis). Thus Landsteiner’s work solved
the problem of why transfusion was some-
times beneficial and somcumes a disaster
He made transfusion safe by showing the
nced for donor and reciprent to belong to the
same blood group. But the Red Cross blood
donor program of recent years has empha-
sized the importance of group O persons as
umsversal donors. How 1s this possible: Ob-
viously, the red cells of the group O donor
cannot be agglutinated i the serum of any
reciprent, because they carry neither anugen.
But why don't the « and g antibodies of the
donor’s scrum agglutmate the recrpient’s
cells of the reeipaent 15 of another blood type»
Scveral pomts arc involved here. First, 2
transfusion consists predommantly of cells,
so that, m a onc-pmt transfusion, less than a
half pmt of scrum 15 given. Sccond, this
small quantity of serum 1s rapudly diluted at
the pomt of catry by the much greater
volume of the reciprent’s serum Fnally, a
transfusion from a group O donor to an
unmatched reciprent 15 not perfeatly safe
pathological transfusion reactions do occur
rarcly. However, if 2 transfusion 15 really
needed, and of a properly matched donor 15
ot readly available, the nisk of transfusion
with group O blood 1s far less than the nisk
of delay w lule procurng a propdl)' matched

donor.

INHERITANCE OF THE A-B-O Buoon
Grours It was soon realized that the blood
groups which Landsteiner had discovered
must be inherited, but a successful genene
analysis of the problem awaited the work of
a mathematician, Bernstern He saw that the
facts of the blood groups were understand-
able on the basis of a scries of three muluple
alleles. These are designated by the loteer L
(honoring Landsteiner). L* causes the pres-
ence of antigen A; L causes the presence of
antigen B; and ! prevents the formation of
aither of these anugens. As both L* and L
arc donunant over {, group A and group B
persons can be erther homozygous or heter-
ozygous. Group O persons must be homo-
zygous I, while group AB persons have the
genotype L*LE. In the later rype, cach gene

Table 7. Inheritance of A B O
Blood Groups
BLOOD TYPE GENOTYTLS
A LA, 1M
B Lo, Lo
AB L‘L'
o] u

causes the production of the antigen typical
for 1t, a phenomenon sometunes called co-
dommance The possible genotypes and
phenotypes are summarized 1 table 7
MrpicotroaL Siniricance  Every per-
son must belong to one or another of the
A-B-O blood groups. Individual differences
are common, and therr mhentance 15 well
understood Henee 1t 15 practical to use ths
knowledge as an aid in determmmg rlaton-
shups of persons when this s under dispute.
Two general types of cases have been at-
tacked by this method  First, although
modern hospitals take great precautions to
assure that parents tahe home ther own
babtes, yet occastonally there 15 some doubt,



and twa sets of parents claim the same child.
Blood tests may give decisive mformation

Let us say that a dusputed child proves to be
type O His genotype must be [l Mr. and
Mrs X sce boh type A, and 0 could be
cither LALA or LA] genotypically Mr. and
Mrs Yaretypes Q and AB :esycuivc\y and
w0 are of genorypes Il and LALY The chuld
smust have gotten the gene | from. each parent,
s therefore M. and Mrs Y are ruled out,
35 her genorype does ot mclude this gene.
Henee the chifd must belong 10 Mr. and
Mis X I, on the other hand, both sets of
parents had genatypes whuch cauld have
produced ehe child, the tesc would have been
of no help.

The second type of case 15 that i whicha
morbes, wswally wwed, sues © establih
responsibibity for paterraty. Let us say tow
that the chuld belongs to group AB and the
sother o groop A The chuld must there-
fore fave secerved the gene Lf fom ws
fther € the potanve fasher belongs exther
(o proup B or to group AB, then he could
potentially have fathered the chdd Betifhe
belongs to group A ot to group G, he could
not fiave fachered che cluld as bus genorype
cauld not nclude the necessary gene, L8

Note ¢hat blood group swdence can ex~
clude parenshood with eertmnty, but 1t can~
mot establish the face of parenthosd Ir can
only cstablich the possibihey. Ths & -
forunt, because Anglo-Saxon law has ol
Ways assurtied that a macher knows who has
fathered her cluld, and that she could have
1o motwe for nammg the wrong man Not
all states will adnue blaod group ewndence
it court, but m those which do, 3 g
wficane proporuion of the putateve fthers
are excluded by dhe evidence Presumably,
thew, a3 large 3 propornan of those not ex
chuded are alo ot gunley, and a5 lasge 2
proportion of the accused fathers m other
S0 are nor gudey Why s this important
svdenee nor adotted 1n court m 2l staresy
Unduubtcd!y the tradinonal consery attsmy of

the law tends to slow down the acceptance
of a new type of evidence. But more im-
portant is 4 constitutional questsont it m,-
volves the giving of testimany agamst one 3
self Whale this cannot be forced under the
Conststution, it can be permutted, and 1t
seems reasomable that coutts should be re-
quired to admit his cvidence whenever the
accused person wants it done.

Supcrours of A It has been shown that
notall cefls of group A react equally strongly
with ann-A sera Most group A persons be-
Yong to the strongly reacting subgroup A
but some belong to the more weakly e
actmg, subgroup Az These are determined
by different afleles of the same gene, with Ay
bemg, dommant aver Ay, These are the only
A alleles winch have climieal umportance,
bue alt of them have forensic importance 1
testing for patenthood Stll more weskly
reactmg types Ay and A, have been dise
covered, and these 35 even a repost of 3
1ype Ay, so weak that the antigen 15 not de-
tectable except by the sbsence of annbody
ocm the sera of such personst The reasoning
3 mpeecable, but most serclogsts ate un-
derstandably unconvinced

Mrvor BioooTyees  After the discovery
of the A-B-O senes, no addisional blood
types were discovered untd 1927, when
Landstemer and Levine reported the M—N
types. These were identified by immunizing
rabbats vo human blood cells A complex of
antibodies was formed, and by the seralogr-
cak techiugue of antbody absorption, 1t was
possible to demonstrate certain specsfic anu-
gens (M and N} and the corresponding
antibodhes {ann-M and ant-N), It turped
ot that every human blood had one o

both of these anngens, there bemng no nega~

wwve types, The genes are Af for antigen M

:ind m for anugen N, and they show co-
ommante, 55 that genotype A l

pe M leads to

blood rype MN Th odies are rarely,

! e antih
+f ever, formed m human serum, and hence

shey bave bttde or no clireal 1mportance,
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cells. These antbodics he named by the
Greek letters corresponding to therr anugens,
« and . The blood groups are named ac-
cording to the antigens present and they
may be tabulated as follows:

Blood group A B AB O

Antigens on RBC A B AB O

Antibodies inserum g o O

af

When 1n a transfusion or m a test tube
cells with A are added to scrum with « or
cells with B to scrum with g, the cells are
first agglutinated and then later destroyed
(hemolyss). Thus Landstener’s work solved
the problem of why transfusion was some-
times beneficral and sometimes a disaster.
He made transfusion safe by showmng the
nced for donor and recipient to belong to the
same blood group. But the Red Cross blood
donor program of recent years has empha-
sized the importance of group O persons as
umversal donors, How 1s this possible: Ob-
viously, the red ccells of the group O doner
cannot be agglutinated m the serum of any
reaipient, because they carry nesther antigen.
But why don't the @ and g antibodies of the
donor’s serum agglutinate the reciprent’s
cells of the reciptent 1s of another blood type?
Scveral pomts arc mmvolved here. Frst, a

fi consists prede ly of cclls,
SO le[, ma OHC-P")t n’ﬂ“sﬁlslon, I(‘SS !I\.’l“ a
half pmt of scrum s given. Sccond, this
small quantity of serum 1s rapudly diluted at
the pomt of entry by the much greater
volume of the reapient’s serum Finally, a
transfusion from a group O donor to an
unmatched reapent 1 not perfealy safe
pathological transfusion reactions do occur
rarcly. However, of a transfuston 15 really
nceded, and 1f a properly matched donor 15
not readily avatlable, the risk of transfusion
with group O blood 15 far less than the nsk
of delay while procuring a properly matched

donor.

Innrmitance OF tHE A-B-O Biooo
Groups It was soon realized that the bload
groups which Landstemer had discovered
must be inherited, but a successful genece
analysis of the problem awaited the work of
a mathematician, Bernstem He saw tharthe
facts of the blood groups were understind
able on the basis of a scrics of three mulnple
alleles. These arc designated by the lener L
(honormng Landstemer). L* causes the pres-
ence of antigen A; L causes the presence of
antigen B; and [ prevents the formation of
cither of these antigens. As both L and I
are dommnant over /, group A and group B
persons can be cither homozygous or heter-
ozygous. Group O persons must be homo-
zygous II, while group AB persons have the
genotype LALZ. In the later type, each gene

Inheritance of AB O
Blood Groups

Table 7.

BLOOD TYPE GENOTYTES

LALA LA
L

causes the production of the antigen typical
for 1, 2 phenomenon sometimes called co-
dommance  The possible genotypes and
phenotypes are summanzed table 7
MrpicotrcaL Stenmcancr  Every per-
son must belong to one or anather of the
A-B-0 blood groups Individunal differences
are common, and thar nhentance s well
understond Henee 1t s practical to wse ths
knowledge as an a1d m deternumng relaton-
ships of persons when this 15 under dispute
Two general types of cases have been at-
tacked by this method First, although
modern hospatals take great precautions to
assute that parents take home thair own
babies, yet occasionally there 1 some doubt,



dat the Rh antgens from the positive baby
st cxoss vhe placental barsier to emter the
mother's blood stream There they cause
producvon of anti-Rh antibodies whl.ch
then rewam to the fetus and agglunmate its
eells There are some senovs difficulues with
hus ypothsis, not the feasc of whugh is the
fuct that nesther xed cells nor protems {the
anngens and annbodies) should be able 1o
tros the placental bartier. But no bcm}t
theory has yet been proposed, and i
backed by an immense amount of evidence
The most successful treasment 15 to transfuse
the baby with a suspension of washed Rh~
negptive ed blood eells 1 saline solunon

Actaally, only about one w wx of the
Rh-postive babies catned by Rhenegative
mothers develops the disease. This smay
mean that the antigens and antibodies can
cross the placental barner only if the pla-
centa 1s defective, 3 hopeful fead for research
on treatment of the condinon First bomn
babues are sarely affected It appears that the
mother's anttbody titer does not wse to a
dangerous level during a single pregnancy
But some th-negatve women bave borne
large senes of posve chuldren withour
complicaions The author knows of one
Rheneganve woman who has boe four~
teen posinive childeen, none of whom had
erytheoblastone symproms!

INnERsTASCL OF THE Rit FACTOR  Whener
show ed that the gene for presence of the Rt
antigen {posttive) v dommant over that for
abihey 1o form any-RYy anwbody {negative),
Thus an Bheposiewee person may hase esther
of two penotvpes, RhR or Rhrk, b 2
fegathe peson can enly be rheh Soon,
ll\i;’\xrvcr, #® became evident that different

antigens and antisera were not equally
sratne There scemed to be a family of
‘}’;;: l:!: ::;vﬁx which Wicner called
. +together with a3 corre-
sponding group of anusera. Hence he posine
Im:d 3 sencs of ¢ alleles as follows Rhg,
Ri RN, R, (antagens Rbg and Rlv'}, Rhy

{antigens Rhg and Rh'"). and th. Thus there
s a complex seres of nauttiple alleles, with
twenty-one possible genotypes teadmg w
aght disomguishable phenotypes But~ with
A of this complexity, only the otiginal
altermative of Rh posttive o negative has
any chimeal importance.

Tae C-D-E Svstem OF Fiser The
stmation was soon comphicated by discovery
(by Levine) that Rh-posinve blood con-
wmed had cap:\ble of 4 mg
Rhnegative cells. This looked hike a sort of
backward reaction, and 1 was nmamed Hr.
Further stady showed shat, like the Rh anu-
gens, there were three He antigens. And the
two sets showed a reciprocal relanonship,
such that, if 2 person had a particular Rh
antugen, he would not have the coteespond-
1ng Hr antigen As there were three sets of
such alternative patrs, the Enghsh biome-
tnaan, R A. Fisher, drew the conclusion
that the Rh-Hr complex was probably
determmed by three pas of allehic genes,
which he called C-c, D-d, and E-e. Ths
would lead to the same eight phenotypes
which Wiener had detived with multple
alleles OF ¢he possble genotypes, only
uddee would be neganive (but haviag all of
the Hr antigens), while the others would
correspond to the array of positive types in
Wierer's system But why should these be
tahesited as 2 unat, confussble with mono-
factorna] mhentancer Fuher beheves that
the C-D-E genes are lacated very close to-
gether 1 the same chromosome, much as
discussed above m connection with color
blodness Deersve data ate not yet avadable
1 deade between the hypotheses of Fisher
and Wiener At present the consensuts among
specialssts seers to Gavor the Fisher system,
but majorities have not always been nght,
and when all of the evidence 15 1n, Wiener's
system may very possibly be vindicated, At
presen, 1¢ 15 customary to label typg ant-
seta aceotding 1o both methods

Resumi Because any gEne may mutate
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Because these antigens are effective only
when the bloods of different species are
mixed, they are called heferoantigens in con-
trast to the isoantigens, A and B. It must be
emphasized that the A gence is not allelic
with the L gene; it is an independent gene
concerned with a different group of anu-
genic proteins,

In recent years a large number of mmor
human antigens, usually rare, have been dis-
covered. Nonc has any cliieal importance,
For some, a clear cut pattern of inheritance
has been demonstrated, and these make
possible a furcher refinement i testing for
parenthood.

Tut Ru Broon Tyres  During the course
of mvestigations of heteroagglutmation m
the late 1930's, Landstemer and A. S.
‘Wiener found that, 1f a rabbit were firse
mmumized by myection of blood from the
Rhesus monkey, the resuling antibodies
would aggluemate the red blood eells of
about 85 per cent of the white New York
population. This figure has proved to be

Rhe Calls

I
}
Anti=Rh Agglutinin
|
!

Agglutination .

generally valid for the white Amenem
population, Evidently, then, man and the
Rhesus monkey must share the antigen con-
cerned and henee they named it Rh, Persons
whose blood cells contain Rh antigen are
called Rh-positive, while the remaming 15
per cent are said to be Rh-negative. Soon
afterward they found that transfusion re-
actions (fig. 54) sometimes occurred m nun
when negative persons were transfised with
positive blood, even though they were
matched for the A-B-O groups.

Unhke the A-B-O groups, howeer,
Rh-negative persons do not have anti-Rh
antibodtes m their sera unless they have ben
previously immumzed by Rh anugen. Im-
mumzation may occur cither by previows
transfuston or, m women, by pregnancy
with an Rh positrve fetus. In 1941, Pbp
Levine and lus collaborators published d
showing that Rh transfuston reactions oc-
curred most frequently m women who had
had babies with erypthroblastosis fetalis. This
15 a hemolytic discase of newborn babics
which affects about one baby m 250 and
which 1s often fatal, Investigation shoned
that mothers of affected babics were Rh
negative, while the fathers and the surviving
babies were Rh posiuve. Levine poslll[llfd

Fig, 54 Duagram of a trangfuston reaction It
the upperinest figure, the anngens are
represctuted as Anobs on the red blood ells In the
center pgure, the antibodies are represented as
macromolecles with concarties of seze amd shape
correspornding to the knobs on the red blood

cells In the bottont frgure, the fuo reacting purts
are shoun fitked together to form a lattice of

celly and annbody moloades, If one wbstitutes
reactive chemteal radicals for qross strtural features,
then the diagram becomes quute aceurate

(After Wiener }



CHAPTER 9

Modifications of
Mendelian Inheritance

VI Collaboration of Genes

A whole senies of modified Mendelian ratios

netics of chickens constituted the fiest proot
that Mendelian principles applied to amm~als
as well as to plants, In the course of thew in-
vestgation of plumage colors, thc){ tried
crossing different breeds of white chickens,
In most of these crosses, white behaved as a
simple recessive to colored pattetns, How-
ever, when they crossed Whate Silkies with
another (unspeaified) white breed the F; was
all colored and the F; mncluded colored and
white birds m 2 ratio of mne to seven As
e plus seven equals sixteen, they believed
that they must be dealing with a dihybrid
cross. They reasoned that color must depend

anses from the fact that the combined effects
of two or more pates of genes may be nec-
esnry to produce a single phenotype The
simplest problems n heredity were, quite
natwrally, the finst to be successfully at-
tacked, and 1 these there seemed to be 2
1 ¥ correlation between genes and pheno-
typic characters, with each gene subserving
a definuee chraceer which was dependent
of all others, the varous characters bemng
related to the organism much as the separate
reces of a mosatc are related 1o the whole
pietuze This concept became entrenched m
geneac thinking under the name of the one
Sene—one character theory of gemIc acuon
Because of this, when examples of collabora-
von of diffcrent genes to produce one pheno-
ype were discovered, they were thoughe to
be exceptional But thesr 1mportance has m-
Texed untd now collaborauon of genes
3PPeans to be one of the most typrcal phe-
fiomena in &enehes

23, COLLABORATIVE GENES

Cu\mmz\fn\ Gens

The expen-
ments of Bateson snd Pu

nnett on the ge-

upon 1 of two substances, each
dependent upon a different gene They sug-
gested that one of these mught be a dhro~
tagen, a protem which is colorless when re-
duced and colored when oxidized, and thar
the second might be an oxdase, that 15, an
oxndizng enzyme Each of these was dew
pendent wpon the presence of the corree
sponding dommant gene, C and O respec-
nvely, with cach of the parental strams
lacking one of the dommants, Thus the cross
becomes:

P CCoo X ccO0 white parental varieties
F, CcOo
Fy g Co0 -

colored Py
31 €01 30007 . x ceoo

7 white

colored

The ordinary dihybrid segreganon, then,
Yeads to the nine to seven ¢

of the last threc classes
the dominang genes,
Actually,

at1o, because cack
lacks ane or both of

this example 15 disappomnting,
becawse the secand whte vatiery was nat
speafied, and more recept aempts to duply-
«ate the cross have fajled But the principle
that a rata of mype 1o seven

" Is given when
complementary dominane BEREs are neces.
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in more than one way, series of multiple
alleles are quite common. While there is no
theorctical limit upon the number of alleles
of a single genc which may be present in a
population, only two can be represented in
any individual, because the chromosomes
exist only in pairs, and there can be only
one gene of each kmd in a single chiromo~
some. Typically, the wild type allele of a
series is dominant over all of the others,
while the compounds of any two recessives
m the series lead to intermediate phenotypes.
In some instances, however, the alleles of a
series can be arranged m such an order that
cach is dominant over those which follow it.
Muluple allelism 15 well known m man, juse
as in other organisms. The best known ex-
amples m man arc the blood groups, which
have been very mtensively studied because
of their chnteal and legal importance,

Questions and Problems

1. Define.
Antibody Compound (genetic, not
chenucal)
Antigen Immune reaction

Muluple allele

What would be the outcome, genotypreally and
phenotypreatly, of the following crosses
. €™ X et (rabbit coat color)
‘(h(‘ X ‘(h‘.‘
Ce™ X ehet
W X wO (Drasoplula eye color)
whwt X w0
ww? X WO
Srsr X sr¥st? (sun-red 1 com)

ER R Y

Blood tests arc made, and st turns out that the
cluld 1s O-MN-Rh+-. Mr. and Mrs, X are A-MN.
Rhi+ and B-M-Rh— respectively, while Me, 32d
Mrs Y are AB-M-Rh+ and O-N-Rh+. Whexe
is the clnld? Explain your answer, gnumg genos
types of all persons as completely as the data will
permut,

11, Mr. and Mrs, W belong to groups Band A
respectvely, while Mr and Mes Z belong
groups B and ADB. The two couples have a toul
of four children, one m each of the four blood
groups Assign these children to the cotrect patents
as far as possible, show the genotypic basis of the
assigument, and mdicate why any others cannat
be assigned with certamty,

What types of cluldren could result from the
following marriages

12 LALAMmRheh X LALPAMM rhrh

13, LALPAmehelt X LELEmmRhirk
40 HmmRhelt X LALEALArlieh
5o LA Rk X [mnchrh
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Fig $6. Couh types. Upper Ieft, smele,
upger right, rose, foswer Teff, walnnt;
and lower right, pea.

were wellknoam types 1 England. When
rose and smgle were crossed, the Fy brds
were all rose combed, and the Fy were rose
and smgle 1n the expected thiee to one
£3t0. When pea and singfe were crossed, 2
amilar resalt was obtamed Thus far, ot
looked like a simple example of muluple
alleles Bur, when tose and pea were crossed,
an enmrely different type, called walnt
comb, appeared tn the Fy! And m the Fy,
2 Taho of 9 walnut 1o 3 Tse to 3 pea to 1
angle was obtaned! This was dearly 2 dv
hybnd rauo, and so rose (R) and pea (P)
must be derermned by independent genes,
sith walnut comb resulung, from the com-
bind action of the two donunants, and
smgle comb resulting when both genes were
homozygous tcessve  The entical cross
tmay thert be summanzed as follows

P ORRpp % PP
race pea
1, Reitp
walnut
T gRPe g Ropp 3P 1 eepp
waloue  rose pea  mogle

Now, wppese that the stocks avalable for
whetizanen had mcluded only rose and
vagle The onfy possible senes of crosses
would hase been RRpp X erpp — Fy Regp
~F 3 ®%p tapp Indus sequence, the
segteginon of the R gene 15 quite evident,

but there is no indicarion at all that a second
pair of genes 15 mfluencing the form of the
comb Had no further evidence been avail-
able, the second pair of gencs would have
remamed unknown, although fully effective
and neeessary for normal comb develop-
ment This saggests the posstbadsy that there
may be additional comb form genes which
are unidenufiable beeause they are homozy-
gous throughous the species. There appears
to be no theoretical fmut to the number of
genes which might mfvence a patticular
character, and some highly complex ex-
amples will be given below. But frequendy,
one or a few genes will have major effects
upon 2 character, while numerous others
have mmor effects, which alter the pheno-
type 1 a plus or mnus way One speaks of
such vunor genes as “modifiers,” and therr
control 1 smportant for genetic rescarch.
(€ one 15 desling with a part of mayor genes,
especially for a quantitauve character, evalu~
ated by measure, the phenotypes associated
with the different genotypes can be properly
compated only if the constellanion of modifiers
he tdentical r each case Tn order 1o do this, 1t
s necessary 10 build up swocks homozygons
for the modifier complex. This 1s done by

b g 3 very simple st
may be a dificult job

Paotrone Genes Collsboraton of

ment of what
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sary to producc a given phenotype 1s well
established. The same authors did extensive
experiments on the genetics of the sweet pea
(Lathyrus odoratus). Again, when two white~
flowerced varictics were crossed, the Fy con~
sisted of purple-flowered vartetics, like the
wild sweet peas of Sicily, from which the
cultivated English varteties were known to
have been denived. In the Fs, a ratto of nme
purple-flowered to seven white-flowered
plants was obtained. These results were
agam interpreted mn terms of two sub-
stances, cach determmed by a different
dominant gene, bemg neeessary for the de-
velopment of color. C and P were used as
gene symbols, and 1f these be substituted for
C and O in the diagram above, 1t will not
differ from the genotypic dragram for the
chicken color example.

A suggestive analogy 1s afforded by the
relationship between the mdreator, phenol-
phthalemn, and a base ke KOH. In a ncutral
solution, phenolphthalem 1s colorless, but 1
becomes red 1if KOH be added 1o the solu-
von (fig. 55). Thus both substances, color-
less scparately, are essential for the produc-
ton of red color. That this may be morc than
an analogy 1s suggested by an experiment of’

[

Blakeslee on the yellow daisy, Rudeka
hirta, A cross was made between two racs
characterized by yellow sced cones. In the
Fy, all plants had purple sced cones, whi:
in the Fy a ratio of nine purple to seven
yellows was obtamed. Now if the seed cons
of the parental races were treated with
alkall, one turned to a reddrsh color whi
the other turned black. When the Fa yellows
were sinularly treated, a ratio of three eed to
four black was obtained. Clearly, this meam
that the modificanon of the 9:3:3:1
ratio depends upon the method of dug-
nosmg the phenotype. As judged by the
color of the growmg plant the Lt theee
classes arc added together to give 2 9:7
rano, but 1f the yellows arc treated ek
alkal, then the last two differ from the
second class, giving a ratio of 9 134 1t
also clear that we arc dealmg here with 2
phystological, or biochemical character, the
relaave concentrations of two smular bue
different ndicator prgments, and pmbal\l)’
also the pH of the cell sap.
COLLABORATION OT FACTORS
what more comphcated type of collabora-
tion was discovered m clnckens by Bateson
and Punnctt, and was called by diwar ehe
collaboraion of factors Here, 2 whole
series of phenotypes depended upon the
mterplay of two pairs of genes They had
several pure breedmg strams of chickens
which differed m comb form (fig 56) Ot
these, single comb was believed o be the
wild type, as it v characeensue of the wild
fow! of Malay, from which domestic chick=
ens have been denved. Rose and pea combs

A some

fig ss  Ifa fow drops of KOH (colorless)
be added 1o a test tabe tlled i uth
phenolphthalem (eoloeless), the result 15 o
bright red flnd



Fig 57 Plaotropy m the prmvose, Prumula sinensis. Each horizontal row shows the
phestotype of leaf, calyx, and flower ndur he ifluence of  single gene, which has

been named for s offect upon the leaves "Top vow, cheh, stellata, second row, 00, ok,
therd row, ¢, tonguie, fourth row, 22, claw, and bottom row, ChCh, sinensts (Redrawn from

and-pepper agoutt pattern, and ¢, which
cawses cach hair to be umformly colored,
lacking the usoal yellow band near the up
B determines the formation of black pig-
ment (but only 1f C 15 abso present), while b
determines brown pigment Whatever the
pigments, D causes full mtensiry of color,

Anderson and de Wanton )

while d cavses a paler, dilute color Thus the
Ierarchy gocs to genes of progresaively
lesser effect until so minor a gene 15 reached
as P, determuning normally mgmented 15,
and s allele p determmning pink eyes, ke
those of an albino,

~Thehigiarchyof coat color factors looked
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factors and modifying genes have turned
out to be the rule rather than the exccption,
and this has led fo the concept that every
character 1s actually the product of the whole
genotype of the organism. Stated in another
way, the complex processes of embryo-
logical development which termmate m the
adult phenotype result from the cooperative
action and interaction of the enure constel-
latron of genes. The whole genetic complex
tends to result m the development of a nor-
mal, wild type, organism. But if a mutated
gene 1s present, m addition to its collabora-
tton 1 the production of the enure organ-
1sm, 1t may caise a deviation from the usual
pattern of development m some specific
organ, and we then speak of a color gene, or
art eye form gene, ot a comb form gene. But
actually, the mutane gene has simply acted
as a differentsal factor, causmg a speafic
deviation from the normal pattern of de-
velopment.

Another lme of evidence for this view-
point 15 afforded by the phenomenon of
pleiotropic (Greek—pleton, many + trop?,
change) genes A pletotropic gene 1s one
which has more than one phenotypic effect.
Almost any genc that 1s adequately studied
ss Iikely to fall an ths class The gene for
vesugial wings . Drosophila also causes
changed onentation of the bristles on the
scutes, slower than normal development, di-
vergence of the wings, reduced size of the
balancers, and decreased viability The gene
1s named for 1ts most obvious cffece, yee
some of these “sccondary™ effects may be as
H“POI’[J“[ or more ""FO!’!J“! to (hc ul’g:n-
wm, Simfarly, the gene for red cye m the
flour moth, Ephesta, also makes optic
gangla red nstead of brown, makes the
testes colorless, reduces the prgmentaon of
the skin and ocelly, stows down the rate of
devclopment, and seduces the vability. In
gcnml. the cather 1 development a par-
ucular gene exerts its major cffect, the more
extensive will be 3t pletotropic ctfects. This

is well lustrated by a study of the primro,
Primula, for the effects of ten different my-
tant genes upon the Jeaves and upon e
various parts of the flowers. In every case, it
was found that genes with major cffxes
upon the leaves (which develop before the
fAowers) had supplementary cffects upon the
flowers (fig. 57), while those with maor
cffects upon the flowers lacked supplemen-
tary effects upon the leaves.

Thus the facts of collaboration of factors
and pleiotropy reinforce onc another i
suggesting that the whole genoty pe collsbe-
rates in the production of a normal organssm,
while the differential cffeces of a particalie
gene upon a particular character may be
relauvely Iarge, making it possxblc to spezk
of eye color genes, wing form genes, and
othier special types.

Hicrarciirs o Genes The carly studies
m genetics were quite naturally concentrated
upon the most obvious problems. For stu-
dents of mammalian genenes, the coxt colors
of rodents such as mice provided an obvious
starting pomt, and an nnmense Bitesature
upon this subject developed rapidly. ft soon
became evident that coat color 15 stmple only
wsofar as 1t 1s superficial on the anima), bt
ats mhentance depends upon anany pairs of
genes which are functionally related i such
a way that the expresston of one gene 1 the

sertes depends upon those which precede it
a relatonship which 15 called a puerarchy of
genes At the top of the tuerarchy 1 the
alhug series, wieh the gene ¢ prevenung the
development of any color whatever {othet
than respiratory pigments), while the gene €
permues full development of such colors 38
may be determuned by other genes m the
hicrarchy. There arc also some intermediate
alleles Because ehus gette peemits or pres
cludes the expresston of the remaming genes
1n the series, 1t 1s sad to be epustane to them.
The agonnt series {studied above m connec-
ton with muluple allcles and fethal genes)
meludes 4, which cawses the normal salt-



Fig. so  Larsof com showing segregation for
Jomummt and vecessive wintes On the

Lft, recessive winte, on the right,

domunant whte.

crossed with colored corn, the Fy 1s all white,’
and the F; grves 2 rano of three white to one
colored {fig ). It s evident that white 15
dommant over colored, and the genes are
designated T and s respectively. (The lester I
stands for infubstor, 1t 15 vsed on the grounds
that evidence indicates that the necessary
biochenmcal apparatus for pigment forma~
tion s present, but 15 nhubited by a product
of this gene.) When a second whute vanety
was crossed with colored corn, however, the
Fy was colored, and the F; rano was three
colored to one whue (fig 59) Hence it 1s
clear that a second paw of genes influences
color, with white now behaving as 2 te-
cossive, This gene pair 15 designated by the
lerters A and a, Two mote recessive whites
are known, independent of each other and
of a. These are called ¢ and r, respectrvely

1£2 plant has the genotype ii AACCRR,
a fifth paic of genes determunes whether the
color shall be purple (P) or red (p) Thus
there 15 a bacrarchy of five pars of major
genes, as well a3 some modifiers and spotung
genes,

Thas terarchy of genes provides the basss
for some ughly modified ratios, and a few
of these may be explaned, A cross between
any two of the three recessive whites proves
therr independence, For example.

P naCC X AAce
awhite  cowhite
T, AaCe
colored

Ty g Ay 3 A%c . 3aa C2 y agee
PO hniid

colored 7 white

OIS Y
"\1@33.\_“

4,

The ratio of 917 proves that a dihybud
segregatton has occurred. A cross of a domi-
nant white to a pusple gives a ratio of three
white ta one purple 1n the Fy, because only
one pair of genes 15 segregating, But a cross
of domimant whte times red gives an Fy
ratio of 12 white 3 purple : 1 red! This may
be easty understood if the cross be set up n
symbols:
P IIAACCRRPP X uAACCRRpp

As only the first and last of these genes show
factor chfferences, the expression can be
simplificd by omutting the others:
HPP X upp
white  red
Ipp
white
F, g I°PY . 3 Ppp .3 uP?-x upip
FARR: R o
12 white 3 purple 1 red
Trhybnd ratios are also modified, a5 nught
be expected, for example, the cross IHAACG
X wadec leads to a rato of
purple m the By,
ConsTeLLATIONS OF Brocizmicar Mu-
TANTS 1N NEUROSPORA A parncularly im-
POSEAnt type of hierarchy

of genes has re-
cently been found 1o control the biosynthesis

Fy

s white 0 o



MODIFICATIONS OF MENDELIAN INHERITANCE— IV, Collaboration of Genes

like a rather complex case of collaboration
of factors cven when a mere half dozen
color genes had been investigated. But
Gruncberg now lists no less than fifteen
paits of major coat color genes. If we sub-
stitute 1 the expression 37 to determine the
number of genotypes that could be formed
from such a series we get the staggering
figure of 14,348,000 (as calculated by loga-
rithms)! Of course, many of these genotypes
would be identical phenotypically, as, for
example, all of the genotypes homozygous
for ¢ would be albimos irrespective of the
rest of the genotypes. But the casc is further
complicated by the exstence of serics of
multple alleles of three of these genes, C, A,
and P. In addition there arc several genes
controlling spottng, Obviously, 1t has been
possible to test experimentally only a small
portion of coat color genotypes.

As might be expected in so complicated a
hicrarchy, some rather surprising ratios may
be obtamned m crosses between strams of
different color patterns  In makmg such
crosses, 1t 1s necessary that the stocks used be
1sogenic, usually bemg homozygous dom-
nant for those genes not under study. Thus,
1f one crosses an albino and a black, the Fy
mice are all agoutr, wlile the Fy gives
agoutis, blacks, and albmos m a rato of
913 : 4. This 1s casily understandable when
the cross 1s represented m symbls:

P ecAd X CCan
albmo black
r, Cida
agoutt
F; 9 C?2A®>  agouti
3 C%aa  black
2
3 ceh? albino
1 ccan

As all genes in the series other than the two
pairs segregating are assumed to be homozy-
gﬂlﬂ L,OHHH;U“, 1t 18 O necessary to wnte
them out. But 1t 15 1mportant to remember

that B is among them, so that any mouse of
genotype C2aa wall be back. Tn the Fy, the
last two categorics arc identical th@.
typically because they are homozygous for
albinism. Hence the ratio of 91334
Many other atypical ratios are possible in so
complicated a hicrarchy,

AteuroNt Corors IN CorN - Anothet re-
markable hicrarchy of genes has been
worked out it corn, and controls the colors
of the alcurone, wlich are so stnking m
Indian maize. But first a bricf digression on
the structure of the com seed {fig. §8) may
be 1 order. The most essential part of the
seed is, of course, the embryo. The main
mass of the seed, the endosperm, is made up
of fleshy cclls and provides food for the
cmbeyo. It may be noted here that the oclly
of the endosperm are trploid. The outet-
most layer of cells of the endosperm i
called the aleurone (a-lur’~dnc) layer. Thee
cells are oriented as a very regular surfice
layer, and they have certam characteristics,
includmg color, which contrast with l}lr
rest of the endosperm. Fmally, the entite
sced 15 surrounded by a thin, transparent
sced coat.

If certan vancties of whie corn ar¢

seed coat-..
aleurone «-.o-of!

andosperms. -

Fig. $%.  The structure of a com seed, shev he
the embryo imbedded w the endoperm 1€
alewrone Diper 11 formed by the eutc™ o

Laper of endospern cells, Suprmiing the emiire
strvcture Is ¢ seed &0



Fig 59 Eors of som showung segregation for
dominant and recessive whites, On the

1uft, recessive whate; on the mght,

domnant white.

crossed with colored corn, the Fy isall whate,
and the F gives a ratio of three white to one
colored {fig s9). It is evident that whte iy
dommant over colored, and the genes are
designated Tand 1 vespectively {The letter [
stands foe snhibitor 1t 15 used on the grounds
that ewsdence indicates that the necessaty
biocherical apparatus for pigment forma-
tion 15 present, but 15 mhubited by a product
of thus gene ) When a second whate varety
was crossed with colored corm, however, the
Fy was colored, and the F; ratio was three
colored to one white {fig 59) Hence 1t 1s
clear that a sccond pare of genes influences
color, with wlute now behaving as a re-
cessiwe This gene parr 15 designated by the
letters A and a. Two more recessive whites
ate known, mdependent of each other and
of ¢ Thesc are called ¢ and v, respectvely,
i plant has the genotype 11 AACCRR,
2 ifth paic of genes determines whether the
color shall be purple (P) or red (p) Thus
thete 1 2 herarchy of five pairs of major
genes, a5 well as some modifiers and spotrmg
EC“ES

This hucrarchy of genes provides the basis
for some tughly modified ratios, and a few
of these may be explaned. A cross between
any two of the three recessive whites proves
theie independence. For example

P a@aCC X AAcc
awhite  cowhite
F AaCc
colored

£ g a0 3A%c 3aa C? 1 aaee
ST Chaee

colored 7 white

The rauo of 917 proves that a dihybnd
segregation has occurred, A cross of a donu-
nant white to a purple gives a ratio of three
white to one purple in the Fy, because only
one pair of genes is segregating, But a cross
of dominant white times red gives an Fy
ratio of 12 white * 3 purple * 1 red! Ths may
be easily understood 1f the eross be set up
symbols.
P HAACCRRPP X 1iAACCRRpfs

As only the first and fast of these genes show
factar differences, the cxpression can be
simphfied by omitting the others.

Hrp x app

white  red

hep
white

By &I’P?. 3pp g apr iipp

12 white 3 purple 1 red
Tohybnd ratios are also modified, as might
be expected, for example, the eross I1AACC
X itaace leads to a ranp of 55 white to o
purple m the Fy,

ConsterLaTiONs oF Brocurmicar Mu-
TANTS IN NEUROSPORA A patticularly ym-
portant type of hictarchy of genes has ge..
cencly been found to control the biosynthess

F



MODIFICATIONS OF MENDELIAN INHERITANCE—IV. Collabsration of Geney

like a rather complex case of collaboration
of factors even when a mere half dozen
color genes had been investigated. But
Gruneberg now lists no less than fifteen
pairs of major coat color genes. If we sub-
stitute in the expression 3” to determine the
number of genotypes that could be formed
from such a scries we get the staggering
figure of 14,348,000 (as calculated by loga-
rithms)! Of course, many of these genotypes
would be identical phenotypically, as, for
cxample, all of the genotypes homozygous
for ¢ would be albmos irrespective of the
rest of the genotypes. But the casc is further
complicated by the exstence of series of
multple alleles of three of these genes, C, A,
and P. In addition there arc several genes
controlling spotting. Obwiously, it has been
possible to test experimentally only a small
poruion of coat color genotypes.

As might be expected n so complicated a
hicerarchy, some rather surprising rattos may
be obtamed mn crosses between stramns of
different color patterns. In makmg such
crosscs, 1t 1s necessary that the stocks used be
1sogenic, usually being homozygous donu-
nant for those genes not under study Thus,
1f one crosses an albino and a black, the Fy
mice arc all agouts, while the Fp gives
agoutrs, blacks, and albinos m a ratio of
9 : 3 : 4. This 1s castly understandable when
the cross 15 represented 1n symbols:

P ccAA X CCaa

albino black
F CeAa
agout,
F; 9 C?A*  agoun
3 Craa  black
k
3 ccA albine
1 ccan

As all genes n the senes other than the two
pairs segregating are assumed to be homozy-
gous dm“lnnn(, 1t 15 NOt NECCsary to wrnitc
;hcm out Butait s ImPOr!J"[ to l’Cmcmbcr

that B is among them, so that any mouse of
genotype C?aa will be black. In the Fy, the
last two categorics are identical pheno-
typically because they are homozygous for
albinsm.  Hence the ratio of o
Many other atypical ratios are possible in o
complicated a hicrarchy.

ALEURONE CoLORS IN CORN  Attother re-
markable hicrarchy of genes has ben
worked out m corn, and controls the colors
of the aleurone, which are so striking in
Indian maize, But first a brief digression on
the structure of the corn sced (fig. 58) may
be 1n order. The most essential part of the
seed 15, of course, the embryo. The main
mass of the seed, the endosperm, 15 made up
of fleshy cells and provides food for the
cmbryo. It may be noted here that the eclls
of the endosperm are tuplowd. The outer-
most layer of cells of the endosperm
called the alenrone (a-lur'-6ne) layer. Thes
cells are oriented as a very regular surfice
layer, and they have certam characteristics,
including color, which contrast with the
rest of the endosperm. Fmally, the entire
sced 15 surrounded by a thm, transparent
sced coat.

If certam vancties of white corn ar

seed coate...
aleurone -...

ondosperm--

Fig. $8  The structure of a com seed, showmg
the embryo mmbedled tn the endosperm The
alenrone bayer a5 formed by the ontermost

Lyer of endosperm cells. Surrounding the entire
strutseee 11 the geed ot



quinng mutants tas thrown lghe on the
actual cousse of the biosynthesss of the com-
pound One such mutant will grow if teyp-
sophanisadded to the sawimal medwiw, but
tndole, a stmpler nstrogenous compound,
then accumulates in the medm, Tt appears
that teyptophan 15 foctmed by the condetsa-
fon of mdole and serme (2 simpler amino
acid). This reaction 15 catalyzed by an en-
zyme wlicht is jractivated by the trypto-
phan-requiring mutant. But another trypto~
phan-requinag mutant will grow of mdole,
but not tryptophan, 1 added to the eufture.
Thisndicates that the enzyme which couples
mdole and serme is funcronal, but that the
synthess of mdole 15 blocked, In this m-
stance, anthranthic scid accumulates i the
culture, and so this substance must be the
precursor from which indole 1 made. S~
lar evidence tndicates that phcnz[_al}_m/n‘c 1
the procursar of anthrambe acd. Thus theee
steps snt the biosynthess of wryprophan have
been dentified by means of mutant genes
which block the speetfic enzymes ¢ i}

clusion of 2 noneallelic gene—~sce below) to
those which follow .

But this is not the end of the tryprophan
story, for there is 3 growp of mutant genes
Lnown which permits growih if enher veyp-
tophan or meotinic aad is added to the
medium, Henee the mold must be able to
synthesize one when supplied with the other,
Two mtermediates i the synthesis of nico-
tinic acid from tryptophan have been 1denti-
fied. The evsdence indicates that teyptophan
15 first converted into kynuremne. This s in
turn converted into 3-hydrovy-antheanilic
aaid, which finally yiclds nicotinic aed.
Thus the tryptophan eycle, as now known,
runs 1 six steps from phenylanahine to nico-
tinte acid, as dlustrated in figvre 60. Genes
ate known winch specifically block five of
the six steps. It appears, then, that the biow
chemieal reactions of organisms are based
upon constellavions of speaific enzymes, each
of which 1s produced under the mfluence of
a pamcular gene. Flus has ded Beadle and

< callat

each step In this series each gene may be
considered epistatic {expressed to the ex-
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Anthranific niid

ooy
-—

CH,CHNHLOOH

—_—

Phenylalanme

. ,»Vwﬁr
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g 6. The tryptophan eycle 1 Newros
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he so formulate the one gene—
one enzyme theory of geme action. While 1t
would be very difficult, 1f not impossible, o
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of essential amino acids and other nutritional
compounds in microorganisms. The most
important work in ths ficld has been done
by G. W. Beadle and his collaborators, first
at Stanford University and now at California
Institute of Technology, using a specics of
bread mold, Newrospora crassa. But before
discussing these experiments, a digression on
the life cyele of Newrospora may be worth
\Vhi]c.

Like other molds, Nearospora can repro-
duce cither sexually or asexally. An asexual
spore, or conidumt, can dvide mitotically to
produce a mycelym, or mass of haplowd cells
Such mitotic dwision of haplowd cells may
lead to large masses of genenieally sdentical
mold, a convenient fact for biochemical or
other study. As long as a dlone, the asexually
produced descendants of a single spore, 1s
matntained mn 1solation, reproduction occurs
only by mutasis, However, the clones belong
to two different maung types, A and 4, and
1f myccha from the two types of clones are
nuxed, sexual reproduction occurs (As the
two maung types are not distnguished
morphologically, nor by the type of gamete,
they arc not referred to as male and female.
The matng types must be physiologically
differentrated, however, for otherwase mtra-
clonal matmngs should occur.) Wien mating
types A and a are mxed, some of their cells
fusc two-by-two to form zygotes, which
are therefore diplord  Bur the zygate s thef
only diplosd ccll 1 the entire bfe cycle, Jor the
merotie divastons follow ymmedrately  As these
dl\'l‘lo“s occur \"“hln a l()llg. narrow
capsule (ascus), the resulung four spores are
held m abgnment i the order of therr
formation, ke an ideabized dugram of
metosss. Finally, cach spore undergoes a
mutotie division, so that 2 mature ascus
contains Clgh( SPDYCS, C(““Pnﬂ"g {U\ll’ PJ"“
of gcx\cuc:ﬂly identical cells. These spores
,rc‘norl“l"y scattered by the burstng of
the ascus wall, and cach spote gives rise o

another haploid mass of mycelta, However,
1t 15 possible to disseet the spores out of the
ascus and grow scparate clones from exch
one, and this technique has yrelded valuable
genetic and cytological informaton.

Wild type Newrospora can synthesize all
of 1ts nutritional requirements, except biotm,
from carbohydrate and inorganic sals
Hence a minimal medium, containing enly
carbohydrate, salts, and brotm, is adequate
for the growth of a culture of the mold, un-
less a mutant gene has altered the nutritos!
requirements of the organism. Aceually mu-
tattons can be mduced by subjecting the
culeure to x radiation. Ifan irradiated eulture
fals to grow on the mummal medwnt but
docs grow on a complete medim contam-
mg all of the essential ammo aads and
vitamins, tlheh one knows that the rradiation
has caused the loss of the abthty to synthesize
some  essential nuerttional  substance, I8
hereditary nature may be tested by crossing
1t with wild type m much the same fashion
as 1 other Mendelian crosses. This has beeu
done with a large number of nutritional
mutants, and they generally turn out to be
simple recessive genes

The next question to be mvesugated i€
that of the speaific nature of the nduced
nutrinonal deficiency This may be done by
growing the mold on a variety of culure
media, cach of which contasms the nnmal
medium plus one of the esscnual anmino
acads or vaanuns, If the culeure fails to grow
onany "K‘dll"“ L'\fl‘p( (h(‘ one, ]C( us SJ)’. o
which tryprophan has been added, then it s
clear that the mduced mutagon must block

the synthesss of this ammo sad By ths
method, genes affecung almost every nu-
trional requirement of Newrospors have
been idenufied. Acunally, several trypto-
phan requinmg mutants hase been obtamed
Of course, a compheated structure hie tryp-
tophan 15 not synthestzed at one step, and
the study of the different tryptophan-re-

-~



p TLTT: X qubt
(riangu‘n\‘ oval
F TyuTt
triangular
F, 15 trianguhr:
1 Ty T, )

1 Tyt Breed
14T true
2 T, Ty Taty in Fy
2 Ty TaTy

1 oval

tytytsty  Breeds true

tranglar capsules, some bred true, some
segregated m a thict to one Tato, and some
segregated I fifteen to one ratio, thus
proving conclusively that duplicate genes
were mvolved 1f the two gene paws be
tepresented as Ti—h and To—tz, then the
cross appears as shown at the top of this
page
TriecicaTs GeNes  Surprismgly enough,
Niswon-Ehle found that tus wheat color
example was capable of sull further com-
pltcaons For when certam vanenes of red
wheat were crossed to white, an Fz ratio of
sixty-three to one was obtamed, Ths looked
Iike 2 trlrybrd rano, and 1t was tested by
breeding an B3 from the Fp reds As ex-
pected, monchybnd, dihybnd, and trihy-
brd 1anos were obtamed from different
plants 1t was clear, then, that there were
actnlly dhree independent pawrs of genes for
the red-whate aleetnative, wich one domi-
mant gene i any one of them being sufficient
to produce red color m the gratn
Murmteee FaCToRs anp Poiyeromy  All
theee of the examples of muluple factors
dncussed above are taken from the plant
kingdom Thus 1 not sunply a poor sample.
although this type of mherstance 1 not un~
asual wn the plant kingdam, 1t 15 almost wn-
knovin ameng antmals Why this difference
should exast dermands an explananon, and an

2 Tittats | 31
2 utTaty ' infy

4 TiyTity 9:3:3:1 InTy

explananon may be found w the chromo-
samal complements of the species concerned
As explaned m chapeer 3. the gametes of a
typical species contam one chromosonie of
cach ind, the taplod chromosome set.
These untie in pars to form zygotes with
two chromosomes of each kind, and such an
organism 15 smd to be diplord. Howeves, the
chromosome numbers of related speaies of
plants are often most suggestve. Thus
among the wheats, Triticum monococenm has
scven pairs of chromosomes, wlile T dunum
‘has fourteen parrs, and T wirdgare has twenty-
one pas 1t1s dificuls to avosd the mference
that the fugher numbers have been formed
by duphcation of whole scts of chromo-
somes Detailed evidence (10 be presented in
a subsequent chapter) indicates that such ss
actually the case, and such plants, charac-
terized by mulaples of 2 base chromasome
sct, are called polyplords (Greek—polyplous,
manyfold) Wath this knowledge at hand,
one need not look far for an explananon of
mulnple factor mhentance: there may be
expected o be as many 1dentcal parrs of
genes as there are basic sets of chromosomes
Actually, this theoretscal expectanon may be
reduced by mdependent mutanon n the
different chromosome sets

But why should multiple factors, so com-
mon among plants, be rare of non-exstent
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test this theory in relation to the morplio-
logical mutants with which most geneticists
have dealt, yet its applicability may well be
very much broader than the type of data
upon which it is based. Further consideration
of this subject will be deferred to the chapter
on the theory of the gene.

24, MULTIPLE FACTORS

Several types of collaborauve actions of
genes have been discussed above, in cach of
which two or morc independent pairs of
genes contnbuted to the formanon of a
single phenoty pic effect. In these, cach gene
parr appeared to have a different, though
supplementary cffect. Thus, onc gene de-
terrmined 2 colorless proten while a second
gene determmned an enzyme capable of con-
verting the protemn to a pigment. But the
expenments of H. Nilsson-Ehle, a Swedish
proneer of genetics, showed that, n wheat,
there appeared to be non-allehc genes of
sdentreal effcct. These he called mmlnple
factors. Ths term should be contrasted with
muluple alleles. The latter are, of course,
scrics of different mutants of the same gene,
and will give monohybrd ratos m crosses

Multiple factors, on the othet hand, are i
dependent genes which, although idensial
in effects, will give dihybrid or polyhybrid
ratios in crosses.

Duruicatr Tactors  When Nison-
Ehle crowsed a variety of wheat with red-
seed coats 1o one with white-sced coass, the
Fy was all red, and he naturally expected 2
three to onc ratio in the Fa. What he acnmlly
obtamed, however, was 3 ratio of fifien
reds to onc white! He saw that there mast
be two independent gene pairs for the red-
white alternative, wath red being produced
when erther or both pairs included a domi-
nant. Thus the finst three members of the
dihybnd ratio of 91 3:3: 1 all Jed 1o the
same phenotype, red, while only the bst
member produced 1ts alternauve, whits.

A stilar case was found by G H. Shall
1n the shepherd’s purse, Capsella busa-pas-
tors, a common weed throughout much of
the Umited States (fig. 61). In this plant the
sced capsules are generally triangular, but
occasiomally plants occur with oval seed
capsules. When a cross between the two
vanetics was made, the Fyhad only uiangu]-'ﬂ
capsules, but the Fs y1elded fificen triangulst
to onc oval Upon sclfing the F: plants with

AV

L Fig.61 The shephend's purse,
shatiing triangular seed capsiles

J on the left, and oval sced capsules
ou the nght. (Draum from
spectmiens n the Niewwland
Herbatum of the University of
Notre Dame }




P TN X uutl
triangular oval
F, Tiy Tzt
triangular

¥, 15 tranglac,
1 LT, |
1 TiTitt
14y Tl
2 T\ TyTatz
2 Ty T, Ty
1 oval
UL

Breed
true
inFy

Preeds true

tungalar capsules, some bred true, some
segregated in a three to one rato, and some
segregated 1n 2 fifteen to one rauo, thus
provmg conclusvely that duplicate genes
wete mvolved 1€ the two gene pairs be
represented as Ty—h and To—t2, then the
cross appeats as shown at the top of this
g
Trrucate Genes  Surprsmgly enough,
Nisson-Elde found ¢hat s wheat colot
eample was capable of sll forther come
pheations For when certam varietics of red
wheat were crossed to white, an F; ratio of
stxty-three to one was obtaned ‘This looked
like 2 thybud ratio, and & was tested by
breeding an F3 from the Fy teds As ex-
pected, monohybrid, diiybrid, and tnhy-
brd ratios were obtamed from different
plants X was clear, then, that there were
actually three independent pairs of genes for
the red-white alternative, with one domi~
nant gene 1o any one of them bewng sufficient
to produce red color n the gran
Mutneis Facrors anp Posvreomy  All
thrce of the examples of muluple factors
duscussed above are taken from the plant
kingdom Ths 15 not simply a poor sample
althaugh thyy type of inhentance 15 not un-
usual i the plant kingdom, 1t 15 almost un
known among ammals, Why thus difference
should exst demands an explanation, and an

2 Tyttt
2 4y Tata

3:I
in Fy

4 TiyTaty 9:3:3:1 in F

explanation may he found m the chromo-
somal complements of the species concermed.
As explamed m chapier 3, the gametes ofa
typical species contamn once chromosome of
cach kind, the haplowd chromosome set.
These umite n pawrs to form zygotes with
two chromosomes of tach kind, and suchan
orgamsm 15 sud o be diplond. However, the
chromosome numbers of related species of
plones are often most suggesuve. Thus
among the wheats, Triticum maonococeunt has
seven patrs of chromosomes, while T, durum
has fourtecn pairs, and T virlgare has cwenty~
one purs It s difficule to avaid the inference
that the lagher numbers have been formed
by duplicauon of whole sets of chromo-
somes Detailed evidence (to be presented m
a subsequent chapter) mdicates that such is
actually the case, and such plants, chacac-
tenzed by mulaples of a basic chromosome
set, are called polyplords {Greek—polyplons,
manyfold) With ths knowledge 2t hand,
one need not ook far for an explanation of
multple factor nhertance there may be
expecied  be as many rdentcal pairs of
genes as there are basic sets of chramosomes
Actually, thss theorencal expectation may be
reduced by mdependent mutaon I the
differens chromosome sets

But why should multple factors, so com-
mon ameng plants, be rare or non-existent
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among animalst Polyploidy itself is rare
among animals, probably because poly-
ploidy would upsct the balance of the sex
chromosomes. The majority of plants are
monoccious, that is, both sexes are repre-
sented in one individual, and hence no sex
chromosome mechanism is necessary. It 15
noteworthy that among those relatively few
plants in which the sexes are separate poly-
plowdy 1s rare; while the seattered cases of
polyploidy mn the animal kingdom are con-
centrated among those exceptional specics
which ordmanly reproduce parthenogenet-
ically or hermaphroditically.

The above discussion 1s applicable to dup-
hicate and trplcate factors, the kmd of
muluple factors ongmally studied by Nils-
son-Ehle But onc also speaks of muluple
factors when several nonallelic genes of a
single chromosome set mfvence a single
character i an additive way. This has noth~-
mg to do with polyploidy, and so 15 as com-
mon among anmmals as among plants. As
SuCl] l“ul(lplc faC(OYS are (]‘C l){ISlS 0( n-
henitance of quanutative characters, the dis-
cussion of this topic will be defetred to the
following chapter.

25. HETEROZYGOUS
EXPRESSION

Mendclan ratios will also be modified
whenever the phenotypic expression of the
heterozygote dificss from both homozygous

Fig. 62. Fertilizanon m a floweng plant
Note that one sperm mclens unites wwith

the egq nucleus, winle the other untes with
the fiusion nuclens.,

types. Actually, the first example taken up
in chapter 2 was of this eype. Red and whae
flowering varictics of four-o'clocks were
crossed. The Fy plants were all pink-flower-
ing, there being no dominance. In the Fr.a
ratio of onc red to two pink to onc white
was obtained, because the expression of the
heterozygote differed from that of cither
pure type. This subject docs not logically
belong in a chapter on collaborative effects.
However, the major‘example is concemed
with cndosperm characters of maize, to
which much attention has been grven above.
Hence thus scems to be a convenient place
to discuss the subject of heterozygous ex-
presston.

Simple lack of dommance 1 perhaps the
conumest type of ]xcrcrozygous a\prcssion.
It 15 castly recogmzable through the -
termediacy of the heterozygotes. Buta more
speaabized eype occurs with regard to cer-
tam endosperm characters. Before going
mto this, however, 1t may be advisable to

Nucleus



review certan Facrs from elementary bomr.\\{.
The end products of the maturation divi
qovs of a plant are megaspores (fcfm\e)
and micsospores {male). each of which 1
sy & smgle, haplosd cell, The micto-
spote nucleus then divides otoncally and
one of the daughter nudles dwndes 2 second
tume. The result s a pollen grain containing
three haplowd nuces, all of whnch ate genst-
scally demwical. Twa of these are sperm
macles, while the thrd 1 the potien whe

oceur, and both will be exemphficd bd‘o\v,

The fiest type has alecady been exem plificd
above with the hierarely of cotor chatacters.
In the case of the C gene, for example, endo-
spermys will be colored with cither genotype
CCe ar Cee winle only those with e will be
whnte, ‘The wfluence of the sperm nuclens,
when it carries 3 donmnant gene, m deter-
g 3 character even m the mploid endo-
sperm, was discovered by Correns, and was
called by wm xenia, The full color of grains

nucleus Each megaspore nuchens s
a senes of three mitotie divistons, sesalung
in an ovule contamung eight haplad puckes.
Agam, all of these must be genetically
identcal, because they ate the mtoric prod-
wts of one orgmal haploid nuclews But
their prospecuve fites are not ahke Only
one of the exght 1s the real egg nucteus Two
more fuse together to form che diploid
Sfustort mactens, which plays an essentual role
n the formation of the seed The othet five
ovale nuder dewenorate wathont formung

definstive seructures

When ferohzanon {fg 62) oceurs, the
pollen wbe enters ¢he ovule and hoth spesm
nucler magrate - One unites with the egg
nuclens so form the zvgote nuclers which
leads 10 the formation of an embryo The
second sperm nucleus woues with the fuston
nucleus to form a taplod fernbizanon prod-
uct Feom this tnplord nuelens » formed the
exdosperm, the mam nutritive mass of the
seed And because 1t 15 trplard, each gene 15
Tepresented three times, one gene from the
pollen pazent, and two 1denticat genes from
the avule parent Two possibibnes ace evre
dent when such a toiplord nucteus 15 hetesp-
18 Domuance of an endosperm gene
:::i“:a:‘ ab:olum, 50 that even a single
- ‘um)%:m would be expressed over
genes Or domunance could be

eelstive, 50 that whichev,
n duphicate would
chusion of the

er gene was present
be expressed to the ex-
other one. Actually, both

of genotype Cee 1s an cxample. The sccond
type s exemphficd by a poir of characters
concerned with the texture of the endo-
spetm, fimty and floury. 1f a cross be made
berween a flnty plant, FF, and a floury
phant, ff; then the resultmg Fy plants wallall
be b ygous, Ff, but the end of
the sceds from which they arise will have
the genotype FFf and the phenotype finty.
T the reciprocal cross, [f X FF, the progeny
will agam be the monohybuds, Ff, but the
endasperms of the seeds from which they
grow will have the genotype JF and the
phenotype floury Becanse of this type of
functional relationship between the alleles,
the F; grves an unuswal rano (which 1s
sdentical from either of the above mentioned
Fy's) In arder to understand ths, 2 Roman
square should be made with two cohmmms
for the pollen parent and fonr columns for
the female parent, two for the egg nucar
and two for the fusion nucles The third
column thus dicates the fusson nucleus
which corresponds to the egg tucleus of
column one, whsle the sccond and fourth

columns have a swmgdar correspondence.

Hence the firse two columns thow the cone

sutatons of the zygotes, and will indicare

thesr potential breeding behavior 1 pro-

ducng an By, But the last two cotumns show

the genotypes of the Fy endasperms, Those

having genotypes FFE of FFf have fnty
endasperm,

while thowe witly genot
ypes fF
ot f}f have floury endospenin Thus the F;
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phenotypic ratio is actually 1 to 13
P flinty @ FF X floury o

2} rf (flinty—eudosperm FrY)
P ovules
cgg nuclei  fusion nuclei
plles "F f FF 5
e
F|FF| Ff| prr | pr
SVEV | FES | fF

flinty floury

1
Thus the tabulation of genotypes I;md
phenotypes shows that the phenotype de-
pends upon the rclative guantities of the
two alicles

26. TYPES OF FACTOR
INTERACTION

The carbest studtes in genenes led to a con-
ception of gene action m which cach parr of
genes produced 1ts phenotype mdependently
of all others An organtsm was thus re-
garded as 2 mosaic of independent char-
acters. Interaction between the members of
one pair of genes scemed to be hnnted to
simple dommance, with one member of a
heterozygous pair bemg expressed to the
excluston of the other.

Because of the phenomena  discussed
above, this stmple conceprion has been
abandoned  With respect to donmnance,
which De Vries deseribed as a “law,” 1t 1s
now clear that this 15 not the umversal, m~
exorable phenomenion which 1¢ at first ap-

Fag 63 Hoaded rats, wutls varymg degrees

peared to be. In many cases, simple inter-
mediacy occurs, as m the case of the pink
four-o'clocks, so that the concept of doms
nance is not applicable at all In the cax of
some endosperm characters, ke the fiar-
ﬂmxry alternative, dominance is shown, bue
it 15 a simple quantitative mateer: the alide
which is present twice 15 expressed to the
excluston of the one which 15 present only
once, regardless of which is which. Thus
appears that dominance 15 not an mtegral
charactersuc of the gene itsclf, but rather 3
charactersstic of the phenotype which cn
be mflucnced by the quantitative balance
among the genes, and by other factors
well Agam, m the mhentance of quant-
tative characters {to be discussed in the next
chapter) dormmance 15 conmmonly not ap-
parent. In spite of all of these qualificanons,
d ¢ 15 @ very widespread phenom-
cnon, but 1t 1s ot as umversal as 1t appearcd
at fiest

We have seen several types of mteraction
between non-aflehic genes One gene may be
exptessed to the excluston of another. It
looks hike dommance, but donunanee s by
defimtion a relationship between members
of 2 parr of alleles The maskmg effect bo-
tween genes of two different parrs 15 called
epistasis Thus the gene for albmsm 1 epr
statsc over all the rest of the coat color her-
archy m rodents Ot dufferent parrs of genes
may collaborate more ot less equally m the




formation of a sngle phenotypic character,
asin the case of comb form in fowl. Finally,
one major gene may determine 3 character,
while 2 whole seres of mndependent genes
alter 1ts exp usually m a qu
way. Such nunor genes ate called modufiers
For example, in the rat, 2 major gene 1s re-
sponsible for the hooded coat pateern, 1
which the pelage 15 generally white, but the
head and shouldess are black (fig 63) A
senes of modifying genes can cause the ex-
tension of the black hood over more and
more of the body until an almost sold black
tesuls if all of the modifiers are favorable to
hood extension. The effect of each gene par
15 small, but addstive.

Thus collaborattve actions of genes, which
were once supposed to be exceptional, have
now been shown to be the norm.

Questions and Problems

1. Define

Aleurone Heterorygous ex-
pression

Brochenucal mutants Hierarchy of
genes

Chromagen Hyposta 1c

Collaboration of factors  Mimmal medium

Complementary genes  Madifier

Dupheate factors Multple factors

Endosperm Oxdase

Pputatic Pleotropy

What progenes will tesult from the followmg,
osses

2 CCPP X wpp (Rower color 1n sweet peas)
3 CCpp X ePP

4 CePp X Clyp

5 Cil'p X tepp

6 RRpp X rrpp {comb form m fowl)

7 Ripp X mpp

& ulp X nPp

g RePp X Relyp

10 HAACCRRPP X tiaccrrpp (aleurone color
in corn)

11, [1AaCeRsPp X DAaCeRelp

12 #ACRRPP X iraaccRRPP

13. nAACCHPP X nAACCRRrp

14. Two hens with walnut comb are maced to
the same pra~combed tooster. The followmng off-
sprng are obtaned.

From hen 1. 3 walnut, 3 pea, 1 rose, and 1 smgle,

Fromhen 2 § walnutand 3 pea,

What are the genotypes of the parents? Write
the crosses m Mendclian symbols

15. A walnutcombed hen lays a smgle epg.
from which 3 smgle combed chick hatclies What
15 the genotype of the hen?

16 A cross s made between funty and floury
‘wheat, then the Fy 18 backerossed to floury, What
wll the backeross generation be with respeet to
genotype and phenotype? For the genotype, con-
sideration must be given to both germunl tissue
and endosperm.
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CHAPTER 10

Modifications of
Mendelian Inheritance

V: Quantitative Inheritance

The character pates discussed in the pre-
ceding chapters have genenally presented
clear-cut, casily diagnosed alternatives. Thus
Mendel's tall peas were no less than six fect
tall, wlile Tus dwarf peas were never taller
than a foot and a half Both vartetics varied
m height somewhat, but the tallest dwarf
could not posstbly be confused wieh the
shortest of the tall peas. The currant moths
had dark wings or they had mulky colored
wings. Snals were dextrally corled or they
were sitmstrally coed In every case, there s
a sharp discontinuity between the altesnative
members of a pair Such discontiuvous types
are said to differ qualitatvely.

Mendels success was due m pact to hus
sclectron of such quahtative differences for
Ius expernnental material, and the carly
Mendehans of the present century followed
s example. However, not all of the differ~
ences between organisms fall mto such neatly
separable classes Many differences are best
expressed by measurentent, and the measure-
nients of a large number of mdviduals are
likely to range by mmperceptible steps be-
wween the extremes Quetelet’s data on
French soldiers exemplify dus weely. In such

a continmously varping serics, any asignnent
to classes must be arbitrary. The analysis of
such continons variation is the problem of
quanntative inheritance. This gype of in-
herttance has great practical importance, for
it is quantitatwe characters like crop yield,
mulk production, siz¢ of cattle or hogs, and
cgg production upon which agriculture de-
pends.

27. THE BASIS OF
QUANTITATIVE INHERITANCE

Actually, quantitative inheritance had been
studied intenstvely even before the redis-
covery of Mendelism. St Francis Gakeon, 2
coustr of Charles Darwin, made very ex-
tensive studics m elus field in the last hatf of
the nincteenth century Darwmn believed
that continwowly varymg characters were
the ones which had most importance for
evolutron, In Ius cfforts to develop ths
thesis, Galton made no progress toward the
solutton of the problems of heredry, but he
did devise excellent bometrieal tools for the
description and analyss of vananon, When
Mendelian heredity came to the fore with
1ty emphavs on sharply discontmuous wiit
characters, 1t appeared cliat chts was com-
pletely disharmonious with the Galronan
studics, and the behef was widespread that
quantitaive mhenttance could not be vu-
derstood m Mendelan terms [t 15 to the
credit of Nilson-Eble and the Amgcrican
E M. East (of Harvard) to have proposed
mdcpendently the mulnple factor hypothesis,
accordmng to which quantitative imhentance
could be analyzed m Mendeltan cerms of 1t
be assumed that numerous mdependent
pates of genes, lacking dommance, cach con-
tribute a small amount to the determmation



of 2 quantitative character Examples from
the work of cach of these men will be pre-
sented below

Insarrancs OF Cotor 0 Waeat Nl
son-Ehle’s study of mphcate factor mhert-
ance of gram color 1 whesat, 25 summanzed
in the preceding chapter, was afready over-
smplified, for only two calor dlasses, red
and white, were recogmized. But, actually,
the reds vaned from an intense red through
anarmay of bghter eds and pinks to 2 very
tight puk, almost an off-white Aboue one
plant 1 every suty-four produced white
seed, while the same propottion produced
seed of the deepest red. The majority of the
lants yiclded seed m the muddie of the color
range, but the adjacent color classes blended
with one another so that an exact enumera-
t1on of the plants by classes was not passible

Nilsson-Ehle saw that these results could
be und d only 1f one discarded the

be masked by these fAuctuations, the ob-
served color range is 3 continuous spectrum
in which sharply defined classes simply do
not appeat.

But, although phenotypic classes cannot
be accurately separated, knowledge of tri-
hybrid segregation makes it possible to de~
termme the proportions of Fy plants which
ought to have any particulor number of plus
genes. Thus 1f a cross is made between an
miensely red vanery (RiRyRaRaR3Ra) and 2
whte vatiety (nnrarne), the Fy should all
have three plus genes, RyriRyrRars and
actually the color is intermediate The ex-
pected results i the F; can be determned by
making a progression table. The essential
data are summarized 1 table 8.

Table 8. Relative Intensity
of Color

Nn of plus genes 65 & 3 210

nation of domunant and recessive alleles, and
mstead thought of them as plus (Ry, Ry, and
Rs) and mmus {1y, 13, and vy} Thus a plant
of genotype ryryrararyry has whute seed, and
cach plus gene substrated m the genotype
adds a small amount of redness, their effects
buing addiave. Becawse there 13 1o dom-
nance, a plint of genotype RyR; sy
produces seed which 15 twice as red as does
one of genotype Rynryryryrs, and cqual m
redness €0 one of genotype RynyRofaryry In
other wards, the degree of redness 15 a
simple fnction of the nurnber of plus genes
for color On the other hand, this character
bike most athers 1s subject to environmental-
Y caused fluctuations, and, as the effect of
each indrerdual plos gene 15 small enough to

g 64 Curve of distnbution of genes for
olor in the Fy of Nilsson-Thie's
Yorid cross “The abscrssa ondveares the
funber of plus genes m the genotype,
winle the ordinate mdicates the nuaber u:f

plants ot of 64

nh

S—

No of plants per 64 T 6 15 2015 61

Tt may be noted that this dsstnbution of plus
genes descrbes a normal probabibity curve,
as illustrated 1 figure 64

INHERITANCE OF FLowEr SizE 1y ToBACCO
The prnaples of guanutauve mheritance
ate perhaps even more cleatly demonstrated
by East’s stody of size i tobacco. The tom
bacco flower {fig 65) conmsts of 3 long, nar-
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row tube, the corolfa, from the end of which
five petals extend, like a star, in one planc.
East had one varicty with short corollas,
averaging only 25.6 millimeters in Iength,
and another vancty with long corollas
averagmg 78.8 millimeters. Each of these
was moderately variable, the standard devi-
ations being 2.27 and 5,38, respecuvely.
Upon crossing these two varictics, the Fy
was approximatcly intermediate, with an
average corolla length of 44 3 muilimeters

and a standard deviation of 3 67. In the Fy
(of 828 plants) the mean was about the same,
49.9 millimeters, but the range of varisnon
was very much greater (fig. 66), includng
both of the origmal parental types and hav-
ing a standard deviation of 11.26. In ths
broadening of the base of the curve he saw
{correctly) evidence of the segregation and
recombmation of numerous independent
Mendehian genes. East’s data are summarized
in table 9 and 1 figure 66.

fig 65.
parental type;
ba Batameal Gazette, vol. 55)

East's flower-size ¢ross in Nicotsana 1, the large parental type; 2, the small
3, the Fy; and 49, Fz segregants (From East,



FI
mzu3
Fig 66 Asmesof s ® m=us
summarizing East’s data on ]
whenitance of corolla " —
Tungth it Nicotiana | - ~
L TR |

Table 9. Frequency Distributions f

or Length of Corolla in 2 Cross
Between Two Varieties of

Nicotiana (Tobaceo)
Modified from East

CLASS CENTERS IN MILLIMETERS

TLaNTs

2lasiselast sl asl so| 55| coles 70175 180 | 85 {0
Shott parcnt 91133128
Long parent Tilselss] s 9
Fy 31 30 s8] 20
Fy 5127179 | 136 | 125 132 | 102

051641300 r5] ¢
H

What 15 gomg on fere e be

catly un- mymmal fength of the corolla, averagme
derstood if 1t 45 Presented as 2 series of segre-  about 25 millimeters In sucly ag mstance iy
eanng Mendelay 8enes with plus and mmus which a complete arra;
effects Lot us assume for nmpheay

y that only
three payss of Benes are segregating The
BETOYPe anbbee v ) then determune 2 certan

y of munys genes leads
s one speaks of the
and each plus gene which s
adds a certary amount to this

o a3 positive guang
restdual hereduey,
substituted then
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minimum. The other parental type has all
of the plus genes, AABBCC. The Fy would
then be the trihybnid, AaBiCe, so it is plain
that such plants should be rclatvely uniform
treiyboids. The Fy should therefore be a
typical trihybrid segregation, the progression
table for which has been given in table 2 on
page 41, The great variability of the Fa,
then, depends upon the fact that a trihybrid
segregation yields no less than twenty-
seven different genotypes! These are, of
coursc, not all phenotyprcally different, for
all those with the same number of plus
genes are alike. Thus a trihybrid for a quan-
titative character leads to a progeny with
seven classcs, ranging from six plus genes to
none, as shown above in table 8.

ESTIMATING T NUMBIR OF GLNES SrG-
reGaTING  Is the above suppositon, that
three pairs of genes are segregating for
corolla length, a reasonable onet If it 15,
then oither of the parental extremes should
be recovered to the extent of about one
sxty-fourth of the total F; progeny. As
there were 828 plants i the Fy, this means
that the parental extremes should have been
represented by about thirteen plants each
(828/64 = 12.9) Actually, the extremes are
fewer, But if five pairs of genes were segre-
gatmg, then cach parental extreme should
make up 11024 of the total progeny. In
shott, 1t would be quite Iikely to be missmg
from a progeny of only 828 plants. Hence
East concluded that there were most prob-
ably four pas of genes segregatmng for
corolla length.

TO pll( [hc ﬂbovc Opcmtlon n morc gcn—
cral terms, it may be said that the number of
gencs scgregatmg 15 2 function of the nuni-
mum size of population which 15 necessary
m order to recover the parental extrenes,
These extremes are completcly homozygous
for all of the plus genes or for all of the
s genes. The frequency with which
such 2 homozygote will be formed 1s 1 /4".
where 1 15 the number of genes segregating.

Thus the frequencics of reappearance of
parental extremes for various numbers of
segregating genes may be summarized a5
follows:

Number of pairs  Relative Frequency

1/4

/16

1/64
1/356
1/1024
1/4096
1/16384
1/65536
1/262,1.44
1/1,048,576
14

—
RO N OV L P

Because of the immense numbers of
progeny which would have to be raised in
order to get decisive results where more than
a very modest number of genes are segre-
gating, the method lnas very limited apphc?-
bility For the same reason, studies m quanti-
tattve mheritance are likely to lead to con-
clustons such as that the number of genes for
otl content of corn 15 “at Icast of the order of
2040, possibly of 200~400, and not at all
likely to be of the order of s-10” Sewall
Weight of the University of Chicago hs
subjected tlus problem of numbers of genes
segregatng to a bralhant mathematical anal-
ysts :

Somz Opps Anp Enps A fow minot
pomts should be considered before leaving
the corolla lentgth study It was stated above
that the Fy was intermeduatc between the
parental varicties. This 15 not quite true, for
the anthmetical average of the two parental
means 15 52.2, whle the Fy mean actually
obtamed was only 44 3, a siguficantly lower
value But there are other kinds of means
bestdes the arithntencal. Growth of a plant
15 of conrse a three dimensional thing, and
1t 15 hardly to be cxpected that a simple
Iincar process like addition would give a
good measurc of it. A geometrical mean can



be calcalated by multiplying the two pa-
rental averages and then extracting the
square root. Ths gives a value of 44 9, which
¥ exnanly not sigmificandy different from
the experimentally obtained Fj mean of
4473, For many problems mvolving growth,
geometrical means have proved more useful
than the more usual anthmetic means

Exammanon of the Fy curve m figure 66
will show that it 15 not a true, symmetrical
rormnal probabiby corve, Ike those dis~
cussed 1 chapter 4 Instead, 1t 15 defimtely
skewed to the left East thought that this
tao mught depend upon the geometrical
character of growth processes, so that there
ought ta be fewer classes with the size of the
class mtervals increasing with the size of the
fowers. $o he recalentared hus data, starung
with 2 four milhimeter class tterval, and
tereasing each class mterval by one mlh-
meter over the precedng one. Plotred m this
way, a very good normal probabibity curve
was obtamed. In other cases, however, t€
may be much more difficult to find so suc-
sl & method of handhing the data

Taz INRERSTANCE OF EAR Lengta 18 Copn
Anather famous example of quantitative m-
hetitance which has been quoted and re-
quoted was also ongally studied by East,
together with R A Bamerson Ths i the
e of whentance of ear lngth 1 com.
The short eared parent used m the study was
eommeraal variery known as Tor Thumb
POP com The range of vamuan m length
wisfrom 510 8 centnmeters, with a mean of
96 and 3 sundard deviation of o8t The
long eared vartety was Mexican Black comn,

Fig. 67 Graphcal presentanon of the
@0ss between “Tow Thuatds popcom
and Rfexiean Black cors,

with 2 range of variation from 12 to 21
centimeters, 4 mean of 168, and a standard
deviation of 1.87.

The question may well be asked, is Mexi-
can Black com really more variable than
Tom Thumb popeom, or is the greater ap~
parent variahihty simply a geometric con-
sequence of the greater total sizes This ques-
tion can be answered by calculating the
cocfhients of vatiability (V = 100sfm).
They tooi out to be 12,2 for Tom Thumb
popcorn and 11.1 for Mexican Black comn,
Hence the mherent varability of the two
stramns §s not very different, and actually the
smaller variety 15 the mote variable of the
two.

The cross 13 summarized graphically in
figure 67. The Fy agamn is roughly mrer-
meduate between the pacents, and is rather
umform. In the Fy, the mean 1 roughly the
same as n the Fy, but the range of variation
15 very much greater, including one of the
patencal extremes Plainly this 35 the result
1o be expected 1f many genes wath small,
additave effects but no dommance ace segre-
gaung Hence the mheritance of ear length
m com agrees m prncple with the inherit-
ance of corotla length of tobacco flawers and
of color ntensity 1 wheat,

Lol LB 0T 7
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28. TRANSGRESSIVE
VARIATION AND HYBRID
VIGOR

The assumption implicit in the above dis-
cussion, that onc of the parental varietics
must carry all of the plus genes and the other
all of the munus genes, is not a necessary
assumption, nor even a probable onc 1f one
deals with any variety of organism that has
not been intensively mbred. Hence, when
crosses between different varicties are fol-
lowed with espect to a quantimnvc char-
acter, it not infrequently happens that the
Fy or subscquent generations exceed one or

SEVAWAN

\
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both of the original parental stocks, This
may be casily understood in terms of the
wheat color cross. Assume that a cross s
made between a dark-red varicty of geno-
type RiRGR Rorars and a light-red variety
of genotype ryryraraRyRs. The Fy would ol
be trihybrids, and should be phenotypically
intermediate between the parents But the
F, should melude the whole array of geno-
types ranging from all plus genes to all
minus genes, and exceedmg the phenotypes
of the parents! strams at both ends of the
color range. Tlus phenomenon 15 called
transgressive variation, and it is very common
n quantitative mhertance.

‘With only three pairs of genes segregating,
it 15 to be expected that the extremes would
be mcluded m a moderate sized Fr But
supposc that there had been seven—or seven-
teen—pars of genes, so that the extrenies
could be expected to appear only to the
extent of a few 1 a very large progeny. In
such cascs, the base of the population curve
broadens at cvery generation, as 3 result of
Segrcgatmn ﬂnd rccon\blllﬂﬂoﬂ, U"ﬂ) d}c
exttemes are reached, mdicatmg that more
and more of che potentnal genotypes 31
being realtzed at cach successtve gencranon.
Such a series 15 diagrammed m figure 65
Ths type of behavior 1s really more charac-
tersstic of quangttanve mhentance than the
examples discussed previously, because get-
crally rather large numbers of genes are =
volved. Becausc these numerous genes with

Fig. 68. Transgressie vanation The P
gencration conststs of two samples which

differ wndely, unth the Fy being mtermediate, It
the Fy and succeeding gencrations, the base

of the curve broadens and finally exceeds the
two parental extrenses

1



uch small mdividual effects are not sepa-
rrcly idenufisble, Kenneth Mather, wha
s studed the problem mtensively, prefers
to spesk of them as pofygenes. But any in-
ference that the polygenes differ funda-
mentally from genes with larger individual
effects 15 unustified by the avalable data.
Hysap Vicor or Heterosts  More stik-
1ng than transgressive vamanon is the occa-
somal occurrence of an Fy which far sur-

age of the talfer pacent, with an average
height of 48.5 inches, and individnal Fy
plants exceeded the tallee parental average.
Now the tallest Fy plants were sclected for
further breeding, and Smith was able to
seleer out relatively pure-breeding strains
which far surpassed the taller of the orginal
parents. This 15 strkingly fllustrated in
figure 69, which shows the two parental
plants, an Fy plant, and a plant from the

passes the parental hines 1 g char~
sctets, mcluding general vigor, This may be
well lustrated by 2 cross between two van-
s of a species of robacco, Nicotans
et The two varseties used contrasted
average height of the mature plant, 1n nume
bet of feaves, 1 length and breadth of Teaves,
and 1 the tme required to mature Plant
heght will typify this array of quantitative
havacters Stram A averaged 49 ¢ wches m
beighe, while seram B averaged 29 mches
The Fy, far from approxumanng the average
of the two, actually approxumated the aver-

sixth genetation of selection.

Two prncipal theories have been proposed
to explam the facts of hybnd wigor. The
simplest 15 that hybnid vigor results when one
allele m each of the segregating pars 15
dominant over the other Relatvely pure-
breedmg varieties would generally mclude
some homozygous recossive genes, and
crosses between different varicties would be
tikely to yield more pairs with dominants
than had charactenized esther of the parents,
Thus AABBcedd and aabbCCDD ymght be
phenotypically similaz, while thexr progeny

Fig 6 Heterony iy tabaceg Ly
mild heteras,

$onght the tall and shost pare,
and a plant from she sextly geterafy,
Erom S,

ntel strans, the £y shownng
on of selection for large s1ze,
o Heterosts, Fowa State College Presey
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AaBbCcDd would be much larger because
every parr of genes includes a dominant.
This dominance theory of heterosis 1s not in
keeping with the statement above that poly-
genes are characterized by lack of domi-
nance. But there 1s no reason why the re-
lationship between the members of a pair of
alleles should be the same for all genes -
fluencing quantitattve characters; and the
fact that heterosts 15 not a universal phenom-
enon m atself ndicates that gemic action
differs m different quanttative characters.
This domumnance theory of heterosis has
achieved very widespread acceptance be-
cause of its plausibility, yet cnitical data to
test 1t are very difficult to obtam because of
the fact that mdividual polygenes are not
readily 1identifiable.

The second theory 15 that heterozygosity
itself causes a physiological stimulus which
rcsults man Orgﬂﬂlsnl SuPCrlOr to Cl[hcr Of
thc homozygolls tprS Thls 1s sometimes
called overdominance While this theory has
recetved less support than has the domn-
nance theory, yet direct evidence for 1t 1s
avarlable in certam cases i which heterozy-
gotes for wmt factors are supertor to the
homozygotes. For example, the effects of
certam Chfol“osolnﬂl rCﬂr[ﬂl]gClnCn[S (SCC
chapter 12) on egg laymg m a frut fly,
Drosophila persimihs, have been mvestigated.
These chromosomal patterns are character-
1zed by differences mn the order of genes in
the chromosome. One arrangement 1s called
ST and the other 15 called CH Females of
genotype ST/ST lay nearly twice as many
eggs per day as do females of genotype
CH|CH But heterozygous females, ST/CH,
lay even more eggs than do the more pro-
Iific kind of homozygotes This looks very
much like overd e This example 15
by no means 1solated, yet 1t 1s not clear that
conclusions can be cxtended from such
simplc cases to typical cases of quantitative
inhenitance. This subject will be developed
hat further below m conncction with

somew.

hybrid corn.

29. HYBRID CORN
The most important crop plant in the United
States is Zea mays, corn or maize To some
this statcment may sound surprising, for the
average American eats a few cars of sweet
corn-on-the-cob in the summer and a htde
canncd corn durmg the rest of the year But
we eat wheat daily in bread, cercals, spa-
ghettt, noodles, and other food products.
Wieat 15 also valuable as a source of aleohol,
both for industral and beverage purposes
Incrdentally, the dried stems of the plants
are used for straw carpets, basketry, certam
kinds of hats, and vanous other mmor pur-
poses Can maize really be used more then
wheat? The answer 15 unequivocally “yes”
Annual production figures gtve an indication
of the relanve mmportance of the two In
1947, 74,389,000 acres were sown m wheat
m the United States. The resulting crop
totaled 1,367,186,000 bushels. In the pre-
ccdmg year, 88,489,000 acres were plmlf\l
mn corn, and the crop totaled 3,249.950,000
bushels Where does 1t all go» The greater
part of 1t goes mto feed for livestock. One
cannot cat beef, pork, chicken, cggs, mlk,
or butter without eanng corn, first pnsscd
through the digestve tract of an ammal and
converted mnto ammal products of many
different types. .
One of the prumary objectives of plant
breeding 1s to get supertor varienies of agri-
cultural plants i purc-breeding (homozy-
gous) form. The basic method 15 to mbreed
the variety (by sclf-feruhizmg when posslblc)
and to sclect progeny with the desired char-
acters for further breedmg stock. In this
way, homozygosity 15 achieved 1 a few
generations. Because of the great importance
of corn 1 our cconomy, 1ts nmprovement
has long been an important objective of the
plant breeders. But 1t became apparent many
years ago that the usual method of inbreed-
g and sclection would not work m the
case of corn. Even the best vaneties of corn
deteniorate rapidly when nbred. Often, the



1nbeed limes show as hittle as 5o per cent of
the productivity of the out-crossed parentat
vanenes In 2ddifion 1o this the generd
vigor is much reduced
Prapuction of Hysrip Coxn Nonethe-
less, the Mendelian plant breeders of the
early years of the present centary contmved
to mvestigate wbred himes of comn for the
Knowledge to be gamed from them 1t was
G H Sholl who fisst seahized, i 1905, that
the problems of deterioranon of mbred lines
and of hybrd wigor were related Upon
crowmg different wbreds, he obtamed 3
progeny of excellent general vigor and with
supenor yield and gramn charactersnes But
1t was not feasible to wse this hybrid com
commerally, because the poor yields of
the parent plants would keep the seed scarce
It was twelve years more before Donald F
Jones made practical the utiization of hybud
wigor m com by the mvention of the
“double-cross™ method In this method,
four nbeed strams, which may be desig-
nated here as strams 4, B, C. and D, are
used. In the first year the crosses A X B
md CX D arc made Thus Yeads to two
different bybods, AB and CD. each a vagor-
ous and ngh-yidding type, greatly supenor
%0 115 mbred parents, bue small n quantny
because of the poor seed production by the
patemts I the seeond year, the two hybnds
are crossed, with the result that 2 large crop
of supenior “double-cron” com 15 obtamed
g 70} This 15 the sced which » now sold
o the farmes o produce the next year's
xop
Tox Natuee or Hyem Vicos 1w Coms
The explottation of bybod vigor w com
ks been a major—pechaps the major—
")’“"'IP” of modetn, geneucally directed
i ::;!:drftdmg The principal thearenical
based .S“ vpon which hybad com 1
was all avalable by t917, yer began
T appaar on the market m appreciable
q\lin(]mn only 0 2933 Its use tnereased
:;‘E‘:‘t))r:::l}::i bY 1943 about g8 per cent of
creage was planted to hybnd

comn. Yiclds often increased by as much as
56 per cont over the older vaneties. As :l'ac
increases never exceeded 25~30 per cent i
the agnewlural experiment stations, it ap-
prars thas hybrid corm must have acted as a
sort of catalyst to spevd up the sdoption of
sound, soenufic farming methods generally.
The result was that during the three war
years 1942-1944, in spite of droughe and e~
ductons m manpower and of acreage under
culnvation, the farmers of Amenca pro-
duced almost 25 much com as in the four
preceding years of peace. And because of this
great abundance, the Amcrican dhetetic
standard was not only largely maintamed
{snd wnproved for many people), bur large
quantities of food were dupped to our
aflies. And thus, because armies (production
armmes a3 well as military armies) march
upon their stomachs, 1t may well be sad
that genetics played an important, possibly
even decsive, role m winming the war,
This 1s 2 most impressive achievement,
and 1ts explanation must have great theo-
rencal importance Two theortes of heterosis
were mtroduced above, and each may be
asscssed for sts abihiry to explam the facts of
hybnd corn Com s notmally 2 wind~
polnated plasit, and hence 15 typxcany out~
crossed and hughly heterozygous. East,
Shull, and others demonstrated many years
ago that the deteroration of mbred ines
was accompanted by the segregauion of many
different pure fines But any one pure line
will be homozygous for same plus genes and
for some minas genes, and with many genes
present, a great array of dsfferent pure lines
1 possible Crossing different pure lines will
then brng together complementary doms-
wants. Now, of s 1s the basis of heterosss,
:i:’il:::‘s;iﬁ; ")’};1;’5 crap for seed for the
cause seg“gmmiﬁmx!‘;;:p ;:Dm rop,be-
able gene complexes, Tradrnat “ll)lthc favor-
have always saved 2 POTtIoy 0{‘\3 %’; faemers
NeXt year's sced The r!m cich exop for
sortow that that cannot :c gamtd o the
one with hybrid
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corn, for farmers who actually tned it
(against the advice of the sced compames)
harvested very poor crops m the sccond
year, as should be expected on the theory of
complementary dominant genes. This is
most agrecable to the sced producers, who
arc assured of a good sale every year. It 1
also agrecable to the farmers, because ther

hybrid crops are so superior to the old open
pollinated varicties that they can well afford
to buy new seed cvery year.

Evidence for the theory of overdomi-
nance, which attributes a spcci:ﬂ value to the
heterozygous state as such, is less dircet, s
advocates point out that, if the theory of
complementary dominants is correct, then

INBRED PARENT STRAINS

8

SETASSELLS

rroDUCES Jf E

e

SINGLE CROSS

DETASSELED

FURNISHES
roLLEN

% (CxD)
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——
(BxA) x (CxD)
PRODUCES

REPRESENTATIVE EARS OF THE CROP
PRODUCED

Fig. 70. Hybrid om and its aneestry. (U. S. Depart of Agriadture.)




it should be posuble to segeegate out the
types with all or most of the plus genes.
Thus superios, pute brecding types would
be avarlable. Yet dus has never been possible:
homozygous hnes of corn always seem to be
degencrative Hence, 1t 15 argued, the su-
pestonty of the hybrids must be due
overdomnance. Winle very plansble, there
a¢ two senous obstacles to the acceptance
of s reasoning Farst, the hybnds are not
necessaly quantitatively superior to all out-
bred com The hybnds do not exceed the
very best performance of the older vaneties.
Buc the hybnds unformly acmeve this ex-
cellence, while all of the poliinated

3p. SUMMARY AND ADDENDA

Afl of the phenomena of quantitauve -
hentance can be understood m terms of thF
mulsiple factor hypothests. This hypothesis
15 that quantitative charactets depend upon
the segregauon of many different paits of
genes with plus and mmus cffects, and gen~
crally lacking dommnance Because the effect
of each mdwidual alfele 15 smafl, on the
order of environmenally caused fluctu-
anons, the appearance 33 onc of continuous
vamanon, m winch discrete phenotypes,
cotresponding to specified genotypes, can~
not be idenufied Because of ths, quant~

P
vatieties are hughly vanable. The hterature
15 charged with the mference that the su-
penoety of the hybrids 1 almost a mysneal
thing, yet comparson of hybrids to the best
aof varietal corn has led some i ©

tative 1o ¢ must be studied primanly
with the tools of biometrical analysis
The characters which are mherited upon
the basss of such swarms of mnos genes (the
polygenes of Masher) melude all of those
ble brol

the opmion that hybnd com 1 untformly
“normal,” while other corm 15 m one degree
of another “subnormat

The second difficulty s mherent i the
mulople factor nature of quanttative -
hertance It was pomnted out above that very
barge numbers of genes may be snvolved 1n
1 wngle quinteatve choracter Bur the
heterowss of com mvolves many indep

gical p which are
best defined by measurement rather than by
a qualitauve namung, such as mtensity of
eotor, size of the whole organism, or of 1s
component parts, caticentraton of patticu-
far substances bke an ail, a vitarun, or
butterfat, yreld of milk by dawy cattle, or
yield of gram per acre, Such a hist could be

extended indefimnely, and would mclude
i

P all agrtculearall

characters, so that the number of gene pairs
wpfegatng must be geest mdeed How
peobable 353t that 2 pure ke {mbred) with
#flor most of the plus genes could be segre-
gated outs Smeleton his calenated that, if
only thicty pas of penes were mvolved, 1t
sould require two thousand emes the total
2ea of the eanth to grow enough comn 1o
bave a fifey-fifty chance of tecovenng a plane
completely homozygous for all of the plus
genes, Thus the fadue to get such pure~
breeding supenior plants 1 really not senous
evdence against the theory of comple-
mentary donvnants Ay present, the con-

XnsUs amang genctiessts favors this theory
but theee 1 mo uranimty,

and the postrve
evidence 18 fess strong thag

ught be devired,

¥ 1mp chat-
actersstics of domesuc plants and ammals
Numerous characters of man are probably
also mhertted 1w ths way, such as heighe,
mtelligence, basal menabohc rate, longevity,
and many others

1 crosses are made between plus and minus
mdwiduals, the Fy should have an mter-
medute number of plus genes, and so 15
genexally phenotypically intermediate. Then
m the Fy, scgreganion tesults in 3 broad
specorum of phenotypes Becanse the nume
ber of genes segregatmg may be too great
for the whole range of possible genotypes
10 segregate owt m 2 moderatdy sized F,
population, the common regult 35 that the
basc of the curve (thatss to say, the range of
variation) broadens at each suecessive gen-
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cration until the extremes are reached. Selec-
tion at any pomt will establish a new curve,
with its mean shifted in the direction of se-
lection. These facts are summarized in
figure 71.

In connection with heterosis, it became
apparent that intermediate mheritance of
quantitative traits is not universal, but rather
dommance may occur. Another sort of
evidence of donunance 1s obtamed when the
curve of an Fy population 1s sketwed, that is,
ats mode shifted away from the center to
give an asymmetrical curve. If at 15 shifted
to the left (as an the case of crosses involving
extreme differences m human height), 1t
indicates dominance of the mumus genes;
while a shift to the nght would mdicate
donunance of the plus genes. But commonly

AN
AN
AN
A A

the mode of the Fy, although skewed toward
one of the parental modes, docs not reach it,
and one may then speak of partial dominance
or incomplete dominance,

Finally, it was assumed above that all of 2
myriad of genes influencing a pacticulir
quantitative character have about cquil
effects. The evidence available mdicates that
this 15 often teue, perhaps even usually true
But there are certainly instances in which it
1s not truc, and certain genes have major
effects, while numcrous other genes behave
as modifiers for the major genes The til-
diwarfaltcenauve in Mendel's oniginal experi-
ments represents such an cxample. In man,
height 1s influenced by numerous anatonucal
components, such as size and shape of the
skull, thickness of the centra of the verte-
brac, thickness of the intervertcbral discs,
length of the long bones of the legs, and
other mmor factors. Obviously, any gene
mfluencing length of the long bones will
have a muclh greater cffect on total height
than will any genc mfluencmg the other
components mentioned.

Questions and Problems
1. Distinguish between quantitative and quab
tatve characters
2 Define
Anthmetic mean
Geometric mean
Hybrid vigor
(heterosts)
Multiple factor
hypothesis

Polygencs
Residual heredity
Transgressive vapation

Fg 71 A summary of guantitanwe inherstance.
The P generation consists of two samples
differng widely for a quantstatve trait The Fr
15 termedrate and farly wforns In sticceading
gencrations, the base of the curve broadens
progressively watel all possble genotypes have
been formed The arrews on the Fy curve

ndicate selection at thesr respenve levels, and the
next gencration shows the response to selection.



3 A fongeeared and a short-eared vanety of
rabbits ate crosed The Fy 15 miermeduate, with
small fluctuation about the mean. The Fy is also
intermeduate, but with more fluctuanon The
shortest-tared  Fp mdvidwals are selected for
further breeding, and in the Fy 3 few out of hune
dreds are s short~eared a5 the ongwmal parents, and
thest breed true 1n the F, Evplam these data m
genenc terms, with formulas and curves

4 Asmallrace of plants averages 20 centimeters
{nheight, while a tafl onc averages 32 On crossing,
the Fyhiasa mean of 26 centimeters with a moderate
vanation The F; also has a mean of 26 centimetets,
‘but the range of vamanon 13 much greater In fact,
out of about 4000 phants, a very few reach or clossly
approach the parental extremes Draw curves to
Wlostrate these data.

S Now estimate the number of pairs of genes
segreganng 1o problem 4.

6 Now add genetic symbols to explam why the
curyes of problem 4 go as they do,

7. A stram of cattle averagmg 6 guarts duly
milk yield 15 crosted with 2 stram averaging 12
quans Draw a series of curves showing the prob-
able tesults of such a crass, assumung random mat-
17g 3mong the progeny m each successive gener~
aton,

¥ A small stram of beans with 3 mean length
of 12 mulbimeters and 2 tange of 10 t0 14 mm 15
erossed with 2 large stram with a mean of 16 mm
1 2 range of 12 t0 20 mm Th

e Fy 15 approwi-
mately mtermedre,

whie the F, yields the

following results
BEAN LENG,TH NUMBER
11 3
u 9
13 K
14 131
15 21
16 330
1”7 323
1y 8
2 «
” 7

Draw turves for this series of crosses, and cal-
culare the mean and standard deviation for the Fy
How many genes for size would you estimate to
be sepregating in these beans?
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CHAPTER 11

Linkage and
Crossizzg Qver

The Law of Independent Assortment, as
mdicated in chapter 4, depends upon the
location of the different parrs of segregaung
genes i non-homologous chromosomes.
The garden pea has only seven paws of
chromosomes, and Mendel was fortunate in
sclecng (quite by chance) seven pairs of
genes no two of which are located . the
same pair of chromosomes. But there are
around fifty pates of genes wiuch have been
thoroughly studied m peas, as well as numer~
ous others which have been casually studted,
and undoubtedly many more which have
not been studied at all. Drosophila has onty
four pairs of chromosomes, and hundreds of
paus of genes have been studied  Around
400 PGIH'S Of gC"CS are k"n“” n maize, YC[
there arc only ten pairs of chromosomes

Stern estimates the total number of pairs of
genes m man as “probably not less than
s000 or more than 120,000 ™* But man has
only twenty-four paes of chromosomes.

Thus it is obvious that numerous pairs of
genes must be located m cach pair of
cliromosormes.

31. LINKAGE DEFINED

[fa dthybrid cross be made between any two
pairs of genes which are located m the same
paiw of chromosomes, 1€ 1s plam that mde-

126

pendent assortment could not oceur, for
both pairs of genes depend upon the same
factor, namely the meiouc distribution of 2
single pair of chromosomes. They arc like
passengers on the same bus, who must go in
the same direction. The existence of numer-
ous pairs of genes in the same pair of chro-
mosomes 1s called finkage, and the behavior
of linked gencs will be the subjoct of the
present chapter.

InteryANce OF Linkep Genes  The phe-
nomenon of inkage was discovered by T H.
Morgan an 1910, The discussion of his first
example will be deferred, as it also included
sex hinkage, Two third chromosome genes,
hary (i), a bstle mutant, sud approximated
{app), @ wing vem mutant, may scrve as an
cxample of linkage between aatosomal
genes
Dut before giving the details of a cross in-
volving these two gencs, it ay be well ©
mtroduce a type of genctic notation which
55 better adapted to Iimkage studics than that
used up to tlus pome. A pair of chromo-
somes may be represented by a fne, with the
genes of one member of the par bemg
written above the hme, and those of the
other member being wristen below the ine.
Thus a fly homozygous for both hairy and
approximated, watten hh app app m the older

’l ﬂp”

notation, now becomes ——. Yet another
happ

convention has been found uscful by the

Drosophila geneticists - As mutants m general

may be thought of as deviations from

normalcy, the normal or wild type affeles

are converncatly designated sunply by 2

plus sign, +. Thus a fly heterozygous for

* From Panciples of Genetics by Curt Stern,
W H. Frecnran and Company, 1949



the genes smentioned above may be indi-
f ;
cated by the formula, ng‘ There ds, of

covtse, a possibiliry of confusion as to which
“ghus” corresponds to which mutant, This
an be avorded by adding the “plus” as a
supesseript to the gene symbol, as i+ and
ay’

In ysing these symbols, thete 15 no impl-
cation, that the normal allele is necessanty
donupant and the mutany recessive, Al
though thisas commuonly true, it need not be.
Thas m Drosophila, the gene for lobe eyes 1s
obviowsly abuormal, a mutant from the
more typical condion. So the gene for
normal eyes (recessive) 1s inducated by -+,
and that for lobe eyes by the symbol L.
Thus st 15 the normal or wild type condwon
that is desgnated by the plus ngn, irrespec-
twve of which allele 1s domunant, Fmally, it
may be mentioned that this practice, ongi~
nally wed only by the Drosophela genenasts,
hasbecome vesy wadespread

To return to the problem of the mhent-
ance of hinked genes, a cross may be made
berweena houry, approxmated stock of fiies
and a normal stock. A of the progeny will
be noemal but beterozygous, with both of
the tutanes 1 one chromoseme, and both

ofthe normal alleles in the other, Insymbols,
this becomes

haph &+ _ happ
happ ™ + 4+ 7 4Y

The heterozy gous conditian of the ¥, fes
£an be tested by backerossing such Ey fe-
males to males from the recessve stock.

e Ropp happ
+ 4+ 7 happ

the clwomosomes of the bybnd females
nam unmodified, enly ewo kinds of eggs
R e formed: those contamng the two
Stmal dicles {4 +}, and those contuning
@ O muune genes { app). The male

parent can, of caurse, produce only gametes
with the two recessives. Fertilization then
eads to two kinds of zygotes in cqm‘ UM
bers, and these are idenncal with the parents
ha happ
of the backeross generation, :P{ and L—#
They are also identical jn phenotype wih
the original patents, and so these are called
the parental types.

Crossing Over ' When the above series
of crosses i made, it tumns out that the
backeross generation is made up of these
parental types to the extent of 9o per cent
of the flies. But the remaming 1o per cont
are new combinations, eher normal bristled
with approxamated wing veins or hairy with
normal wing vemns. The occurrence of such
recombination types can be understood anly
on the assumpuon that there is an inter-
change of genes between the two third
chromosomes of the heterozygous F; fo-
males. Thus an exchange accurs between the
two chromosomes as indicated by an X, and

kg
so :x——i_—p teads to the formation of eggs
of comsttutions &4 and -+ app, md 1o

zygotes of consmtunons {'—t angd m. A
happ happ

this crossing over occurs m only 10 per cens
of the eggs, the towal backeross progeny
consists of 9o per cent parental types and
10 per cent recombmation types. Thus all
phenotypes which could have appeared with
mdependent assorement also appear when
the genes are linked. But, where 2 dihybeid
backeross would give a tato of 127570 ¢
with independent assoriment, in the case of
mkage two equal parenta) dasses comprse
almost alt of the backeross generation, while
the recombmation dasses gre very much less
frequent The above example i summarnzed
n figure 72

Recreeocar Crossts The next logica
questian s, what would the resyly have been
had the ongmal cross been hayry-normal



LINKAGE AND CROSSING ovER

Fig, 72, A tross to demonstrate Inkdge bettveen two genes for wing traits m Drosophila,
Note that the B C. ratio 15 far off from the t.1°1 2 whieh would be

expected if sndependent asortiment ocaurred.

vemed X pormal bristled-approxunated,

4+ 4 app b o+

T T ‘W’e The F\, now becomes rapm
I

and the backeross — * erpg. It turns

Fapp " lapp

out that the backcross progeny inctudes go
per cont hairy-hormal vermed and normal
bristled-approxtmated vemed flees, while
only 10 per cent of the backeross progeny
show both mutants or both normal alleles.
In other words, no matter m what combi-
natton a cross be made mvolving these two
PJlrS Ofgcllcs, llﬂkﬂgc ACts as A conservative
agent preserving the pacental types (what-
ever they may have been) m go per cont of
the backerass progeny, while crossmg over
results in recombination types to the extent
of 10 per cent.

Apprrionar Exameres I two different
pairs of linked gencs ate wvolved m such a
senes of crosses, the results are simulae m
kind, though different numerically Thus if
the cross were made betwear yellow (body

color) and white {eye colar), the parentsd
types would comprise 9.5 per cent of the
backeross generation, while the recombis
nation types would comprise only 1.5 pet
cent Such a cross (Morgan's onginal ex~
ample) may be represented i symbols 38
shown at the top of page 129,

1f a simlar scries of crosses be made m-
volving yellow and cut {a recessve wing
mutant, 22}, then the parental types wonld be
recovered m 8o per cent of the backeross
generanon, while the remaimng 20 per cent
would be recombmation types Thus the per-
centage of recombination s !yp\cz\l for any
two patrs of linked genes,

It may be seen hat the prnciples of link-
age and crossing over apply whenever two
pairs of genes mn a dihybnd cross are both
m the same chromosome. Autosomal and
sex-lnked genes behave altke m thrs regard.
But notice that m all of the examples di-
cussed abave the backeross was made be-
tween heterozygous Fy females and tuales
homozygous for both recessives. There 1s, of



p Y2y st sl (These genes are sex-linked.)
yw °

yw yw
F199++ dd p
Fyoeggs yuw, + 4yt W@
yw 4 ¥yt T
B.C. progeny 9 ¢ ?‘u’; yw yw yw
wy +f yt ¥
ad [ o o o

Parental types
98 5%

course, no other possibility when sex inkage
1smvolved However, the same procedure 15
necessary n studies of autosomal bokage.
The reason for thus 15 that, 1w Drosophila,
crossmg over does not occur wn the male,
cven berween autosomal genes Why this
should be true 15 obscure, to say the least
Thes 15 an unusual feature of the genencs of
Drosopiula 1t has been found in a few other
spectes of Diptera (fhies and their alhes), and
in ylkworms and a few other Lepidoptera
(butterflies and moths) In the latter, how=
ever, 1 15 the fermales m which no crossing
ovet occurs But m general, crossing, over
occurs equally 1 both sexes, exeept for the
sexdiferential chromosomes,

Coteuing  aND  Rerutsion Actually,
the statement above that tmkage and crossing

By M At ps

e
Recombination types
1.5%

over were discavered by Morgan 15 not
stractly true, although he was the first to
understand st, Bateson and Punnety had ob-
served simalar facts m sweet peas several
yeats eather, but they werc unable to mter-
pret thewr data correctly because they did not
apprecuate the role of the chromosomes 1
heredity One of their ongmal examples will
add another istance of the basic facts, as
well a3 exemphfying thew own interpre-
tation of these facts In sweet peas, purple
flower color, B {for blue}, 1s dominant aver
red, b (fig 73). Fresh pollen 15 always round,
but when dried, ot may reman round, or it
may become oval, 1m which case 1t is called
long pollen Long pollen, L 1s dominant over
ound, I When the dhybrid cross, BBLL
b1, was made, the Fy all had purple flowers

|
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Table 10. Bateson and Punnett’s Experiment on
Linkage in the Swect Pea

b Purple-long X red-round

E, Puzple-lang

F, Purple-long purple-round red-long red-round
Observed 4831 390 303 1338
Expected ifon
basisofg. 3 3:1 o 1304 1304 44
Expected 1f
gamietes are
ratioof7.1:1.7 4814 408 408 1332

and long pollen, and of course the genotype
BbLL When these were backerossed to the
recessive parental type, axatioof 113 3
was cxpected. Bue the results were abaut
7 purple-lang to € red-long o 1 purple-
round to 7 red~round. It was plam that the
hybrids produced gametes of types BL and
bl about seven tmes as frequently as those of
types Bl and bL. Hence Bateson and Punnetr
suggested thar these dommants of the two
pairs must m some way be coupled, so that
they tended to pass mto the same gametes at
gamctogenesis

When a cossespondmg cross was made,
BBl ¢ bBLL, the Fy was agam heterozygous
for both genes, and phenotypically the
plants showed both dommant characters
Bug this time the backeross yiekded 1 purple-
long to 7 purple-round to 7 red-long to 3
red-round Now 1t appeared that gametes
of types Bl and bL were scven nmes as
abundant as those of types BL and B Hener
a repulsion between the two dommant genes
was postulated. The nature of these forces
of couphng and sepulsion was nos suspected,
and the entire theary was soon superseded
when Morgan demonstrated that the facty
were casy explamable by the Jocanon of
the genes on the chromosomes, with wter-
change of genes berween the chromosontes
accounting for the production of recombr-

natson gametes Ths the coupling cross was

bL W DL
BL "M b’
while the repulsion cross was
Bl 6L Bl
RV ety
Bl bL HL
AN F; witn Lingagt The above %=
amples are alf based upon backerosses of Fy
organsmy to the homozygows recessive
parental type, The results of such a back-
cross mve casly mierpretable data from
which dhe proporons of cach type of
gamete  produced by che  heterozygons
parent can be readily caleulated
Notetheless, Imkage can be recogtized 1t
an F; by the same fundamental charactet-
wie sigmfieme deviation from che results
expected with mdependent assortment i
was actually such an Fy that Bateson and
Punnett fiese stedied. The example miro-
duced above wilf iffustrate the present prob-
lem also When pure-brecding purple-long

BL
sweeg peas [, -} are crowed with pures

BL
bl
breeding red-routih ) che resutong Fi
plants are all purple-long, but heterozygous

BL
for both genes (ﬁ) A large Fp of 6952



Table 11. ; .
an Example of the Fzof & Dihybrid
When the Two Pairs of Genes
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01916
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0034y
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3 squafes 3 squares
Q0036 00036
00265 oo264
00264 oo264
003584 Doghy

ogls
1 square
Q1936

06936
00363
00§64
01936
Vo
the propor-
uonaf partsare
corect.

plants was grown from this cross, Independ-
ent assortment wauld have led one ta expect
the four phenotypes inaranoofg:3:3 * 1y
of 3910 . 1304 © 1304 1 434, This typicaf di=
hybnd rato 1 based upan the assumption
that the four types of gametes (BL, Bl bL,
and bl) are formed in equal numbers Actu-
ally, however, the Fa consisted of the fol-
lowing: purple-long, 4831, purple-round,
390; red-long, 393 and red-round, 1338
Thas obviously could not be 2 random devi-
aton from the results of independent assort-
ment. The chisquate value is enormous.
However, Bateson and Punnett saw that the
results were mterpretable on the assumption
that gametes of classes BL and bl were pro-
duced seven umes as abundantly as those of
dlasses Bl and bL. The mathematical basis of
thas analysis s rather complicated, and is not
generally useful. Suffice 1t to say that the
results of the backcross, which was made
later, venfied the conclusion. This cross 1s
summanzed 1 table 10,

Whte 1t 15 difficult to calculate the degree
of linkage from F2 data, 1t 15 easy to calculate
what the F2 must be 1f the degree of hinkage
(proporvon of parental and recombmation
gametes) 1 alteady known Thus in maize
the genes for ald gold stripe, Og, and lineate
strtpe, Ir, are twelve units apart in chroma-
some number 10 1f the cross Qg_b X fgﬁ 1

O¢Li " ogli

made, then the Fy plants must all be g‘ﬁ“f
g’

The F; may now be obtaned by the Roman
square method. But previowmly, thus merhod
has been used with the tacit assumption that
all four classes of gametes ate produted m
;1\:\;1‘:\1:;\\::“ This 15 not a valyd assump-
13 g‘m::n]’g“;f m:\t mc:: The parental
comprise o 8§ if z}:‘ [:éll i, are knoven to
whie the recombinguon ¢, or 0.44 eack;
o¢ Lt, s known 1o n tygcs Og ki, and
gimetes, of 006 nd:‘“XPnse 0.12 of all
d . . And 5o these co-



efficients are written with the appropriate
gametic types, and are multiplicd in the
squares to get the frequency of each zygotic
type. If the frequencies of zygotic types of
like phenotype are then added, the relative
proportions of the four phenotypes in the
F2 will be obtained. The whole operation 15
presented in table 11. In the present ex-
ample, the proportions are approximately
3513131 10, very great deviation indeed
fromaratioof9:3:3:1.

32. LINKAGE AND THE
CHROMOSOMES

The cytologteal basis for crossing over was
known even before Morgan published the
first reports of genettc crossing over. In
1909, F. A, Janssens, a Bclgim Jesuit, pub-
lished a description of the formation of
ctiasmata m the tetrads during spermato-
genesis in salamanders. Each chiasma, as
explained in chapter 3, represents a break
m two of the four chromatids which make
up the tetrad, with the chromatids rehealing
m different combtnations than the orgmal

This 15 dllustrated m figure 74. It should be
added that chiasmata ean form without
crossng over, if the chromatids exchange
partners without breakmg. It has been
demonstrated that this 15 a common phe-
nomenon m the spermatogenests of Droso-
phila, although crossing over docs not nor-!
mally occur m male Drosophila. In lus origi~

1 2
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nal paper, Janssens pointed out that, if the
chromosomal theory of heredity should be
proven correct, then such exchanges be-
tween the chromosontes should provide an
additional mechanism for reshuffing the
hereditary characters. Confirmation of this
msight was not long delaycd, for it was only
a year later that Morgan demonstrated the
fact of genetic crossing over in Drosophila.
Thus, like independent assoctment, crossing
over is based upon a visible feature of the
behavior of the chromosomes.

MarriNG THE Criromosoyes  The dem-
onstration that chiasma formation is the
basis of crossing over proved that whole
segments of chromosomes are exchanged
when crossing over occurs. Furthermore, it
was cxplained above that the percentage of
crossing over 15 constant between auy two
pairs of genes, but is different between dif-
ferent scts. Thus the rate of crossing over
between yellow and white m Drosophila is
1.5 per cent, while the rate between hairy
and approvimated is 10 per cent. I is phin
that it 1s very much caster for a crossover ©
accur between harry and approximated t}.!:\.ﬂ
between yellow and sehite, Sturtevant, onig-
mally a student of Morgan and for many
years bts collaborator, reasoned that these
data could most casily be explamed by two
assumptrons. Furst, each gene has 2 definite
positon or loeus 1n ts chromosome. An'd
sccond, the place where a chiasma occurs 15
a matter of chance, and therefore the fre-

'

Fig. 74. A A 34 of the ¢k ! basis of crosstrg over.



gquency with which crossing over oceurs be-
tween any two lodi s Pmpcmbm\ 1o the
fincar distance separating thesm in the chro-
mosome, Hence the reason that crossing,
oves necurs berween hairy and approximated
with about seven tmes the frequency that it
oceurs beeween yelfow and white is that the
hairy and approvimated locy ate sbout scven
times as far apart as age the yellow and white
Toci
From the concepts that the genes occupy
defionte Yot slong the lengrh of the chromo-
somos and that the distances separaning the
genes are proportional to the rate of crossing
over betwcen them, it 3s onty a shors step to
the mapping of the chromosasmes How tus
1 dome may be dlustrated for the X chromo~
some of Drosaplida, wsimg the daa given
above fur the yellow, whte, and ant loct 1t
need only be added here that 1 per cent of
arosng over ss considered to mdicate one
unit of length in the chromosome Such a
ume s purely relative, and cannot be restated
mmicra, Angstrom, or other phyncal length
umts flecause ©5 per cant Croswng, over
occurs between the yeflow and white Yoo,
they may be sard to be 1 § units apart in the
chromosome. Ssmularly, yeflow and eur are
334 10 be 20 umts apart. If 2 hure dagram
of the chromosame 15 now set up, y and
may be represented as 20 wants apart, but
when w 1s added ar 2 diseance of ¢ 5 unty
fiom y, 1t could be 1n the sme direction as
.ot 1t could be 1n the oppostee direcnon

wy ct

How ean it be determned which of these
eermatnes 1 the correct ones Hwand o
he on opposite sides of p, then a crossovey
et beencen w and o should fIve 21 § per
cent of crassing over, tiat 15, the sura of the
123 in the separate segments. Bae o w lses

be

theen the other twg,

then the crossave,
T
1 betsween w and ¢ sk

hould be anly 18.¢

per cent, the Afference between the rates
in the separate segments. Actually, the latter
is the case, and so it Is certamn that the order
of genes in the chromosome runs y—w—t.
By considenng the known geres in cach
fmkage group theee at a time, 1 has been
possible to buld up extensive chromosome
maps for orgamsms such a3 Drosophifa and
maize which are thoroughly known genet-
ically. n the case of the X chromosome of
Drosophila, all of the numerous genes which
have been locabzed have proven to be on the
same side of y a5 are w and «t. Hence 1t has
been condluded tha the p Jocus must be at
or very near the end of the chromosome.
Arbitrartly, ¥ 15 sa1d to mark the feft end of
the chromosome, and ol other genes are
sud to be so many wts to the nght of 3.
Terms such as nght and left cannot have any
but arbitrary sigmificance for chromosomes,
which are ortented differently n nesghborng
cells. But 1t 15 2 convennion of chromosome
mapping that the finst “end” gene to be
found wm any partcular chremosome s
designated as the left end of that chromo-
some, and the other lon are numbered as
50 many units to the nght of that zcro pomt,
Tre Turee Poisr Cross In poit of
fact, chromosome fmapping 1 not usually
done m the fashion mdicated above, re-
qunng three seties of crosses The same re-
sules (better, actually) can be obramed with
much fess work by means of ane senes of
crosses mvolving all three loci at once Cone
tmuing che same example discussed above,
the titial cross would be ser up as follows.

yuwct + 4
ywet o

Al of the female offspring must he beterozy~
w ot

gous, _{~—:, while the males must be
simplex far all of the recessives, These are
new bred together (which ss, st will be re-
called, equivalent 1o backcross m this
wigue case), 2ad the backeross progeny are



then classified by phenotypes. Because it is a
three point eross, the results are rather com-
plicated, there being in addition to the pa-
rental classes those with crossovers between
y and w, those with crossovers between w
and ¢, and those with crossovers in both
segments at once.

The results of such a cross are tabulated
table 12. In the first column, the various
possible phenotypes are hsted, together with
a genotypre description of the egg giving rise
to it. These occur always as two reciprocal
classes, ssimultancous products of crossing
over. In the next column are the numbers of
each type, followed by the sums of cach pair
of recrprocal classes. Fanally, there 15 a series
of three columns m which the apparent
crossovers are listed. Thus, for example,
there are twelve flies m the reciprocal
classes gray-wite-cit and yellow-red-nonmal
g, The y and w were hinked together m
the ongmal cross, but now they arc sepa-
rated, so these twelve flies are entered n the
column for apparent crossovers between y
and w. The same 1s true for y and ¢ But w

LINKAGE AND CROSSING OVER

and et are sull in the parental relationship,

and thercfore a zero is entered m tha

column

Now cach of the vertical columns i

totaled, and the three loci are mapped on the
basis of these totals. Thus there arc a ton}
of 15 apparent crossovers between y and w
out of 1000 progeny. This 15 1.5 per cent, so
the locr are 1.5 units apart. There arc 185 ap-
parent crossovers between w and ¢, and this
corresponds to a map distance of 18.5 umts

There arc 194 apparent crossovers between
y and ¢, corresponding to 19 4 units Thus
y and ¢t are the most distant points, and
must lie between them. But if this 1 the
case, the distance from y to ¢ should be the
sum of the distances y-ur and w-t, whichs
20 umts The apparent distance 15 only 194
urnts, Where has the other 06 unit gone?
The answer may be found at the bottom of
the table, where doble crossovers arc found.
If a crossover occurs mn the scgmcm ¥y
1t rearranges y and ¢t with respect to one
another. A second erossover eccurnng st
tancously m the segment w—cf then restores

Table 12. A Three Point Cross in Drosophila

ywda +++ ywe ywd
ywa” o TN EEF e
BC. (F1 9 XFi g Appatent c o between:
Phenotypes Ova Nos  Totals  y-w  w-t  y=t
No crossovers
yellow-white-cut ywect 199 03 o o o
gray-red-normal +++ 404
1 crossover
gray-winte-cut + wet 5 " - . "
yellow-red-normal y+ + 7
yellow-white-normal -y w + 89 - o - .
gray-red-cut + 4 ct 93
2 crossovers
guy-\vlmc-nunml +w+ 2 R s , o
ycl]o\v‘rcd-cur ¥+ et 1 2 2 0
1000 1s 85 194
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the onginal relationship between y and o,
as shown in figure 95. The double cross-
overs are identifiable only when a third par
of genes 15 present between the other two.
Thaus the s1x exchanges i the bottom line of
the table (three double crassovers) must be
added to the total of appatent crossovers be-
tween y and et, This makes a total of 200 out
of 1000, or 20 map unuts, which 1 the ex-
pected figure

At this pomnt, 1t may be well to add two
precastions: which are important n the
mapping of the chromosomes Tarst, the
three pomtt crass 1s not only more convenent
than the two point cross, but 1t 1 more ac-
cuzate, a8 1t makes possible the detection of
double crossing over Second, maps should
be based upon tests over farly short seg-
ments wherever this ts possible, not only be-
catse this reduces the rate of double crossing
over, but because loct separated by as much
as fifey wnats should be sepatated by chias~
mata a5 often as not As a result, their trans~
mission imulates ndependent assortment.

Dounts Crossme Over In the above
discuson, 11 has been cacrtly assumed that
mote than one crossover can occur sumul-
tancously i the same pare of chramosomes

Ths Bsamption 15 pustified by avadable
facts, Genene daa shaw that as many as five
Sroovers may occur smultancously an the
farger chromosomes of Drosophtla  And
™y more chiasmats have been observed
m the long chtomosomes of same amphib-
05 I genenat, the numaber of chiasmata

" 0T 1 2 partculir torrad 15 constant,

2

|

and this number is directly proportional to
the Jength of the chromosome.
INTERIERENCE AND Comcinence If it is
sunply 2 matter of chance where a chiasma
occurs, and 1f crossmg over berween loci a
and b 15 mdependent of crossing over be-
tween b and ¢, then application of the multi-
pheation theorem should give the rate of
double crossng over. Thus 1f the rates of
crossing over i segments a-b and b are
5 and 10 per cent, respecuvely, the rate of
double crossing over should be 1f2 of 1 per
cent (0 10 X 005 = 0 00s), Actnlly, some-
thing less than the calculated amount of
double crossng over 15 usually obtained,
This mdicates that the separate chiasmata
are not entirely mndependent of one another,
but rather that one chiasma mterferes with
the accurrence of a second one. The phe-
nomenon 15 called, quite simply, integference,
The longer the segment a-c, the more nearly
do the actual values approach the calelated
valoes. In Drosophula, for example, inter-
ference 15 complete in segruents of 10 units
or less, but thete 1 no nterference a all iy
segments of 45 units or more. Intermedsate
segments show al] degrees of interference,
according to their length,
Theteisavery simple measure of the degree
of mterference. It s ealled comardence, and 1
defined as the rato of observed rate of donble
(rossng over 1o the caleulated rate (comn-
adence < observed doyble crossing over
Thus, 1f 6 per ceny were the expectation and
3 per cent were actually o\:scrvcd, comna-




dence would be 3/6 = o.5. Thus concidence
varics from o (no double crossing over at
all) m very short segments to 1 (no mter-
ference) in very long segments. The name is
somewhat misleading, but the concept is so
simple and obvious that a pootly chosen
name cannot obscure it.

The problem of the cause of mterference
is a very difficule one. It was origmally as-
sunted that 1t was a stmple mechanical effect
of the ngidiry of the chromosomes. A model
mght be made by twisting various lengths
of wire about one another: long preces may
be casily intertwined while short ones arc
very difficult to twist. But microdissection
experiments have demonstrated that the
chromosomes arc characterized by great
plasticity. Thus W R. Duryec of the Car-
negge Institution found that the chromosomes
of oocytes of the salamander Triturus could
be stretched as much as 300 per cent and sull
return to the ongmal length upon release of
tenston. He was able to strctch them as
much as 800 per cent without breakage. As
a result of these and other comparable ob-
servations, most cytologists are gravely
skeptical whether the chromosomes could
be sufficiently ngid to account for the facts of
mtcrference. It 15 an observed fact that the
chromosomes are cotled like a hehx spring,
the degree of collng varymg with the
stages of the chromosomal cycle. Occur-
rence of a cliasma at onc pomt 1 a parr of
such coils might tend to hold homologous
pomts apart for some distance so that a
sccond exchange would be mhibited. Ths
cothing theory of mnterference 15 now gen-
erally held, not so much because 1t 15 sup-
portcd by posive evidence, as because no
serious negative evidence 1s at hand and no
competmg theory 15 1 the ficld

However unsatisfactory our knowledge
of the mechantcs of mterference may be, the
Lknown facts of mterference and comeidence

LINKAGE AND CROSSING OVER

exchange of whole blocks of genes rather
than single gene loci While this seems ob-
vious on the basis of the cytologic behavier
of chiasmata, yet every line of evidence that
can be brought to bear upon the correlation
of genetics and cytology is important
Second, these facts show that crossover data
arc valid for purposes of mapping the chro-
mosomes only if the segment tested is short
enough that interference is complete, or if
an adequate test 15 made for double crossimg
over.

Examries o CHroMOSOME Mars  Nu-
merous experiments on linkage and crossing
over, three point crosses and the other topxs
discussed above, have resulted m a con-
siderable extension of the avallable knowl-
edge of the transmisston of hereditary char-
acters and of the organtzation of the chro-
mosomes. Among the unportant formal
results of these studies are the chromosome
maps winch have been compiled, wath vary-
ing degrees of completeness, for many or-
gausms. Probably the most complete map
1s that for the chromosomes of Drosoplila,
which 1s presented in figure 76 Probably the
second best map 15 that for the chromosomes
of maize, which 15 represented in two fig-
ures, 77 and 78 Maps for other orgamsms
are generally much less complete s, for
example, Hutt’s map of six of the twenty
pairs of cliromosonies m the chicken An-
other 1mportant outcome of these studies is
the fact that the number of linkage groups
never exceeds the haplord number of chro-
mosomes. Thus m Drosophila and maize the
haploid numbers are four and ten respec-
nvely, and these are also the numbers of
Linkage groups charactenizing these species.
The number of known linkage groups may
be less than the haplord number of chromo-
somes. Thus the mouse has twenty pairs of

chromosomes, but only eight hnkage groups
are k“O\VlL Thc tonato 1115 ‘\\'(“VC PJ"’S (’f
chr and only ten hnkage groups

have some important consequences. First,
they prove that cach crossover results m the

are known (fig. 79). This may be atenbuted
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Fag. 77. A hwing chromosome map for com, as set up for the Sivth Iuternational Congress
of Genctics at Ithaca, N. Y. At eaclt “locus™ 15 a plant shotving the appropriate sutant

{Erom the Jowrnal of Heredity, vol 23.)

to incomplete and 1nadequate knowledge of
the spectes concerned. But however thor-
oughly a species may be known, the haploid
chromosome number always appears as the
limit of the number of linkage groups. Thus
fact is an important support for the chromo-
some theory of inheritance.

AssioNiNg A Niw Gene 1o Its Locus
When a new gene 1s under study, one of the
first objectives 15 to determune 1ts proper
posttion 1n the chromosome sct. How docs
one go about 1tz The most obvious method
is to test for lmkage with known genes
each chromosome, one at a time, until one
is found wilnch gives a sigmficant deviation
from the results expected wath mdependent
assortment. This method 1s labonous, as
many senies of crosses may be required of
one is not fortunate enough to test the nght
chromosome first. Also, 1t may be mislead-
ing, for even 1f the new gene and the test
geneina particular chromosome are linked,
this fact will not be shown in the data if they
are on the order of fifty units or more apart.
method of assigning a

A more o

.

new genc to 1ts chromosome 1s by the use of
marked test organtsms. The method may be
illustrated by a hypothetical example from
Drosoplila. The X chromosome may be
marked by the pattern of sex-linked m-
henance. The second chromosome may be
marked by the donumant mutant Star, S,
which the facets of the cye are defective,
giving the cye a starry appearance The third
chromosome may be marked by the domi-
nant mutant Dichacte, D, a brstle and wing
mutant. The fourth chromosome need not
be marked, because any gene which 15 not
located on 1, 11, or 11, must be on IV. § and
D are particularly useful as markers because
they are lethal when homozygous. For this
reason, any fly showmg these phenotypes is
known to be heterozygous for these chrome-
somes
Let us assume that the new mutant 15 2
recessive, m, One begins by crossing 2
homozygous m female to a male of the
marked stock. Two results are possible 1
the Fy. If all of the sons show the m pheno-
type and all of the daughters are normal,
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Normal {M] Motrled (m)

T

Tall {D] Dwarf (4

. Smooth {P) Peoch {9}

: Norma! (0} Ovate o)
Woolly {Waswo) Normel {we)
%ﬁ Necroti¢ (ne)

. Simyle Inflor(s) Compound inflor {5}

E @

" Won-becked (B) [ Beoked Thi)

Y

)

Hany totudes {1} ¢
i

Few Locules {1c)

g, 79. A tap of chromiosone £ an fhe tomato,
(Redrawn from Butler )

LINKAGE AND CROSSING OVER

then m must be located on the X chromo-
some, as otherwise this erivs-cross mhericance
could not occur. On the other hand, all of
the Fy flies might be normal. This would
mean that the gene must be autosomal, and
heterozygous in all of the Fy flies,

Star-Dichacte Fy ymales are now back-
crossed to females homozygons for mr. o
order to sunplify the explanation, ket vs now
assume that ar 1s actually on chromosome
I. One of the pair will then catry S and mt,
while the other will carry S+ and m, Be-
cause the male heterozygote is used, the
recombmations S pr and 4 + do not occur.
But this pair of chromosomes shows in-
dependent assortment with respect to the
durd par. Hence four types of sperm are
formed as shown m figure 8o. Ferulization
of eggs carrymg all of the recessives leads to
the four types of zygotes shown m figure 8o.
They show vartous combinations of S, D,
and m Notc that m may appear pheno-
typically exther with or without D, showing
independent assortment. But if a fly 15 S,
it 15 not mr, and 1f 1t is a1, 1t 1s not 8. They are
mutvally exclusive, not mdependent.

Hence, m the actual experiment, if m and
§ are mutually exclusive, m 15 located on
chromosome I But1f m and D are mutwally
exclusive, the same reasoning leads to the
conclusion that m must be on chromosome
11l Fmally, of m shows up cither with or
without both § and D, then it must be
located upon chromosome IV. Once it 15
deterruncd upon which chromosome the
gene 55 located, sts exact locus can be de-
termuned by the appropriate theee pomt
crosscs.

Another convenient method of marking
the chromosomes 15 available for some
polyploid plants. Frequently, a single chro-
mosomc may be nussing, so that the genes
carried n that parr are all smplex. Such a
plant 1s called a monosomic (sce chapter 14).
At metosss, half of the ovules get the mono-
some, while half are defictent. If the latter
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Fig 80 The Star-Dichatte test for localizing genes

are ferulzed by pollen carrying a recessive
gene on that chromosome, the recesive will
show up because no other allele 15 present at
all Nowifa complete senies of monosomics
1 avaable (a3 15 the case i tobacco), a new
fecessive may be crossed to each of the
manosomue types fn the progeny of one of
these ecosses, the recessive gene should show
4 The monosomic concerned 15 then the
e cateying the gene under study.

32, EXPERIMENTAL
INFLUENCE UPON cROSSING
OVER

Abase goal (0 the stud
Omenon is s ¢
this end, the iy

y of any narysal phe~
Xperimental control, Toward
fluence of many experiments)
fouls ypan rosng over ha been tested, A
utmber of these have Prove

ed 0 1netease the
nte of oumg over,

These include high

and low temperature, heat sh?ck. x-radia~
tion, other high energy radiation, and cer~
tain chemucal treatments, such as mustard
gas and ethyl carbamate. By means (.af cold,
crossmg over has even beent mdu?cd.m male
Drosophila. None of these agencies is selec-
uve in the sense that crossing over can be
increased between predetermined loci.

34, LINKAGE IN MAN

‘The study of linkage in man is particularly
difficalt, because of the large number of
chromosomes and because experimental
crosses cannot be made. There must of
course be twenty-four hnkage groups, cor-
responding o the twenty-four pairs of
chromosomes, Because of the difficulties of
obtaming adequate data for hnkage studies
in wman, the objective sought 15 usnally 2
much more modest ane than in comparable
studics upon expenmental organisms: the
demonstration of the mere fact that two
genes are hinked 15 the goal, with the rate of
crosung over usually beng disregarded
Complex formulas for extracting this meager
return from scanty data have been devised,
As a result of these studies, a few autosomal
linkages have been demonstrated in man,
But progress in ths field may be expected to
be very slow, and 1 useful map of the auso-
sones of man s fac in the future,

With respect to the sex-differential chro~
mosomes of man, the sitwation quite differ-~
ent, and much more encouraging, Becanse
of the unique pattern of mhentance of sex-
litked genes, 1t i €35y 1o assign such a gene
to its chromosome, And because it is so
much easter 1o gathe;
has been made towa,
chtomosomes of man
planatian of dys map
ples not yet diseussed,
a later chapter,

Résun Linkage is thus 4 sunple conse-
quence of the fact thay he number of genes

1 data, some progress
zd mappng the sex
- Bue because the exa
involves some princi-
2 will be deferred to



exceeds the number of chromosomes. Hence
each chiromosome must include many genes,
and these tend to be inherited as a group.
They are not assorted independently, None-
theless, segments may be mterchanged be-
tween the homologues during meiosis, and
this results i recombinations among the
linked genes, Because each genc has a defi-
nite locus m the chromosome, and because
the rate of crossing over between any two
loct 1s proportional to the distance between
them, crossover data offer a basis for the
mapping of the chromosomes. Linkage has
been demonstrated 1n man as 1 other or-
ganisms, but 1t 15 very difficult to study
autosomal lmkage i man Sex linkage, how-
ever, 15 much more readily studied, and
considerable progress has been made m the
mapping of the sex~differential chromo-
somes of man.

Questions and Problems

1. Define:

Chiasma Locus

Comcidence Map unie

Crossmg over  Marked chromosome
Interference Three pomt cross
Linkage

2. A female Drosoplitla heterozygous for sex-
Inked recessives a, b, and ¢ 15 backcrossed to a
male which 1s simplex for all three of these reces-
sives The following are the progeny

+++ 390
ab ¢ 360
a+ 4+ 42
4+ b 32
ab+ 30
++ ¢ 34
at+ ¢ H
+ b+ 3

If a be regarded as pomt o on the map, what

are the loc: of b and 7
3. Normal maize was crossed to a stock homo-

zygous for three recessive mutants brown midnb,
bm; ved aleutone, p, and virescent, ¢ (hght yellow
seedlings). The Fy plants were backcrossed to the

LINKAGE AND CROSSING OVER

recessive parcntal type, and the followmng results
were obtained,
+++ 232
bm p v =235

+pv 8
bm++ 77

++ v 201
bm p 4, 194

+p+ 40
bm+ v 46
Explam the meanmg of these data Make the
appropriate caleul. and map the ch

4 Ruby (%) and vermulion (¢} are recessine
mutants m Drosoplila A ruby, vermihion fly 15
crossed to a wild type fly. The Fy females are then
backerossed to ruby, vermilion maks The BC.
mcludes 176 Rb-V, 8o Rb-v, 76 1b-V, and 168
th-v Discuss the sigmficance of these results,
including the degree of rehability.

s Flies homozygous for cchmord (ed) and
dachs (d) are crossed to normals The progeny are
all normal Upon backerossing to the recessive
parental type, the following offsprng are obtamed*
ed d, 117, ++, 126, ed +, 30, + d, 28 Wharss
the recombnation rate betwcen these loa®

6. Could the data of problem s be used m
mapping the chromosome? Justify your answer i
a sentence of two

7. Assumung the same number of offspring,
what should the results have been 1f the loc had
been mdependent?

8 Now assume that, although these genes arc
actually hinked, they are 50 unies apart, so that the
results simulate independent assortment  How
could you prove the fact of linkage? You may
design an additional experiment m answerng this

question
g *'Cabbage™ 1s 3 recently discovered mutant
1 the tomato It 15 characterized by compact, dark
foliage, and mconspicuous flowers and frust Plants
homozygous for cabbage and non-yellow (chebyy)
were crossed to plants homozygous for the domt-
nanealleles Fy plants, which were all normal, were
then backcrossed to the recesstve parental type
The following offspring were obtamed -+ +, 2%
4y, 14. ¢b +, 3. and cb y, 16 Are these genes
most probably linked or dependent> Calculate
the rate of recombmation between the loct
10 Using the data of problem o, caleulate the
1deal distributton of the 61 plants, assunung linkage
of the degree calculated. Now test the probabibity
that the observed deviations are random, ustng the
chui-squarc test,
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CHAPTER 12

Architectural C/mngcs

in the Chromosomes

The fact that 1t has been possible, by cross-
over tests, to map the chromosomes of some
species m considerable detatl is one of the
most tmpresstve achievements of genetics

But a very fundamental question remains®
crossover tests measure the case of crossmg
over between different Jocr; thus is a purely
selative measure; how closely does the map
based upon such tests correspond to the real
chromosome? The problem may be visual-
1zed readily by means of an analogy ongi-
nally proposed by A. H. Stuctevant, to
whom we are indebted for the first steps
toward the mappmg of the chromosomes

Supposc that a ralroad were to be mapped,
with no data available other than the tunes
of arnival at various cties of a tram running
the length of the line Let us say thar the
tram leaves A at 8 4 m. and arnives at B at
12M;at Cat4» M, and at Dac$ p.m The
data leave no doubs that the order of cities
along the lme 1s A—B—C—D rather than
A—C~D-B, or any other imagmable ar-
rangemene. Aud 1if one assumes dhae the
distances between atwes are sumply propor-

tional to the traveling times between them,

then the successtve aities would have to be

cquidistant.

However, the last proposteton s not neces-
sanly truc. Suppose, for example, that the
run from A ta 8 goes through several urban

areas for which the train must slow down
and through country areas with frequent
turns which prevent the train from reaching
top speeds. Asa result the train averages only
thuety nules per hour. But between Band €
the ¢rain traverses a broad phin with few
towns and 2 fast roadbed all the way, so thar
1t averages sixty miles per houe, Finally, be-
tween C and D the train passes through
rugged mountams with stecp grades and
sharp turns, so that 1t can only average fifteen
nules pee hour. Thus, although the traveling
timcs for the three segments of the trip are
equal, segment A~B 15 twice as Jong as
segment C-—D, and only half as long s
segment B—~C.

One las no assurance that differences
along the length of the chromosome, com-
parable to the different types of terran over
which the tram runs, may not also cause
differences 1 the rates of crossing over in
different segments of the chromosome. In
the rarlroad analogy, it 1s casy to measure the
actual muleage from ety to aity. As the gene
loct are not durectly visible, the analogous
mcasurement cannot be made m the chromo-
some. But, 1f some method could be devised
for correlating visible pomts i the chromo-
some with known gene loci, then this would
gwe some msight mto the relationship be-
tween the genetic map and the real chromo-
some Fortunately, such a method 15 avail-
able, as will be shown below

35. THE ARCHITECTURE OF
THE CHROMOSOMES

That the chromosomes must have a longi-
wdmally differentiated structure 5 a min-
mum conclusion from the facts of lmkage
and crossmg over. However, this had sl



rady been demonstrated by cytological
methods Wil the chromosomes at meta-
phase may look hughly wmform, this 15 not
true 2t all stages 0 the chromosoraal cycle.
Expecully ducng the prophase of the first
wciotic drvison, much detait of structure
cn be scen m the chromosomes. In the
keptorene sage {sec chapter 3 and fig, 18),
when the chromosomes are extremely ex-
tended, eack chromosome has much the 2p-
pearance of a string of beads. The vanous
beads, called chromomeres, differ in size and
shape Synapsis s absolutely spearfic, homol
opous chromomere synapsing only widh
homologaus chromomere. This demon-
simates tha the vistble differenniation of the
" s paralleled by 3 physiological
fferensianon

Iwmsion The speafiaty of synapsis
and the fact that there is 2 seral architecture
chanactersstic of each parr of ch

sames which are lethal, and hence the cross=
over products do not appear among l}fc
progeny. The detas of this belong in
coursss o cyrogenencs For the presenty i
1% SBﬁC‘C“t to note dﬂt inversions act as
CTOSSOVET SupPIEsIoLs When fiest discovered,
the cytological nature of fnversions was net
sndesstood at all, and they were referred to
simply as crossover mhibitors. Becavse there
ate other conditions which mhibw crossing
aver, however, other evidence 13 needed %o
prove that an mvession Is proent. If an in-
yerston can be made homozygous, there is
1o mhibition of crossing over, and so the
reversed order of factors can be demon-
strated. Frequently, however, mversions are
lethal when homozygous Thus the con-
clustve demonstration of the presence of an
fnversion 1s ordmanly made by the exam-
nation of a cytological preparation of the

15 especnally well demonserated when the
matena) of ane member of the par becomes
rearranged Several rypes of chromosomaf
reatrangements are knowa, but the first to
be discussed 15 2 type called an mverston,
This 1s 1 simple reversal of a segment of the
cheomosome I, for example, 2 series of
mrkers have been d d to be m

) ofanh mdrndual

The daa of classical genetics led to the
conclusion that the presence of 2 particular
gene under normal arcumstances results in
the correspandmg phenotype No notation
of the position of the gene  relation to
others 15 necessary Thus m 1927 Babeack
and Clausen were able to wnite thae . ., for
4

ticotdr ABCDEF G HIJK, 2ad if the
sgment D to H 36 mverted, the order 1n the
rearranged chromosome willbe ABCH G
FEDUK Thismvereed order, s heterozy-
ROUS, results mn 2 visible change m the be-
basior of the chromosames at synapsts, be-

e the synapue attraction 15 syll strictly
specific, homol pownt for homol

lop the tmportant desideratum 1s
the presence of the factors: therr postion m
the genetic system appears to be of lirtde
conseq "* Another geneticst has sad
that the nucleus 1s ¢ssentsally an unordered
system. And 50 1t may come as 4 suspnse to
tearn dhat nversions may have phenotypic
effects, that s, they behave 45 4f they were

Pomt The estfe s thae synapsss can be com-

pleeet only if one of the homol formms

Thus Crrly (Cy), 2 dorsinant
wing defect of Drosophila, 15 based upon 2

3 tared boop,
foops sround
This may be
figure 81,
m‘:;:ngn; e be detected by several
m— tovers within an heterozygous
 bead 60 prossfy shnormat chromo-

while the other homologue
this onte withone nwisting
wsualized with the ad of

large 18 the sceond chromosome,
Because such “genes” are abo erossover ar.
tubitors, they make good markers,
Dencincy or Druemion Sometimes o
segment of 2 chcomosome may be musang

* Gepency i Relation to Agri
griculture, p,
MoGraw-Hill Book Co » 1927, New York. B2



ARCHITECTURAL CHANGES IN THE CHROMOSOMES

- a.NORMAL | D1 § L1} )1}
b.INVERSION .} |

OR

Fig, §1 Heterozygoss mverson we the alwary gland chtomosomes a-d, dragrammatic;
< and &, actnst chromasomes (From Altenburg, Geneties, Honry Holt and Co )

1
3
1 1 )
2 2 2
9 3 9
s ]
a b c d e
Fig, 82, Heteroxygens deficiency i the salwary cland chramosomes a~d,

duagranunatic] € acial speaimen. (Lrom Aliunburg, Geneties, Henry Holt and Co')



stogether, and then one speaks ofa defierency
o dclction. Retaming to the hypotbetical
chromosome ABCDEFGRIJK, if there
wete a deficiency for the segment D to H,
the chromosome would have the constrtu~
von A B CIJ K. Again, it is the spearfiary
of synapss which makes the presence of the
deficiency reachly visible m the heterozygous
condiion. Because each pomt in the deficient
chromosome synapses with its homologous
point in the normal chromosome, the seg-
ment D to H of the normal ch

the gene is lethal in the simplex condinon,
hence only females can show the character,
and these are always heterozygous. Now, if
2 white eyed male is mated to a notch fo-
male, the offspring are 1 the ratio of one
notch-whte female to one wild type female
1o one wild type male. These results are not
1 hipe with the principles of sex-linkage as
developed m chapter 6, Al of the female
offiprng from this cross should bave been
heterozygons for the eye color gene, and
:

must project off to one side as an unparred
Joop. This is Mlustrated m figure 82.

Like mversions, deficiencies can be de-
tected by geneuic means as well as by cyto-
togical observanion At the outset, 1t 15 ob-
vious that there could be no crossmg over
Wi the delered sepraent, and hence cross-
over tests beeween foan on opposite sides of
4 deficiency wll fead 1o apparent distances
which are shorter than the standard map
distances. Thus 1f foct a and b are 15 umts
2part, and if a deficrency for a 5 nmut segment
occurs between dhem, subscquent tests will
indicate that hey are even less than 10 units
#past because of imparment of synagsts

The most elegant test for a defictency may
&'.xﬂus(mcd by an actual example. Norch
™ng 15 2 dommant, sex-bnked mutant
Which has occuyred repeatedly m Drosophula.
When petch females are crossed to normal
males, 3 tatio of one norch female to one
::;T;l':;:‘:t: “K: one normal mate 15 ob-

S one sex tatio shows that

B8 85 A duogron of e Nowhs dpuaency i
Drowophula Note dhe prendedommance of
wlles epposie the defiieney, (Modifed from

Babcock and Clausen )

fore red-cyed. The fact that some are
actually white-eyed can only mean that they
ate simplex for this locus, 1n other words the
normal allele is mismg from the notch
= (sec fig. 83) Pscudod e
1 2 convenlent term to designate thus phe-
nomenon. This expenment has been re-
peated with several sex-hnked genes from
the left end of the X chromosome. 1t turns
out that @ 15 the first gene which wall show
up m the notch females, and abnormal alb-
domen (A} 15 the last As w s located at 1.5
and Ab at 4 5 on the chromosome map, this
mducates that the notch deficrency must be
three unuts long,

Lake nversions, deficiencies ace asually
fethal when homozygous.

Durucanon Just as a segment may be
nussing from a chromosome, so also a seg-
ment may be repeated, and one then speaks
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of a duplication. Again using the model in~
troduced above a duplication for segment
D to H gives a chromosome of constitution
ABCDEFGHDEFGHIJK.Inan
heterozygous organism, synapsis looks very
much as 1t does m deficiency heterozygotes,
with an unpaired loop projecting to one
side of the chromosome. The two chromo-
somes of the pair symapse perfectly pome for
pomt, but because matertal prescnt only
once m the normal chromosome is present
twice m the other, the duplicated scgment
cannot parr, and so forms the loop.

Genetic evidence of duplication 1 gven
when 1t 15 attempted to localize a gene m the
duplicated segment. An mexact result 15 ob-
tamed because the gene 1 actually present
twice, at two different places i the chromo-
some. Like mversions and deficiencies, dupli-
cations may have mutant cffects which do

not depend upon the genes included. One of
the most mtensively stdied mutants in
Drosophila, the sex-hnked dominant for bas-
eye (narrow) is actually a duplication for a
small segment of the right end of the X
chromosome, This example will be ds-
cussed 1 detail in a later chapter.,
TrANSLOCATION  The final type of archi-
tectural rearrangement is the transfer of 2
section of ane chromosome to another non-
homologous chromosome. This is called 2
translocation. By far the commoncst type 1
rectprocal translocation, in which segments
are exchanged between two non-homolo-
gous chromosomes This 1s often referred to
as llegitimate crossng over. This agan
results 1 an casily recognized pattemn of
synapss because of the fact that homologous
pomt still synapses with homologous point.
Thus the translocatron binds together two

Fig 83 A heteroxygons
translocatton m the salvary
gland chromosomes (Couirtesy
of Dr B P Kanfinann,
Carneqte Institution of
Wadigron, Cold Spring
Harhor, New York )



different tetrads during the first metotic di-
vision.
The mode of distrsbution of the chromo-
< 1
somes of such | 1

expression of another gene. For example,
cubstus interruptus (a) is a fourth chromo-
some recessive in Drosophila, which, when

notenorthy, and may be understood with
the help of figures 84 and 136. Independent
asortment may lead to four types of gametes,
as follows: the first mcludes an unmodified
chromosome from each tetrad. Another in-
cludes both of the translocated chromo-
somes, and between the two of them an en-
tre ch of each kind 15 rep d
Bux the other two mclude one normal and
one translocated chromosome. Upon fernli-
zton of such a senes of eggs by normal
sperm, the first yields an entirely normal
zygote; the next yields a zygote with two
complete pasrs of chromosomes, two mem-
bers of which are reaprocally translocated,
but the other two have cach 2 large duph-
£anon for onc pare of chromosomes and a
Lrge deficrency for the other Since large
duphications and large deficienaes are both
lechal, these da not appear among the prog-
). Hence a tanslocation reduces the
vuble secd ser by sa per cent

Translocations can be identfied cytologi-
ally by the appearance of such terrads which
ar¢ jomed together by the translocated mem-

™, or genetically by dommant lethality of
the unbalanced ypes An addinonal genenc
it 1 affordod by the change 1n linkage ce-
Bations 1€ thre 1, for example,
80 berween chromosomes 1
Drosopluly, then tests will show o
usual fnkag, Eroups,
Pweenmarkers for 1l an,

a transloca-
and 0 g
ot only the
bur ako bnkage be-
d 1L Thus the hinkage
lrmups PPear 0 be branched rather than
ineay

finally,
Tocatrans, §
¢ chram,
Thus
chromoy
™ 2 diny
“Hond

W may be mentraned that trans-
hke other archuteceural changes 1
0mes, may have mutany effeces
Patticulag translocation  betweer
e {and If 1 Drosophula results
'non of mements, and 15 called
Ot 2 ramdacaton may change the

) ygous, causes a bteak 1 one of the
wing vems. But 1f a translocation break oc-
curs near this gene, 1t behaves as a dommane
This phenomenon 1s called dominarce modifi-
cation.

38. CORRELATION OF
GENETIC AND CYTOLOGICAL
MAPS—SALIVARY GLAND
CHROMOSOMES

This chapter began with the question of
whether 1t rught be possible to compare the
genetic chromosome map, based upon cross-
over tests, with the actual positions of the
genes n the chromosomes. Before this conld
be done, 1t was necessary to make a cyto-
logieal map, localizimg genes on the vigble
chromaosomes This was first undertaken,

prnaipally by Dobzhansky, for the mitotic

chromosomes of Droso, sphila.

MeTAvHASE Mars  The  archytecrural
changes 1 the chromosomes Listed above
offer 2 means of localizing genes on the cyto-
logieally observed chramosomes Assume,
for example, that genetie tests show that
translocation has accurred a or neEar a par-
uenlarlocus One can examme the metaphase
chromosomes of an heterozygous ndividual
and see where, on the actua) chmmosome,
the break has occurred This they marks the
lacus of the gene n the metaphase chromo.
some End pomts of afl four types of re-

serangement can be correlated wich speaific
loct When a senies of pomts along the
length of the chromosome have been local-
22ed 1 this manney

T, the resulting map can he
compared with the genetic map.

The method 1

wn both genctcally and
ufficient deray) 1o petmug
construction of usefyl s for such seudes
Dresophila 15 beyor known genetically Lh:xr;
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Fig. 85 Metaphace map of the chromasomes of
Drosaphua, (Modified from Dobzhansky m
Duggar, Buological Effects of Radration )

any other orgamsm, but sts chromosomes
are small and difficult to seudy. Ouly the
larger rearrangements can be scen savs-
factorly n the metaphase chromosomes. Of
the large rearrangements avalable for study,
not all will have gencueally known loor ar
thetr end pomts.

In spite of these difficulties, and by dint of
much labor, Th Dobzhansky succceded m
mapping the metaphase chromosomes of
Drosophila for a @rly large number of ponts
throughout the chromaosome set His map ss
reproduced m figure 85 As the methods of
makmg gencic and cytological maps are
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independent of one another, it it of tugh
theoretical mrcrest that in every case the
order of genes in the two kinds of maps i
identical. But the relative distances between
the genes need not be the same. In some in
stances, genes shich appear widely sepa-
tated on the genetic map may be clustered
close together on the cytologiml map; while
m secttons of the cliromosome in which the
genes appear close together on the genene
map, they may be widely separated on the
real chromosome (fig. 86). This can only
mean that, as suggested by the railroad
analogy above, crossmg over occurs much
more readily 1 some sections of the chromeo-
some than m others. It appears that the cu-
cheomatte scctions ace characterized by a
Iugh crossover rate, while the heterochro-
watic sections are charactenized by a low
ratc.

While slow progress was thus being made
m the comparison of genetic and cytological
maps, 1t was often regretred that Dirosophila,
which seemed ro be the adeal animal for
geneuic rescarch, was nonctheless a very poot
anmal for cytological rescarch beeause of
the very small size of sts chromosontes. Then
m 1933 1 turned oue that, quite the con-
trary, Drosopluta was an sdeal organism for
chromasomal studies, because the sahvary
glands of 1ts Lrvac have grant chrompsomes.

Tig, 86, A comparyeon of
cytologreat amd grmeie {erostoves)
g of the X chromoome and
the second chromosomie of
Drasophdy In cach cas, € 15 the
actiad dheomose, and G the
Qomctic map {Modshed from
Dohzhansky, m Duggar )

SN



Suvizy Gavp CuroMOSOMES  Actu~
v, this was not a new discovery. As long
:g:m 1381, very coarse, coiled threads had
fero oherved in the nucles of living, un-
saned sabivary gland cells of a midge. But
vothmg further was done with these large
sructutes wnttl 1933, when 1t was demon-
smted that these were actually chromo-
somes It was found that the guant chromo-
somes could be easily studied by crushing the
by glnds between a shide and cover
iy The gant chromosomes of the salwary
glinds characterize most Diptera, mcludmg
Drowphla, Once the nature of the structures
wa made known, T. S Pamter, an Amen-
< cytologust, realized at once that such

lrge chromosomes must afford a unque
wohfor the coreelation of genetic and cyto-
kgial mformanon, and he soon published
4ts comparable to those of Dobzhansky,
but based upon the salivary gland chromo-
somes. Many others soon jomed i this

work, among whom Catvn Bridges of the
Carnegie Instituton desecves espectal men~
tion,

The most striking characterstic of the
salivary gland chromosomes 1 thew im-
mense size. They may reach as much as 360
micea in length—nearly a third of a mufl-
meter long—and 2 proportional thickness!
This is large enough thar, 1f they were
opaque, they could be seen with the naked
eye. How great the size mcrease 15 as com~
pared 1o the ordinary mutotic chromasomes
may be seen in figure 87, for a metaphase
chromosome 15 about the size of one of the
heavier cross bands which appear m the
phatograph of the salivary gland chromo-
somes.

As the diplowd number for Drosophila 1
esght, one nught expect to sce esght strands
in each salivary gland nucleus But this 15 not
the case* one sees onty six which extend out
from a heavy mass, the chromocenter, Whyz

Rl LY
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ARCHITECTURAL CHANGES IN THE CHROMOSOMES

First, it is generally characteristic of the
Diptera that homologous chromosomes are
loosely paired even in somatic tissucs. In the
salivary gland chromosomes, this tendency
1s carried further, and the homologues are
closely synapsed, so that one cannot dis-
unguish the synaptic partuers from one
another, This should result in four visible
strands. But the largest heterochromatic
masses tend to join together without respect
to homology o the lack of 1t, and thus they
form the chromocenter. Because the mam
masses of heterochromann ace located at one
end of chromosomes I and IV (the end with
the centromerc), these chromosomes appear
as single strands extending from the chromo-
center. But the long chromosomes 11 and 11t
have their mam heterochromanc segments
located centrally (again about the centro-
meres), with the result that cach of these
chromosomes appears to be divided mto two
by the chromocenter. And thus stx chromo-
somc arms appear m preparations of salvary
gland chromosomes.

Banpineg  Typical metaphase chromo-
somes, mcluding those of Drosoplula, arc
more or less umform rods, bent nto various
shapes accordmg to the location of the
centromeres, which stam umformly and m-
tensely wath basie dyes, such as hematoxylhn
and carnune, In contrast to this, the salivary
gland chromosomes show a regular and de-
talded partern of differences along ther
length. There are regulatly situated bulbs
and constrctions which aid m the 1dentifica-
tion of particular chromosomes But, more
important, there are alternating stainable
bands and non-stamable nterband spaces.
These bands differ m thickness, ntensity,
spacing, and other casily obscrved charac-
terntics, as can be readily scen m figure 87.
The sequence of bands has been worked out
in detail, prnespally by Bridges, and 1t 15
possible to identfy any scction of the salw:xr):
gland chromosomics by reference to Bridges
map. To facilitate this, the enure chromo-
some sct has been arbitrarily divided mto 102

segments. Within cach numbered segment,
smaller groups of bands are designated by
letters, and any parocular band withia 3
lettered group may again be identified by 1
number. Thus, for example, ifa cytogeneti-
cist refers to an abnormalty at sa-F,
anyone can 1dentify the band designated by
reference to Bridges' map.

It is noteworthy that the salivary gland
chromosomes do not simply show on a large
scale structures which are already visible on
a smaller seale m ordinary mitotic chromo-
somes. The finest structural units which can
be made out in ordmary chromosomes are
the chromomeres in the carly stages of
meiosis. In Drasophila, there are about 150
of these. But well over 5000 bands appear in
the salivary gland chromosomes. Thus these
guant chromosomes reveal a wealth of fine
detail wlnch was utterly unsuspected when
only the ordmary chromosomes were
studied.

CHROMOSOMAL REARRANGIMINTS IN THE
SALIVARY GLAND Criromosontss  Architee
tural rearr nts of the ch
often called chromosomal aberrations, were
mtroduced above as a means of localizmg
genes on the vistble chiromosome. Butin the
ordmary chromososes, such a localization
can be made only very crudely. A break may
be designated as “near the nght end,” of
“about a third of the way from the left end
to the centromese.” But exace localization 1
not possible, and very small rearrangemients
cannot be used at all. However, the same re-
arrangements are also vinble and canly
identifiable m the salivary gland chromo-
somes. And because the chromosomies ate so
much enlarged, 1t 15 possible to study e
arrangements which are impossibly small
for study m ordmary chromosomes. In fact,
deletions for only a single band have bees
rdentified. This would correspond to a very
stall fraction of a single chromomere, al-
ready the smallest sdennifiable pare of the
ordmary chromosome.

The method of correlating the salivary




gland chromosomes with the genetic map
Joes not differ m prinaiple from that de~
scrtbed above for correlanng the metaphase
and geneuc maps. One simply looks for te
armngements neat the ends of which there
are known genes. Thus it posmble to lmut
the Jocus of each gee to a small segment of
the chromosome, But now, instead of de~
scnibing the locus crudely 3, for example,
"near the left end of the X chramasome,”
one can speaify Just what bands may be n
olved, The Notch case was descbed above.
fn the sdwary gland chromosomes of fe-
smales beterazygous for Notch, there may be
seen a smmall deficiency m sections 1 and 2,
at the left end of the X chromosome Its
partner buckles off to one side as an un-
paited bulge, One knows that the genes w
and Ab, as welf as the meervenung recessives
which show pseudodomnance, must all be
located 1n this short segment. If a p 1k

(hat the relative spacing of loci may be quite
different {n the two kinds of maps
EUCHROMATIN AND HETEROCHROMATIN
Relative spacing of foci appeats to depend
upon the disenbaion of euchromatn and
in m the cf The
dufferent types of chromatn were 1ntro-
duced m chapter 6, where st was pomnted out
chat the ¥ chromosome, wath 1ts pavcity of
known mutants, 1s mamly heterachromatic,
while the X chromosome, with its abundant
mutants is mainly enchromatic. The dis-
tinction between these two kands of chro-
matin was origimally made on the basis of a
difference in staming reaction during mutosis.
Heterochromatin appears first i prophase
and disappears last m telophase. In meiosis,
heterochromatic chromosomes may begin
the anaphasic movement earher or later than
the others. In other words, the hetero~

heteroch

gene shows pseudodommance m the pres-

15
h 18 g ly out of step as com-

pared to the “typreal” chromaum, the
)

cace of enher of two overlapping deficen-
aics, then 1ts Tocus must be mn the segment
of ovetlap. By this method, 1 has been

med in some cases that the locus of a gene
hay been defimecly asugned to 2 single band
v the ssbivary gland chromosomes

The Vistsiz CHROMOSOML AND THE
Coassoviz Mar  Since the d of

When the euchromatn and the hetero-
chromatn were first studied genencally, 1
became apparent that the known mutants
were aimost always in the euchromamm So
sare were the heterochromstic mutants that
many gencuests concluded chat the ap-

cytogenctic swudses of the salivary gland
chromosomes 1 1934, an wometse smount
of work fus been done to correlate the visi-
be bands of these guant ch s with

patent must be based upon small
segments of cuchromatn inserted snito gen-
enally heterocheomanc regions. Eucheo-

matin was defined as “genencally active”
and herer *

¢ @osover map, The formal result 15
wmmarzed w part 1n Brdges' map, n
which crossover maps and the sabivary gland
hromosomes ace drawn on the same scale.
This by made possble 2 very much more
Xenave and precrse compartson than was
et pesable wich the metaphase maps, yer
{ v an mporuant and strukmg fact thar the
c:m:lm\m“ ifer not i kind bue only 1
::c dogree of assusanee with which they can
o l;ﬂ‘;:l‘ ﬁt maynt a1 which emerge are
- order of genes 15 always the

' genenc and eytological mags, and

Lh s g iy inerr.”
‘This is not strscely true, because stadies 1 the
physiology of the gene have shown that
beterochromatin may exercise a considerable

wfluence ppon the expression of genes.

Nonethcless, mutaton is rzze i the fetero-
cheomatin, and possibly 1t 15 non-exustent
Another difference between the behavior
of cuchtomatn and heterochromann ttes 1
the much greater suscepubility of the former
to crosang aver. This would be of ltrle .
portance of heterochromatin were confined
t the Y chromosome, However smaller
segments of heterochromatm are luncr:d



ARCHITECTURAL CHANGES IN THE CHROMOSOMES

through the entire chromosome sct (fig. 8).
In Drosophila, cach chromosome has a large
mass of heterochromatin about the centro-
mere, and smaffer segments are widely dis-
tributed, Becanse crossing over is rare mn the
hetecochromann, loci which are widely
separated by heterochromatic segments may
appear close together on a genetic map.
Simnlarly; loci separated by purely cuchro-
matic segments will appear relatively far
apart genetically.

37. CYTOLOGICAL PROOF OF
CROSSING OVER

When the salivary gland chromosomes were
discovered, 1t was hoped thar they would
permit a dircet demonstration of che correla-
tion between genetic erossmg over and cyto-
logtcal exchange of segments  between
homologues. This was, however, a vam
hope, for 1t turned out that the gant chro-
mosomes, bemg fully synapsed, show no
evidence whatever of erossing over.

But a very clever method of supplymg
this evidence was devised by Curr Stern,
usng stocks of flies marked both with
specific genes and chromosomal rearrange-
ments. Altogether, three macked scocks
were used. Stock 1 had the hook of the Y
cheamosome translocated on to the X, so
that females appeared to have a parr of ¥
chromosomes, but thus stock was normal
with respect to genes. Stock 2 had a portion
of the X chromosome translocated on to 1V,
sa that it looked as though the X was split.
One scgment included the genes for carna-
tron eye color {¢r) and for bar eyc shape (B).

Stock 3 had normal X chromosomes with
the two marker genes present in the recessive
form {er and Bt}). All stocks are diagrammed
in figure 8g.

Farst, stocks 1 and 2 were crosed. All of
the female offspring from this cross had to
have one spht X chromosome with the
murant genes e and B, and one hooked X
chromosome with the normal alldes o*
and B+, Such females were then crossed to
males from stock 3, having a normal X
chromosome with the two recessive alleks.
The results of such a cross are diagrammed
m figure 89, Parental gype female offspring
should have a normal X cliromosome front
the facher and a translacated one from the
mother If the latter 15 the split chromosome,
the fltes should be carnation and bae. Ifit s
the hooked X, then the fies should show the
twao normal charactees {ced eyes of normal
oval shape). But if a crossover should occur
between ¢r and B, then the maternal chro-
mosome should be exther a normal appearing
onc with the two recessive alleles, so that the
flies would show the recessive characters; of
1t should be both split and hooked and carry
the two donnnant alleles. These fics should
have red, bar shaped cyes

Thus, 1f crossng avet 1s based upon ex~
change of scgments of the chromosomes, the
following should be obtamed among the
female offspring from the sccond cross de-
scribed above. Al carnavon-bar-cyed fhies
should have onc spht X chromosome and
one normal chromosome, white thase with
red, oval eyes should have one hooked X
chromosome and one normal one These
arc the parental types The cross-over types
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ate tedubar and carnanionsoval The first
should have a spht and hooked X chromo~
sotae pateed with 2 normal ane, while the
scond should have a pur of normal X
b Srem

agreement with prediction 1 359 out of 364
ctamples 15 an impressive record, and it may
be regarded as proven that crossing over 1
Yased upon exchange of segments of chro-

pared phencnyp
and chromosomal configurations of 364

24 fn 359 mstances, the expected results
were actwlly obtamed, while only five flies
yehked duscordant results Stern concluded
thas these fise must have been based upon
experimental etrots of some sort Certamly,

RisuMi  While the genes are ordinanly
tocalzed m 2 definne serial order in the
chromosomes, nonetheless, the architecture
of the chromosomes can be rearranged m
several ways. A scgment may be mverted,
that 15, broken out of the chromosome and



ARCHITECTURAL CHANGES IN THE CHROMOSOMES

then rejoined in the reversed position. Or a
segment may be deleted from the chromo-
some entirely. Or a segment may be duph-
cated. Finally, segments may be interchanged
between  non-homologous  chromosomes.
Each rearrangement leads to a typical pat-
tern of synapsis which 1s readily recogmizable
in heterozygotes. Whenever a known gene
is located at or near an end of such a re~
arrangement, the gene can be approximatcly
localized in the visible chromosome. Thus a
compatison of crossover maps with the real
chromosome becomes possible, This kind of
work was greatly facilitated by the discovery
of the sahvary gland chromosomes, giant
chromosomes of Drosophifa and some other
Diptera, The order of the genes has proved
to be 1dentical m the crossover maps and n
the real chromosomes, but the spacng is
often different. It appears that crossing over
occurs more readily in the cuchromatm than
m the heterochromatin.

Questions and Problems

1. Define:

Ch Heteroct
Chromomere  Inversion
Deficieney Metaphase map

Duplication Salivary gland chromosome
Euchromatn Translocation

2 Sketch clearly, and large enough to show the
featurcs ntended, the mitotic and salvary gland
chromosome scts of Drosopfla Label all essentral
features

3 Now sketch dgrams of the prinaipal types
of chromosomal rearrangements.

4 In the X chromosome of Drosophila, ver-
rmbon (r), mimature (), dusky (dy), and wavy
(wy) arc located at 33.0, 361, 362, and 419,
tespectively. A female homozygous for dhese
mutants 1s crossed to a normal male which has

characters. How can you aceount for this in teems
of the present chapter?

3. In a stock of Drosoplula, chromosome { i
marked by yellow (y), chromosome 1l by brown
(b}, chromosome 11 by cbony (¢}, and chromo-
some IV by eycless (o). Upon crossing a female
homozygous for these markers to an irtaduated
male, and backcrossmg the Fy to the marked
parental stock, only about half as many offipring
are obtained as m control crosses, Of these, yellow
and gray body, eyeless and normal eyes appear m
the expected T :1 ratos. But homozygous brown
flies and cbony flics are rare or absent from the
progeny. How can you account for these data?

6. In the X chromosonie of Drocoplula, the
followmg genes are located as indicated: yellow
(yh 0o, white (w), 1.5; ruby (), 7.5, cross-
vemless (), 137, and cut (o), 20, A female
heterozygous for these mutams was crossed to 2
male with all of the recessives In the progeny,
wlite, ruby, and crossveinless always remained
together, but yellow and cue recombined freely
with each other and with che other loct mentianed
Furt] the rate of L beeween
yellow and cut appeared to be only 7.8 per cont
What 1s the explanation of these data?
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beett subjected 1o daats Male pring
should all be simplex for the recessives, while
female offipring should be hetcrozygous and
should show the wild type characters. But a fow

of the females showed the minsature and dusky

German well, the ongmal account of Stern's
proof of the corrclation between crosung over
and exchange of chromosomal segments holds
considerable interest.



CHAPTER 13

Mutation
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ARCHITECTURAL CHANGES IN THE CHROMOSOMES

then rejoined in the reversed position. Or a
segment may be deleted from the chromo-
some entirely. Or a scgment may be dupli-
cated. Finally, scgments may be interchanged
between non-homologous  chromosomes.
Each rearrangement leads to a typical pat-
tern of synapsis which 1s readily recognizable
in heterozygotes. Whenever a known gene
is located at or near an end of such a re-
arrangement, the gene can be approxmmately
localized m the visible chromosome. Thus a
comparison of crossover maps with the real
chromosome becomes possible. This kind of
work was greatly facihitated by the discovery
of the salvary gland chromosomes, giane
chromosomes of Drosoplila and some other
Diptera. The order of the genes has proved
to be sdentical 1 the crossover maps and
the real chromosomes, but the spacing is
often different. It appears that crossing over
occurs more readily m the cuchromatin than
1 the heterochromatin,

Questions and Problems

1. Define:

Chromocenter  Heterochromatin
Chromomere  Inversion

Deficiency Mectaphase map
Duplication Salivary gland chromosome
Euchromatin ~ Translocation

2. Sketch cleatly, and large enough to show the
features mtended, the mutotic and salwary gland
chromosome sets of Drosaphila Label all essentaal
features

3 Now sketch diagrams of the principal types
of chromosomal rearrangements

4 In the X chromosome of Drosophtla, ver-
nulion (¢), mmature (), dusky (dy), and wavy
{(wy) are located at 33.0, 361, 362, and 41.9,
respectively A female homozygous for these
mutants 1s crossed to a normal male which has
been subjected 10 daat: Male pring
should all be sumplex for the recessives, while
female offsprmg should be heterozygous and
should show the wild type characeers. But a few
of the females showed the numature and dusky

characters How can you account for this  terms
of the present chapter?

5. In a stock of Drosopluls, chromosome 11
marked by yellow (y), chromosome Il by brown
(b}, chromosome I by ebony (c}, and chromon
some 1V by cyeless (¢y). Upon crossing a female
homozygous for these matkers to an irraduted
male, and backcrossing the Fy ta the marked
parental stack, only about half as many offipring
arc obtamed as in control crosses Of these, yellow
and gray bady, cyeless and normal eyes sppear in
the expected 1 ¢ 1 ratios But homozygous brown
flies and cbony flies are rare or absent from the
progeny. How can you account for these data?

6. In the X chromosome of Drosephila, the
followmg genes are located as mdicated yellow
(1), o0, white (v}, 15 ruby (b), 7.5 cros-
vemless (o), 13.7, and cut (i), 20. A female
heterozygous for these mutants was crossed to 2
male with all of the recessives. In the progeny,
wlite, ruby, and crossvemless always remaned
togedlicr, but yellow and cut recombined freely
with cach other and wath the ather loci mentioned
Furth the rate of b berween
yellow and cut appeared to be only 7.8 per cent.
‘What 1s the explanation of these data?

References

Bridges, C B, 1935. Salwvary chromosome maps
Journal of Hereduty, 26 6064 A clssic, suclud-
ing the standard map

Dobzhansky, T., 1936 Induced Chromosomal
Aberrations i Ammals In 3 M Duggar, Bo-
logrcal Effects of Radition, 2:1167-1208 A
gencral review of the problem, including the
author’s work on metaphase maps.

Pamter, T S, 193¢ Salivary chromosomes and
the attack on the gene Journal of Hereduy,
35 465-476 A preliaunary review by the man
who mtroduced the gunt chromosomes nto
cytogenenic research

Stern, C. 1931 Zytologisch-genetsche Unter-
suchungen als Bewene fur die Morgansche
Theonie des Faktorcnaustausch  Brologrsches
Zentralblate, st 557-587 Tor those who read
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considerable mterest.



shown in the table, a great range of mutanon
rates was found smong these seven genes
The third member of this senses, Pr (purple),
approwumated the general average of one
mutanon m 100,000 gametes The fiest in
the senes, R {colored endosperm) mutated
at the rapid tate of 492 mutatioms per
mlhon gametes, or approxamatcly one mu-
wtion N every 2000 gametes, Yet the last
gene m the semes, IWx (non-waxy) was
charactenzed by so low a rate that not a
sngle mutanon was observed m over
1,500,000 gametes tested

Mutation rates also differ between closely
related speaes Thus two species of snap-
dragon, Antirthinum mapus and A, sadhom,
were studied over 2 penod of many years
Regularly, the progeny of normal A majus
mcluded § to 7 per cent of murant types
Whie thas was undoubtedly based m part
upon fecombination of recessives that had
been cacried 10 the hetrozygous stte for
many generations, yet long-conunmed an-
tensive selecuon for the normal alleles

should have climinated such genes unless
new mutation were proceeding at feast 2¢
rapidly as sclecion  Yet dunng twenty
years of breeding and observing, not a
single mutane of A, sienhim was obscrved!
Mutation, then, proceeds at measurable
rates, rates which vary from one locus to
another in a single specics, from one ume to
another 1n 3 single vace, berneen different
genetie races of any speaies, and between
diffcrent species of a genus

Mutaste Loct A speaal case of ex-
tremely rapid musanon ate s presented by
the so-called mutably locs, or wnstable genes,
which mutate numerous times during the
develop of 3 sngle individual, so that
3 somane mosaic tesults. The best known
example 15 that of the vanegated plants
(fig 90), which are characterized by green
foliage with splotches of whire, Vaneganons
of foliage or flower colors make up most of
the known examples, no doubt beeause these
ate most casily observed. Almost a)) of the
known examples occur n plants,

Fig

90 Variegated leaves of pot
o
{Frant by, Yeonum, the Kot weed

o Ctologia, Fugs Memonss guyne y



their mutants as reservoirs of new and po~
tentially valuable varibility, buc the pre-
Mendelian breeders called them sporss, indi-
catmng that they regarded them as capricions
freaks of nature. They often killed their
mutants and kept therr occurrence seceet, on
the grounds that the sports reflected upon
the purity of their breeding stock.

Tue FrequeNcy of Muranion  The
greater portion of clementary genetcs em-
phasizes the idea of the permanence of the
gene, and even professional brologists are
likely to thmk of mutatron as a rare thing—
something which could be important only
if ume be avarlable on a geologtcal scale
Most reabze that more mutant types have
been discovered m Drosophile than m any
other orgamsm, but they are likely to estr-
mate the number of mutants known m ths
genus as on the order of 1000 or Jess, Yet
W. P. Spencer has stated that “actually the
number of natural and mnduced mutanons
found 1 ths genus would be much closer to
100,000 and probably n excess of this
figure "™

Actually, mutation does occur with meas-
urable frequency, and the rate has been
micasured 1 several mnseances under natural
and experimental conditions Some of the
specific data will be summanzed hicre At the
outset, 1t should be pomted out there 15 no
single mutation rate which s generally ap-
pheable A more or less general average
would be about one mutation wm every
100,000 gametes, but every possible type of
deviation from average 1s known  This
Spencer found wn 1935 that the rate of mu-
tifron mn Df(':(’[’l”lﬂ varies from ume to
ti\hm This he aunbuted to the mfluence of
the environment. Later, Demerec demon-
strated that different strams of Drosophila
show mhertable differences i mutation rate
even when grown simuhtancously m one
laboratory. This led to the concept of genes

Hing che rate of . Recently,
w Advances tn Gentetses, vol. 1, p 339, Acadenic
Press, Inc., New Yotk

[<

MUTATION

“mutator” genes have been investigated in
wild populations of Drosophila. These cause
a very striking clevation of the mutation
rate, and have becn regarded as 3 fundse
mental factor in evolution,

It may be regarded as demonstrated, then,
that the rate of mutacion is varisble even
within 2 single speces. Further, it vanes
markedly from one gene to another, This
was evident cven before the experimental
analysts wvas begun, because some mutants,
Iike white eyes, recur frequently in Drose-
phula stocks, others appear rather rarely and
stll others are known only from smgle
records. But the most impressive study yet
reported on dus subject 15 one by L}
Stadler on the rates of mutation of cight
genes m maze, Well-known and casdy
tdentifiable characters were selected for
study {see table 13). Plants homozy gous for
the normal dommant alfeles were crossed to
test plants homozygows for the recessives
Any F; plant showmng a mutant phenotype
must have resulted from a mutanon i 2
gamete of the demmant parent. An -
mense namber of progeny were examned,
and the results then expressed as so many
mutations pee mithon gametes tested As

Table 13. Mutation Frequenciesof
Eight Common GenesIn Maize
(Moditied from Stadler, Spragg Memonal Lec
cures, Third Senies, 1939 Maclugan State College

Press)

NUMBLR 01 JREQUINCY PIR
NUMRER OF

GENE  GAMITIS MILLION
TISTLD MUTATIONS LAMITES

R 554,786 273 492

H 363,391 28 106

Pr 647,502 7 1

Su 1,678,736 4 2.4

[ 436,933 t 2.3

Y 1,745.280 4 3.2

sh 2,460,285 3 1.3

WX 5,505,744 ° o




individual vials. All of the progeny should

could be explained if the two X f of
the female be attached together (symbohzc‘d
)6() Cytological examination proved this
to be the case. Such females also carry 2 Y
chromosome. They produce two k.indi of
eggs, XX and ¥ Upon fertlization by
normal sperm, Ihg_\fulla\’v\mg array of zy-
gotes s formed. XXX, XXY XV, and YY.
The first of these 1s usually mviable, while
the last always 15 The second 15 agam an XX
female, and shows only maternal sex-lnked
characters The thurd 15 2 normal male, bue
the ¥ chromosome 15 derived from the
mother and the X from the father, hence
only paternal sexfinked traws show wp. In
order that the XXY females may be canly
recognizable the XX chromosomes are usu-
ally marked wath a pair of homozygous re-
cesuve genes, commonly yellow body (yy).
Ths pattern of mhertance 15 diagrammed
figure g1

With such 3 pattern of inhentance, any
sexlinked muntions occurnng m a male
should show up mmeduately in bus progeny
Thus all sex-hnked visble mutations ocenr-
ringn the male parent should be 1dennfiable,
and can be expressed as a fraction of the tora
male offspring obtained

Derection oF A Somamic Letmar  For
the stady of somauc fethals, one can wse 2
moddication of the Star-Dichaete method of
localaing genes, which was taken up m
chapter 11 Assume that second chromo-
some lethals are under study, As a test stork,
fhes heterazygous for Sear (S) and Curly
(Cr} may be used These w

re both seeand
chromosome dommants which are lethal

when hamozygous Thus all Star-Curly fiies
S+ S
T ot ——L
TS
This s called 4 b,

Let us say that o

must be heterozygous

ock of flies whach has been sub:
fected 1o ap SXpenmental procedire, The
treated fhes may by mated to S[Cy fles 1

catry one sccond chromosome from She
marker stock and one from the stock being
tested. The S/ - flies are now mated inter
se. The offspring of any pair heterozygous
for 2 new lethal must include four types:
88, which is lethal; §4j41; +JJS +
and 4 If + I, whiclis lethal Thus, no wild
type offipting should occur in the progeny
of fhies with 2 new lethal mutant. But in the
absence of such a mutant, one third of the
progeny should be wild type. A similar sc-
quence can be completed with the Curly
flres.

The methods reported above may be
sufficent to gave some 1dea of the methods
necessary for the quanutauve study of -
tavon. Addstional methods will be reported
below m connection with experimental mu-
tation and mhentance in man.

MUTATION 1N A Series oF MoLmirie Ar-
teees The existence of muluple alleles 1
wself evidence of the mutation process, for
there 15 no concervable way by which such
sectes could have been formed othet than by
mutation from an origmal wild type ta the
vatnious mutant forms of the same gene, Bur
the phenotypes based upon such a serres
commonly vary from one another m a sim-
ple, quanntative way Thus the white cye
color senes of Drosophila may be regarded as
2 dilunon sequence, starting with red and
passing through such colors 15 cherry, cosin,
and honey ta white A priors, one moght
suspect that the muration Pprocess also would
have to go through the sequence from Tagher
to dower alleles Bye gy 1 not the case, Any
allele may mutate directly to any other, )~

though some do oeeur miore fy

requently than
others, In general, mutaton from the dopy.
nant member of the serres to 4 recessive form
5 most commey,

m, bt reperse mutation,
from a recessive member of the seryes o115
wild type allele, has alsy been teported
Muramion v Reramion TO THE Cironmg-
SOMAL Cyery Moation can occur at any



Typically, the dircction of mutation is
from an unstable recessive allele to a domi-
nant which is then as stable as are most
genes But in some mstances, unstable genes
have been reported which mutate from
dominant to recessive, and cven two-way
mutation has been reported.

The basis for such extraordinary mutation
rates is not known, but there has been no
dearth of theories. Onc of the catliest theo-
ries suggested that an unstable gene is a
discased gene. Another suggestion 1s that the
genc may be made up of subgenes, or
genomeres, which may be of different types,
with mtragene segregation durmg mtosts
accountmg for the appearance of a high mu-
tation ratc. A third, and more generally ac-
cepted theory, 15 that an unstable gene 1
charactenized by a physicochemmcal structure
wlich 1s unstable m a molecular sensc, with
the stable form to which 1t mutates repre-
sentmg a more stable chemical state. Most of
the literature on this subject 1s rather old,
and the whole subject should be remvest-
gated by modern methods.

MUTATION

MELASUREMENT OF MUTATION Rages- Mot
of the above discussion infers the use of
methods for the quanntative study of mu-
tation rates, yet an actual method was men-
tioned only in the case of Stadler's study of
the rates of mutation of particular genes.
Where the rate of mutation in general i
sought, rather than that of spectfic genes,the
problem is more difficult, and cannot be
covered comprehensively; however some
cxamples will be desertbed. Usually it 15
necessary to st up the experiment to test for
some particular class of mutations, as lothal
or vistble, sex-lmked or autosomal. Whatis
required is an experimental tool which wil
make the class of mutants under study easly
identifiable in the experimental population

DrrectioN oF SEx-Linkrp Visiste Mu-
rations ‘The use of attached-X chromo-
somes provides a simple and direct method
for the detection of sex-hnked visbles.
Many years ago L. V. Morgan (Mes. Thomas
Hunt Morgan) discovered a female Droso-
phila which passed all of her sex-lmked traits
to her daughters and nonc to her sons
Further breeding from her progeny showed
a regular mother-to-daughter and father-
to-son pattern of mhentance of sex-lmhed
characters Mrs. Morgan reasoned that this

Fig. o1, Attached-X mhertance Yellow
body color, the wstal marker for

attached=X chromosomes, 16 here mdieated by the
very pale punk Bar eye v used as a marker

for the X chromosome m the malis Note that
nhertance of these sex-luked travts follows

a mother-to-daughter and father-to-son

pattern.



Fig g2 A bnd mutant st Narcissus
“The lager flower is growing from @
bl which was budded off front

the smaller one Actually, the
smaller one 15 diplord and the larger
one tetraploid See the follownng
dhaper for a disusson of this
pheaomenen (From de Mol, in
Cytologua, Fign Muorsal volie.)

thus have greatly mncreased our knowledge
of mutauion For this work, Muller received
the Nobel prize 10 medicine m 1936

Tue CIB Memstop  Mutler's success de-

pended not only upon the sclecuion of an
efficient (mutat d

cessve lethal, and 1s probably actually iden-
tical with €. B 1s the bar cye gene, and 1s
used to make visible which flies carry the
marked chromosome CIB females, then,
have one CIB chromosame and one normal

P
agent, bur also on the mvennon of a smtable

method for quanttauve determmation of
the rate of formation of a speaific class of
mutations To do this, he restricted hus study
to see-hinked lethals, as these can be casty
and unequivocally identified, whereas iden-
uficanion of visible mutations depends upon
the degree of refinement of observation To
dentify the sex-linked lethals, be used a
marker stock called the CIB stock C stands
for a crossover snhibitor m the X chromo-
some, and 15 now (but not 1n 1927) known
t be an wversion. The | symbolizes a re-

X

In practice, males are irradnated to produce
mutanions 1m the sperm, then they are mated
to CIB femalcs, onc pair to a vl Al of the
female offspring must have an X chromo-
some from each parent. Half of these will
have the CIB chromosome from their
mother, and only these fhies arc studied
further, by matmg them, onc pair to the
vial, to normal males If such a female re-
cerved a normal sperm (no sex-linked lethal
mutattons) from her father, then she will
produce two females to one male (because !
of the CIB complex 1s lethal when simplex),
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point m the hfe cycle, and m somauc cells
as well as in sex cells. If a recessive mutation
occurs in a sex cell, it will not show until
recombination makes it homozygous. Spe-
cial methods are necessary to deteet the
occurrence, as discussed above, But if a
domnant mutation occurs in a sex cell, there
is a possibility that it wall be fertilized and so
will show up in the first gencration after its
oceurrence. In a general way, the carlier m
the sex chromosome eycle that such a mu-
tation occurs, the more affected offspring
there should be. Thus a domumant mutation
occurring 1n a single sperm cell could only
affect one zygote, but a mutation occurring
in a prmary spermatocyte could show up
two zygotes (not four, because simultaneous
mutation m both members of a pair of chro-
mosomes 15 wiknown, 1f not impossible).
On the other hand, 2 mutation n an carly
spermatogomum would affect hundreds of
sperm and possibly many offspring
Identification of a2 somatic mutation 1s
much more difficult, at least m ammals At
the outset, a recesstive mutation could not
bz identfied at all, unless it were m the
swplex condition, or unless the organtsm
were at first heterozygous, with the domi-
nant allele then mutatng to the recessive
form. A donunant mutation could poten-
nally show up at once In erther case, the
orgamsi would be a mosaie of ussue with
mutant and non-mutant genotypes If the
mutation should occur m one of the first two
blastomeres, then a half-and-half mosaic
would result. If 1t should occur m one of the
first four blastomeres, then one fourth of the
organism would have the mutant genotype
The later 1t occurs, the smaller the mutant
segment Some characters cannot be ex-
prcsscd w small segments of the body, while
others can be What appear to be mutants
of only 2 sngle facet of the eve of Drosoplula

have been detected
In addition to the above difficuluies, there

MUTATION

is the problem of distinguishing a somare
mutation from environmentally induced
modifications. It has been suggested thie
those characters which are mamtained in
tissuc culture are true mutants, while thoe
which disappear in tissue culture are merdy
modifications But there 1 no assurance that
this hypothesis is correct. Incidentally, it s
partly upon this basis that 1¢ has been clamied
that cancer depends upon somatic mutation !
The crux of the problem is that the identifi-
cation of true mutations depends primanly
upon therr behavior m sexual reproduction,
and this 1s not a property of somatic tissucs

In plants, the situation is simpler, becawse
so many plants can be prapagated succes-
fully from cuttings, or by other asexul
methods A suspected mutant branch may
be so propagated, and 1t may then flower,
permutting a dureet test of whether the
vanant 1s a genume mutation, or sumply an
environmental modificatson. The search for
such bud mutants (g 92) s a standard
method of plant breedmg, When a valuable
mutant 1s found, it 1s ordmanly prup;gnlcd
asexually n order to prevent segregation
from breakmg, up a fortunate combination
of genes. Most of the commercnal vaneties
of apples, and many other fruits, have aricen
m ths way. The phenomenon has been
known a long time, for Darwin described
the ongin of the nectarme from the peach
i this way

39, EXPERIMENTAL
MUTATION

In the sacnufic study of any subject, its ex-
perimental control 15 a baste goal The first
progress in this direction n the case of mu-
watton was made by H | Muller, who found
m 1927 that irradiation of Drosaphila would
merease the mutation rate enormously, Dur-
ing the mtervenng years, Muller and others
have explomed the method exhanstively, and



Fig. 93

The CIB test for sex-linked lethal mutations. An *x" on a chromosome

a sperm indicates such a lethal mutanon 1f a CIB egg 1s fornlized by @ sperm
with an wmmutated X chiromosonse, then the offspring of the resulting fimale will show a sex
vatio of 2 females 1 male (e A) But feruhizanon by a sperm with the

mutated X cliromosome leads to a female whose progeny are all danghters (fine B)

come so mmportant a tool 1 medicine,
mdustey, rescarch, and mubtary develop-
ment that there can be no general curtament.
of s use But 1t 15 not too much to suggest
that precautions be taken to shield the
gonads from radnation whenever possible
Unhke radiation sickness, genetic damage
docs not have the benefit of a munmum
theshald of dosage. Any radiation whatever
may do rreparable damage

Oruer Mutaceic AGENTS Followmg
Muller's successfl mduction of mutations
by x-rays, an meensive search was made for
othet effective agents Many types of radia~
vion were tested, and 1t turned out that any

high encrgy radiation will cause a similar
increase 1 the mutation rate. These include
such diverse radiations as ultraviolet hghe,
cosmic rays, gamma rays, and neutron bom-
bardment. It was also found that tempera~
tures near the hmuts of viabihry, whether
hot or cold, would increase the mutation
rate more than could be accounted for by
the thermal coefficients of chemical actiyary

Many chemicals were tested for mutagemc
actwity. Posons bike alcohol and lead salts
were thoronghly mvestigated, as were me-
tabolites such as the nuclerc acids. Bue all
gave neganve results unal 1947, when
Charlotte Auerbach found that mustard gas



Butif she received a mutated X chromosome
from her father, she could have only daugh-
fers, because both of her X chromosomes
would carry genes which are lethal when
simplex. Why is such a female viable her-
self Because the new mutant is very un-
likely to be an allele of the [ of the CIB
complex. Hence each chromosome carrics
the normal allele of the lethal gene in the
other chromosome. Thus the proportion of
females which produce only daughters ind-
cates the proportion of sperm of the irradi-
ated male 1 which sex-linked lethal muta-
tions occurred. The CIB test 15 summarized
mn figure 93.

A correction factor 15 necessary, because
about 0.2 per cent of the fiies will show new
sex-ltnked Jethals m the absence of wrade
atton. Hence only the increase above this
spontaneous mutation rate can be considered
to be caused by the treatment. But the m-
crease 15 stetking. with 1ooo r umts of radi-
atron, the rate increases to abont 3 per cent;
with 2000 r, 1t increases to 6 per cent; with
4000 1, it wmcreases to 12 per cent. The curve
of relanon of dosage to mutation rate 15 2
strmght hine curve,

Rrsutts rrom EXPCRIMENTAL MUTATION
A massive literature has emerged from the
work of Muller and his collaborators This
caunot be summanzed here, but a few gen-
cralizations are possible The first of these 1s
that the mutaton rate appears to be direcely
preportional to the dosage of radiation ad-
ministered to an orgamism, srrespertive of the
rate of admunstration. It was suggested soon
after Muller’s first publication ¢hat there
must be a nummum cffective fate of ad-
mimstratton of radtion. Muller tested this
by varymng the rate from a mmumum of one
onc-hundredth of an £ umit pee munute up to
200 £ Per muute or greates Over the entire
range, any pamtubr total dasage sull pro-
duced the same amount of mutation, and the

straight Iine curve was mamntained. Subse-

MUTATION

quently, the rate of dosage was roduced soll
further, but the results were still concordan
with Mulle’s, Mutation was interpreted 25
the end result of a dicect hut of an fonizing
particle upon a sensitive molecule.,

A second gencralization is that the mus-
tion rate is independent of the wave kngth
of the X-rays. This was established by irtadie
ating fites with many different wave lenghs.
The result was that snmlar dosage produced
sinular resules irrespective of wave length
Hence 1t appeared that 2 direct hit of an
ionizing pariicle upon a senstuve molecule
was responstble for the mutagenic effoet,
rather than the absorption of a spearfic wave
Tength.

Finally, 1t should be noted that radution
cuwses an tucrease of visible mutations 25
well as of lethals, but quanaeattve studies are
much more difficult to make, and much less
rehable.

RADIATION As A Brorogicar Hazarp Be-
fore leaving the subject of mduction of mu-
tations by racdhatien, a word of warnmg
should be added It has long becn known
that exposurc of orgamsms, including man.
to heavy doscs of radution causes radiation
sickntess, which may even be fatal, In the
climcal, mdustral, and expenmental wsage
of the many forms of high energy radiation,
care 15 always taken that the personnct do
not recerve dosages approaching the nwa-
wmum for the production of radnuon sick-
ness On thus basss, responsible physienns
and admimstrators have expressed the apia-
1on that there 15 no danger 1 carcfully regu-
lated exposure to radtauon However, there
15 tto winuean doge known for the production o
pntanions. And, as mutation 15 3 random
phenomenon, the great majonty of those
produccd are harmful, For this reason, the
increasing use of radiation 1 a public health

p(nl!lcm nr gfﬂ\\'l"g ""pUr[J"('l', cven
though cvidence of damage may not appeat
for several gencrations. Radnagion has be



Fig 93

The CIB test for sex-linked lethal mutations An “x” on a chromosome 1

a sperm wndicates sieh a lethal mutaion 1f @ CIB eqg 15 furtilized by a sperm
witl aut wnansitated X chromosome, then the offpring of the reswlang fmale will show a sex
ratio of 2 females 1 male (e A) But fertiization by a sperm wath the

muitated X cliromosome leads to a female whose progeny are all daughters (fme B)

come 50 ymportant a tool . medicine,
mdustry, research, and mulitary develop~
ment that there can be no general curtadment
of s s Bun 16 15 ot oo much to suggest
that precaunions be taken to shield the
gonuds from radution whenever posuible
Unlike raduanon sickness, genetic damage
docs not have the benefix of 2 mummum
theshold ofdosage Any raduation whatever
may do sereparable damage,
Orite MuTacemc Acents Following
Muller's successful iduction of

Iugh energy radation will cause a simlar
increase in the mutation rate. These melude
such dwverse radiations as ultraviolet hghe,
COSIMIC fays, gamma rays, and neutron bom-
bardment. It was also found that tempera-
tures near the limits of viability, whether
hot or cold, would mcrease the mutanon
rate more than could be accounted for by
the thermal coefficients of chemical actvity

Many chemnicals were tested for mutagenic
acuvity Possons bike alcohol and lead salts

¥ ¥tays, an mtensive search was made for
other effective agents Many types of radia~
1on Wete tested, and 1t turned out that any

were th hiy gated, as were me-
tabolites such as the nucletc acids, But all

g2ve negatve results until 1947, when
Chatlotte Auerbach found that mustard gas



was a highly cffecrive mutagen. Since then,
several other chemicals have been denton-
strated to have some mutagenic activity, but
nonc has approached the acuvity of the
niteogen museards. Formaldchyde 1s perhaps
the closest runner-up. 1t is particularly con~
venient for experiments upon bactersa, for it
can easily be mcluded m the culture medsunt,

WiaT MUTANTS ARr Propucep: One
final word of caution should be added re-
garding expertmental mutadion, and that 1s
that only the ras of mutation have been
influenced by experimental techmques. It
would be a matter of extraordmary mterest
if one could sclect a speaific targer gene and
cause 1t to mutate 1 a spectfic way. But not
onty has this not been accomphished, but it is
doubtful that it ever will be done.

Résumt While the permanence of the
gene is one of xts mose stnkng propertics,
yet genes are oceastonally mexactly repro-
duced, and the resulung mutants are then
perpetuated with the same regularty as the

parent genes. Mutation cates are sufficiendy |

high to be measured, a farr average bemg onc
111 100,000 gametes However, the rate varies
for differene genes of the same organtsm, for
different races of a spectes, aud for differene
spectes of a genus Some specific genes mu-
tate with great raprdiry, mndicating that the
genes concerned must have an unstable
physicochemical secucture, While mutation
may occur anywhere i the chromosomal
cyele, it1s difficule to get conclusive evidence
of the event, espeaially m ammals, unless 1
occurs m germmal tssue: The mutatton rate
can be greatly acceferated by Iigh encrgy
raduation and by varous chenieals, such as
mustard gas. Spectal methods, such as the
CIB method, have been devised to measure
the mduced mutaton rates Although the
rate of muration ¢an be mereased casthy, thus
1 an undirected merease m the sense thae the
experitenter cannor determmne which muta-
tions shall be produced.

i
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Questions and Problems
1. Defines
Abereation Mutagen
Attached-X Mutztion
Balinced lethals Spart

Bud mutant
i method

2, Discuss die significance of the problem ot
mutation far genetics m general.

3 Most of the expermmentally produced -
tons are obviously detrumental to the organtm
Why should studies of this sort be conducted?

4. Can studies of such abnormalities be of s1g-
mficance for the understanding of natures Enlirge
upon YOour answer.

5. Which of the explanations of unstable genes
scems most probable o you? Why?

6 Several male Droswoplula were given about
1000 £ umts of \-radsaton, and then Were mated
o CIB females. 247 female offipring were ob-
tamed, and, of these, 125 carried the ClB chromo-
some as shown by thewr bac eyes. These were then
mated to norml males, oue pair to the vial Most
had offipring in a ratio of tw o fenmales to one male,
but four flies had only female offiprng Expbin
the results, and calculite che rate of mutaton

Unstable gene

represented

7 Ina sccond experiment, 20 males were subs
Jected to 2000 £ umts of x-radunon, and then
crossed o ClB females 750 CIB fomales were
obtamed m the progeny, and these were tested 3¢
w problem 6 OF these, 206 hid both sons and
daughters, while 44 had only daughters What was
the mutation race®

8 In a third expeniment, 3o males were gren
4000 umits of radiztion, and the cxperumene carned
ourasabore 1130 CIB females were obtamed. and
of these 114 had only daughters Calulate the
rate of mutatron.

9 Now plot 2 curse of rehition of dowge (©
mutation fate, wang the data of the preceding
problenss

10 ¥ rom your curve, read the rates of mutstic
to be expested with dosiges of 1000 £ and s000 ¢
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CHAPTER 14

Cliromosoimnal
Mutation

The possibality that changes m the architec-
ture of the chromosomes mught have a
mutational effect was raised m chapter 12.
Hence, when a method for rapid production
of mutattons by radiation became available,
1t became necessary to check the trradiated
chromosomes for visible changes as well as
for gencucally detectable mutations. When-
ever 1t turned out that a new mutation could
not be scparated by crossmg over from a
new chromosomal rearrangement, 1t could
be concluded that the mutatron was actually
a position cffect. But, of no change m the
structure of the chromosome could be de-
tected, 1t was necessary to conclude that the
mutation was based upon a change m a
Si“g]c g(’"t‘, a‘qt'"L' nuitation or I?UI"’ nuitanon
Both chromosomal mutations and pomt
mutations occur both m nature and m ex-
penments. But not all experimental muta-
gens produce the two m the same propor-
tions  X-rays and most other types of
radiation produce a preponderance of chro-
mosomal mutations, while ultraviolet bghe
and neatron bombardment produce mamly
pomt mutations and extremely small rear-
rangements. I'roduction of pomt mutations
is pmpnmonal to the number of mduced
jonizations, bat production of chromosoma)
rearrangements 1s proportional more nearly
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to the square of the number of induced
ionizations. Onginally, it was thoughe dhat
this meant that a single direct hit on
chromosome produced a point mutation,
while two such hits produced 2 rearrange
ment. But 1t now appears that direet hits on
the chromosomes are not hiely to be in-
volved, and even the cytoplasm may be
necessaty as an intermediary, A more cont-
plete exammation of chromosomal muta-
tions may now be m order.

40. CHANGES INVOLVING
ENTIRE CHROMOSOMES

In addition to the chromosomal rearrange-
ments which were discussed in chapter 12
there are several kinds of chromosomal
mutations which mvolve changes m whole
chromosomes, or even m whole scts of
chromosomes. These will be described be-
low.

Trisosics  An organism which has an
extra chramosome 1s called a trisomte. The
general formula 1s 2n 4 1, as one of the
chromosomes 15 present m tnplicate. Such
an organism 1s murant m phenotype, pre-
sumably because the genes of the trisomic
ate out of balance with those of the rest of
the chromosomes. In Drosopfula, for exam-
ple, flies i wlich the fourth chiromosome 18
trsomic, called Triplo-1V, are somewhat
larger than normal diploids, have coarser
bristles, and show many other mmor differ-
ences Triplo-l and 111 are not obramable
because of lethality, and Toplo-X shows
greatly reduced viabahiey

Trosomics are transmitted only through
the female parent, as an extra chromowmen
the pollen or sperm acts 3y 2 gamete lethal
When eggs are formed, half should be nor-



mad haplowd eggs and half should ben + 1
eggs which, upon fertilization, would y:cld
trisomic progeny Thus the trisomic condi-
won should be transmutted inarano of 12 ¢
with normal diplowds Actually however,
Jess than 50 per cent transnussion 1s genenally

10 the shape of the sced capsules are out-
standing, and the various trisomic types have
been named on this basts, with such names
as “sugadlaaf,” “rolled,” “‘polycarpic,” and
“echmus,”

But the Datura case docs niot end with the

obtaned, as the extea ch tends to
lag behiind the others m metosts, and so fals
1o be mduded m exther daughter nucleus.

The tosomic condition also causes ab-
normal atos of transmission of the genes
An example 15 afforded by a cross between a
Trplo-T¥ By with normal eyes and a fly
homozygous for the gene ey, which results
1 eyeless fhes when homozygous. This ex-
periment 35 best described by figure 94 In
summary, when 2 female +4-ey 15 crossed
to 2 male eyey, half of the progeny arc
Taplo-1V, but only one i six 15 eyelcss, and
this one will be diplosd But when a female
eyey+ 15 crossed o a male epey, 3 1 I
rano x5 obtamed for both traits

“Trisomucs are much more common among
plants than among anumals, and they have
been studied parncularly mtenstvely n the
genus Datura, the Jumson weed, by Blakeslee
and us collaborators In this genus there ate
twelve paurs of chromosomes, and Blakestee
bas found natural races chatacterized by all
tuclve of the possible tnsomic types. Each
of these shows a recognizable phenotype,
with many deviations from the standard
diplod m alt parts of the plant. Vanianons

Fig 94 TrploIV’ henitance Parts 4,
B, and C represens three bunds of crosses
Dnsolvung Teplo-TV females and the gene for
eyeless, as discrseed m the text,

bundance of such primary trisomics, in
which 2 normal chromosome is present m
tapheate, Blakeslee has also discovered see-

1 Sriplo-W: normal
5 normal 1) eyaless

)

c (B x J

b
() () |
1Triplo-IV. 1 normal '

Tnormal: Jeyaless
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ondaty and tertiary trisomics. A secondary
trisotaic 3s one m which the extra chromo-
some represents only one half of a normal
h Tt thus falf is duplecated to
form 2 chromosome with two jdengical
arms Twenty-foor secondary tmomics ase
thus passible, but by no means all of them
have been found, Each agamn has a charac~
terstic phcnotyyc. Fxgmc 9s shows a pn-
mary trisomic and s two secondaries

The testiary trwsormtcs are still more com~
phested, for m these the extra chromosome
1s 2 translocation product, and s0 35 made vp
of halves of two non-homologous chromo-
somes. Of the grest number of possible
tertiary tnsomucs, only a few have been
found, Agam, each has a charactensne phe-
notype by which it s recognizable even
without exammaton of the chromosomes.
At metosts, the extra chromosome forms a
link between the two tetrads with which 1t
shares homology thus formmng a rather
snking figure.

T all types of tsomucs, the n 4 1 conde-
tion 35 2 pollen lethal, and so the tusores
are transmstted only by the ovule parent

Moxosonacs Just 45 there may be an
extr chromosome, so there 1may be a chro-
mosome mussing, These have the general
formda an -1, and are called monosomacs
The phenotype of 2 manosomc generally

differs Erom the diplord i many ‘ways which
maybe compl d

yto the corresp g
wisotmie, Thus Haplo-1V 1 Drosophila (Gg.
96} 15 characternzed by sower embryomc
development, smaller bwstles, and smalier,

roughened eyes. Like trisomacs, the metatic

Fig 95 A Haplo-I¥’ fly Aluwost very part
of the fy shews wasor dewasions from

the norwal.

mechanism should Jead to 50 per cent trans-
mission of monosomics, because half of the
gametes of 3 monosomic indvidual should
contain 1 chromosomes and the other half
n-1. Ordmanily such 2 monosomic will be
crotied to 2 normal diploid, so thata 111
ratio should be obtamed. But actually, 2
yransmussion gate of more than o per cont
is commonly obtained, because the unpaired
chromosome tends to behave irregularly in
mewosts, and frequently is not included in
cithet daughter nuclens

HaplolV m Drosophila 15 agam 2 good
example of the influence of the chromosomal
mutant upon the ratios of gene transmussion
I 2 homozygous normal fly is crossed to an
eycless fly, ot of the progeny should be
normal, although heterozygous But 1f the
parental fly with notmal eyes s also Haplo-
1V, then half of the progeny are normal and
half are eyeless (+X epey ~—mat +ey: 1 ).
Of course, the eycless progeny are zkso
Haplo-TV

Becawse 2 recessive gene will show up 2t
once m the progeny from such a cross,
monosomics may be a useful ool for the
deter of the chy upon
whichi a gene 15 located, This has proved to
be the case, for example, in tobacco, Nico-
tiana tabacum, "Thus species has twenty-four
paits of chromosomes, and 1o 1t would be
very difficult to Jocalize genes by the meth-




ods developed for Drosophila. Butall twenty-
four monosomics are available. When a new
recessive gene is under study, a strain homo-
zygous for it can be crossed to cach of the
monosomic strams, The progeny from most
of these crosses should be all normal. But
one of the crosses will yreld normal and
mutant progeny in a ratio of 1:1. The
particular chromosome which is montosomic
in this cross, then, 15 the chromosome on
which the new gene is located.

Sex-differential chromosomes of the XO
type are a very widespread example of
monosomics But aside from this rather
speciahized example, monosomies do not
appear to be of general importance i nature,
They do not characterize whole races, as do
trisomics

Poryrroipy Not only may mutants
differ from the wild type by a whole chro-
mosome, but i many cases they differ by
\\’IIO]C scts ufc]lronmmlncs. ThlIS ]I]S[c.’ld Of
the usual diplord consuitution, an orgamsm
may have three sets of clivomosomes (enip-
lordy) or four sets (tetraplowdy), or even
Ingher multiples of the basic haploid chromo-~
same set. Tlis phenomenon of polyploidy
(Greek, many tmes) 1s very common among
plants, although it 15 rather rare among
animals. A polyplord plant differs from the
carresponding, diplond i many characters
throughout the plant. While onc cannot
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predict from the appearance of 2 diplod
plant what the phenotype of 1ts tetraplosd
(the commonest kind of polyploid) will b,
still certain kmds of phenotypic variations
arc very common among tetraplowds. In the
course of the studics which led to the reds-
covery of Mendelism, Hugo DeVries ws
mvestigating the cvening primrose, Oono-
thera lamarckima. A mutant appeared in his
stock which was <o different from the rest
that he desenibed it as a new species under
the mame of O. gigas, because of its large
size (Greek, gigas, giant), This “specics” has
smee proved to be a spontancousty produced
tetraploid, and, as 1t shows a complex of
characters very generally found amang
tetraplowd  plants, the chiracter complex
uself 1s referred to as the “grgas habitus.”
This ncludes such characters as thacher stems;
leaves which are shorter, broader, and
thicker than those of the diplod; farger size
of the plant as a whole; and slower gmmh
rate (fig. 97).

AUTOPOLYPLOIDY AND ALLOPOLYPLOIDY
It may scem sclf-cvident that the four ge-
nomes of a tetraploid should be identical, or
at least ¢hat they should differ no more than
do the two genomes of an ordary diplosd
This condition 15 well known, and s te-
ferred to as autotetraplowdy (or, m more
general termy, autopolyplotdy). If each st
of ike chromosomes be designated by the
letter A, then the formula for an avtotetra-
plord would be AA4A4A. But there s another
possibility two {or more) different <t of
chromosomes could enter to the make-up

Fig 7. Diplond (right) and setraplond {left)
speamens of Aster novacanghae
(Conrtesy of Dr Albert 1 Deldisle )



of the tetraplord, as described by the formula
AABE Thss condation s also well known,
nd 15 called aloretraplosdy (o allopoly~
ploidy, for the more general case).

While at first glance allotetraplordy scems
smprobable, yet it has proven to have much
more general importance m the Plant King-
dom than autotetraploidy. There ate several
ways that an allotetraploid might be formed
matute, Peshaps the most cbvious s by the
crossing of two different autotetraplords,
AAAA and BBBB, to yield the hybnd
AABB Yet thus does not appear to be an wm-
portant method, because a cross between
different autotetraplonds 15 gencrally more
Afficult to make than 15 2 cross berween the
cotresponding diploids. Hence the most
wsual method of formation of an allotetra-
plowd 15 probably by means of an mter-
spectfic ceoss followed by doubling of the
chromosome compliment The fatter would
happen if the hybud, AB, would farm un-
reduced gametes This 15 common in mter~
spectfic hybrids, becawse the chromosomes
generally cannot synapse properly

Many naturally occurrng speeres have
been demansteated to be aflotescaplonds (or
bugher potyplords) This was first demon-
strated for a speaies of Drosera (the sundew,
an msectivoraus plant), whach has twenty

<4J99
| {)?I:\
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P29 Synapas i ¢ hybred botween g cet
grast, Brogs Synapscd pares are shown
are blacke (Modified  from Stebben,
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pairs of chromosomes, while other sptcic.s
have only ten paws. Upon crossing this
spectes to anhier of the most similar ten
chromosome species, seenle hybrids were
obtained with thirty chromosomes (not
pairs). At meiosis, such hybrids showed ten
synapsed paits and ten singletons. Henee it
was concluded that the chromosomes of
each ten chromosome species had ther
homolognes 1 the twenty chromosome
specics, and that the latter must be a natural
allotetraplond.

About the same has been proven for
many natural species, including such com-
mercally important ones as tobaceo, which
ss an allotetraplord and wheat, which may be
ether diplod {not commercially smpor-
tant), allotetraploid, or allohexaplod In a
sull more complex case, 1t has been demon-
strated that different species of the range
grass Bromus {fig. 98) may be hexaploid,
actaplod, ot duodecaplond {12-ploid). Henge
st may be concluded that the formation of
allopolyplosd setics has been a regular feae
ture of plant evolution,

EXPERIMENTAL INDUCTION OF POLYPLOIDY
Many methods have been emploged to -
crease the rate of production of polyplosds.
These mclude selection of bud mutants, ad-
ratmstration of temperature shocks to the

(””\‘
W

toplord and q 12-ploid species of Tange
" ;:11;!, while unmated chiromosomes
“ Lobgy, and Harlan sn Proceedings
of the Calyforma Academy of Suense, yol, 2_5)



ods developed for Drosophila. Butall twenty-
four monosomics are available, When a new
recessive gene is under study, a strain homo-
zygous for it can be crossed to each of the
monosomic strains. The progeny from most
of these crosses should be all normal. But
one of the crosses will yield normal and
mutant progeny in a ratio of 1: 1, The
particular chromosome which 1s monosomic
m this cross, then, is the chromosome on
which the new gene is located.

Sex~differential chromosomes of the XO
type are a very widespread example of
monosomics. But asrde from this rather
specialized example, monosomics do not
appear to be of general importance 1n nature
They do not charactenize whole races, as do
trisomucs.

Poryrroipy Not only may mutants
differ from the wild type by a whole chro-
mosome, but i many cases they differ by
whole sets of chromosomes. Thus nstead of
the usual diplod constitution, an organism
may have three sets of chromosomes (trip-
lody) or four sces (tetraplordy), or even
higher muluples of the basic haploid chromo-
some sct. This phenomenon of polyplody
(Greek, many tumes) 1s very common among
plants, although 1t 15 rather rare among
anumals. A polyplord plant differs from the
corresponding diplord 1n many characters
throughout the plant While one cannot
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predict from the appearance of 2 diplod

plant what the phenotype of its tetraploid

(the commonest kind of polyploid) will be,

still certain kinds of phenorypic variations
are very common among tetraploids. In the

course of the studies which led to the reds-
covery of Mendelism, Hugo DeViies was
mvesugating the evening primrose, Ocno-
thera lamarckiana. A mutant appeared in his
stock which was so different from the rest
that he descrbed it as a new species under
the name of O. gigas, because of its large
size (Greck, gigas, gant). Ths “species” has
since proved to be a spontaneously produced
tetraploid, and, as 1t shows a complex of
characters very gencrally found among
tetraplodd plants, the character complex
1tself 15 referred to as the “ggas habitus”
This mcludes such characters as thicker stems;
leaves which are shorter, broader, and
thicker than those of the diploid; larger size
of the plant as 2 whole; and slower gronth
rate (fig. 97).

AUTOPOLYPLOIDY AND ALLOPOLYPLOIDY
It may seem sclf-evident that the four ge-
nomes of a tetraplord should be identical, or
at least that they should differ no more than
do the two genomes of an ordinary diplord.
This condition 15 well known, and 15 re-
ferred to as autotetraplody {or, m more
general terms, autopolyplody) If each sct
of like chromosomes be designated by the
letter A, then the formula for an autotetra-
plowd would be AAAA. Bur there 3s another
possibility two {or morc) different sets of
chromosomes could enter nto the make-up

Fig 97. Diplowd (right) and tetraplaid (lefi)
specmens of Aster novac-angliae
(Courtesy of Dr. Albert L. Delisle )



1. CHROMOSOMAL
REARRANGEMENTS AS
MUTARTS

The several types of reatrangemetis of the
chromosomes werensroduced in chaptet 12.
Bt there the intetest was focused upon ther
woture a8 visble features of the chromo~
some which could be correlated with genetie
Yoat in order to compate the crossover Tap
with the real ch Ttwas

All of these examples have been taken
from Drosophila  Actually, very fc\v‘ are
known m other organssms. Somte geneticists
bave conctuded that this phenomenon must
be a special aspect of Drosopfula genetics
without general applicabality to other or-
ganisms. Others believe that, just as otler
aspects of Drosophila genetics have proven
to be generally applicable, so will this when

m passing, that o8l vypes of archuectural te-
arrangemtnt were known 10 behave as mu-
taons n some nstances For the pressat
dscussion, this will be the leading feature

dequate data are available They point out
that such reacrangement effects were quite
obseute 1w Drosophile unol the discovery of
the salvaty gland chromosomes made pos-
swble 2 much more mtensive stdy of the

of the ch \ 3

Examrins A fow addmomal examples
wil sfice 1o reemphawee the fact that
chromosomal rratrangemenss may act 3s
mants When one of the breaks for an w-
vetyon ot a translotahon oceurs nieat 2
known gene locus, 18 (the rearsangement)
penerally behaves a3 2 muluple allele of that
foow, Examples mchode genes from afl of
the chromosomss of Drosopll, such as
yellow (y), cut {a), and bar (B) m the X
cheomosome, brown (bw), star (8}, and
bheld oue (o} 1 chromosome U, stubble
{58 and cbony () 1 chromosome 11, and
eyeless (ry} 1 chromasome IV (o some
etses, no gene locus 1 known which s m-
dependent of the reartangement, a3 1w the
case of the Curly (Cy) and Moé (Me) m-
versions Bar (B) 1s much the best known ex-
asmple of a rivoant based upon a duphication,
and other known cases seem to behave a5
modifiers rather than as major genes The
vorch defiarency has already been dyscussed.
Here agam, 2 deficiency may act as 2 modi-
fier The genotype vgt [deficiency should
Iead to normal wings In 2 male fly, the
smplex vgt s perfectly normal. But the
same geste opposste a defiaency 1 a female
feads o scalloped wings, that 15, 0 2 low

grde vesogal Agam, a2 small deficiency
wear the yelhow docus (but not nchuding »
makes dhis gene, whach s usually recessive
o1 norms! allele, behave a5 2 4

i s than had ever been attempted
befate. Unul compatable methods are avail-
able for other arganisms, negatve data may
not be at all conclusive,

Posmmion Ewvters The duscovery that
such rearrangement effects existed was one
for which genetiasts generally were tn-
prepased The gene was discovered without
relation 1o the chromosomes, and the eariest
studies ot genctics emphasized the mde-
pendence of the vanous genes. The dis-
covery of lmkage proups ked to crosover
studies and the localizaton of genes, but
sull wath nio hnt of mterdependence of the
vanous genes. Thus Babrock and Clausen
wereable tostate that . . for development
she smpostant desderatem 15 the presence
af the factors; thew posiion i the genetic
system appeats 1o be of htrde consequence”™*

Nonetheless, here was a targe class of mu-
s shuch scemed to be based not upon
any changes n the wdindual genes, but
rather upon a changed spatial selationshyp
among the genes To thus type of mutation
the natte position effect was given by its dis~
caverer, Stottevant. Let us exammne his
ougmal case, bar eyes m Drosoplula, The
eyes of normal flies are broadly oval, bue
this gene, which 15 dommant, reduces the
number of facets so that the eyes are much

* Genetic w1 Bebanon 1o A

A

1927,
McGraw-Hill Book Co , New Yok, 7



seed, irradiation of seed, and selection of re-
generating shoots. Butall of these were made
obsolete in 1937, when it was learned that
the drug colchicine acts as a mitotic posson.
Because colchicine blocks the formation of
a functional spindle, all of the daughter
chromosomes are included in a single resti-
tution nucleus, which is then tetraploid. If
the untreated plant is an interspecific hybrid,
then the treatment results m an allotetra-
ploid. Yiclds of 50 to 100 per cent are casily
obtanable with this drug.

One of the most interesting results of the
artificsal production of polyplords has been
the artificial production of new species.
Actually this was first accomplished long
before the colchicme method was mtro-
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duced. In the early 1920, G. D, Karpe-
chenko experimented in Russia with crosses
between the radish (Raphamus) and the
cabbage (Brassica). Each of these has n=g,
The hybrid had 18 chromosomes which dd
not pair off at all 1n meiosss. Qut of many
hybrids raised, a few were fertile. Cytologr-
cal examination showed that these had 18
pairs of chromosomes, which synapsed per-
fectly. Thus it was evident that the allo-
polyploid had been formed spontancously
As it bred true, had umque morphological
characters, and was reproductively isolated
from both parental species, Karpechenko
described it as a new, aruficially produced
genus, under the name Raphanobrassica.

By a similar method, new species of to-
bacco have been synthesized. Such species
synthests is now a standard method of wheat
breeding. Furthermore, it has been possible
to duplicate m the laboratory the synthesss
of some existing natural species Thus the
hemp nettle (fig. 99), Galeopsis teteahit, l}zs
16 patrs of chromosomes, while other specics
of the genus have 8 pairs Mimtzing sclected
two 8 chromosome specics, G. pibescens and
G. speciosa, which on morphologicnl grounds
he thought most likely to be the parent
species of G tetralut. An allotetraploid was
formed from these “suspected parents,” and
1t proved to be morphologically mdustin-
guishable from naturally occurrmg G tetra-
lut. Furthermore, this artificial G. tetrahit
was fertile 1 crosses with itself and wath
natural G. fetrahit, but stenile m crosses with
the ewo parental specics. Thus Mimtzing
could justly clam to have duplicated the
feat of nature n synthesizing thus specics

Fig 99 The hemp nettle, Galeopsis tetrahut.
(Drawn from a specimen e the Niewwland
Herbarnm of the Umwersity of Notre Dawe.)



When the phenomenon of posiion effect
was first discovered, many genetiests sus~
pected that it was not genvine, that actually
‘he same force which caused the breaks
the chromosomes caused mutations at neat-
by loci, and thus powt mutations were the
only genume genetic vatants, Genetersts
who have stadied posiwon effects exten-
sively ate agrecd that this cannot explam the
phenomenon geneeally, even though it may
exphin some speaific examples. But the
most exquisite proof of the g of

Résumé  In addimon to gene mutations,
mutational effects may be obtained by larger
scale changes in the chromosomes Some of
these mvolve changes m whole chromo-
somes In trisomies, there 18 an extra chromo-
some, while m monosomics there is a
chromasome missing. In exther case, there
i an assoched mutant phenotype and
predictable irregulanties of meiosis, Both
types are unstable, but trisomics do charac-
terize some races of plants. Further, whole

posnon ¢ffects was obtamed by a Russian
geneticist, N. P. Dubin, Harey () (fig
102) 152 tecesswve gene, located on chromo-
some 11 of Drosoplitla, which causes su~
P y bristles when b ygous 1
2 hury fy 1 croned 1o 2 normal with 2
teanslocation break niear this Iocus, the prog-
eny ate heterozygous and normat for this
character Bu, 1 2 crossover should now
uterchange the h and k* gencs 5o that h s
adjacent to the translocanon break, then
becomes domunant. As no evidence has ever
suggested the possibility that crossing over
mght cause mutanon, 1t seems certan that
the change of dominante vbserved by Du-
binn 15 a genuine posmon effect He sho
found 3 smlar case mvolving cobarns m-
tertuptas (i) a fourth chromosome gene
Whuch causes wcomplece development of
the wing vems when homozygous.

Funther consequences of the chromosomal
mutations will be congdered 1 chapter 17,
on the theory of the gene. But first let us
consider the determmanion of sex and the

physiolagy of the gene, two sabjeets which
have contributed mach to our understanding
of the gene

=

Fig 102 The hary plienatype o Drosophula

sets of ¢t may be dupheated to
form polyplowds of varous degrees, tetra-
ploids bemg much the most common.
These, too, are chatacterized each by a
typical phenotype, with many indivadual
trayts being affected. A polyplod may be an
amopolyplord, with all of the genomes
comng from the same source, or it may be
an allopolyplord, havmng genomes from
wwo or more different specses. The lareer
play a very important role i plant evolu-
tion.

Chromosomal rearrangements—the in-
verstons, deletions, duphcations, and trans-
locations which were discussed 1 chapter
rz—also have mutational effects, In some
cases the “position effects” of these rear-
rangements behave as alleles of nearby loci,
while 1 other cases no “gene” 15 known m-




narrower. Because crossover tests gave an
inexact location for the bar gene at about 57
mn the X chromosome, it was suspected that
a duplication might be involved. It was
found that homozygous bar stocks (B/B)
produced about one normal fly 1n 1500 and
about an equal number of the more extreme
double-bar type (fig. 100). It was suspected
that this was based upon unequal crossing
over between the two X chromosomes, with
one of the X chromosomes getting both bar
genes (to grve double-bar progeny) and the
other having no bar gene at all (to give nor-
mal progeny). In order to test this hypoth-
esis, Sturtevant and Morgan tried ths ex-
periment with a stock of flies which was
also heterozygous for fused (i) and forked
{f), genes winch lic on aither side of the bar
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Fig. 101.

The bar “gene” in the salwary gland
chromosomes of Drosoplula. (After Brudges and
Sutton 1n Whte, Anumal Cytology and
Evolution, Cambrudge Umversity Press.)

CHROMOSOMAL MUTATION
Fig. 100, The bar eye series in Drosophila,

Upper Ieft, normal; below, bar; and
upper right, donble bar,

locus and very close to it. All of the double-
bar and normal progeny also showed cross-
ing over between fused and forked, Hence
they concluded that the unequal crosing-
over theory was actually correet, and that
the double-bar flics must have the constitu-
tion BB/+. It was cvident, then, thattwo
bar genes in tandem in one chromosome had
a different, morce extremc effect than did two
bar genes located onc m cach of a pair of
chromosomes. To describe this unprece-
dented datum, Sturtevant and Morgan m-
troduecd the term position ¢ffect.

When the salivary gland chromosome
technique was introduced, the analysis of
bar was finally completed. It was then
proved that a section of the X cliromosome
whuch 1s present only once mn normal fhies i
preseit ewice m bar and three umes m
double-bar flics (fig. 101).

ULTRABAR

BAR

WILD TYPE



CHAPTER 15

The Deterntination
of Sex

In chapter 6, the dlementary facts of sex de-
termmation by the XX-XY and XX-XO
mechanssms were reviewed. These facts,
which aze mcuded m every elementary
course m botany and zoolegy, ase adequate
to explan the ardiary cases m whuch only
natmal sevuabity 15 mvalved, but they give
brde moght snto how sex determination
works There are, however, some cases of
normat sex determmauon which do nor
readly fit mto the picrure of sex-differental
cheomosomes, and there are some cases of
abnommal sexuality which afford more m-
sight mto the mode of gene action 1 sex
determinanon, These cases will be the sub-
ject of the present chapter

42 INTERSEXUALITY AND
SEX DETERMINATION

Two types of atvpieal sex constiucton,
Bermaphroditism and gynandrism, have al-
feady been discussed above Here 2 chued
kind, the mtersex, mast be mtroduced The
titee are easly confised, but they are all
&fferent An hermaphrodite 15 2 normal
organtm which has complete, functional
wepeoducuve systems of both sexes, The
curthsorm 1 4 good vaample which mose
students have dissected & gymander, 35 ex-
phxf\cd n chapier 6, 15 3 sex mosase n
which differeny patts of the organtsm i:mvc

differens puimary and secondary sex c}maf—
rers because they have different  genetic
constitutions, A g\]mndcr is, therefore, essen-
sually 2 spaval mosase of different sex geno-
types. An Intersex, Ike a gynander, s an
abnormal organism and 2 mosate, but it s
essentially a mosaic in ume. The cnure
orgamsm has one unified genotype, but
those characters which differentiate eathest
m ontogeny agree with the genenc sex of
the ndvidual, while those which differen-
nate later agree with the opposite sex. A
very early switch-over may result i com~
plete or nearly complete sex reversal, while
a late swich-over tesults in & low-grade
mietsex which has most of the characters of
the geneuc sex Doth of these are fully
fertile, but the mtermediate grades of mtet-
sexuabivy are generally sterlle becavse netther
reproductive system 1s sufficrendy cormplete
to funchion

Intersexes are widely known m nature.
They bave been found m many groups of
mvereebrates and m all dasses of verte-
brases The human “hermaphrodites” of the
side shows ate actually intersexes Two
cases of liry have been thoroughl

anajyzed penencally, and these will be re-
ported below

INTERSEXUALITY IN DDROSOPHILA By spe-
oad methods and grear care, 1t 15 passible to
rasse toplowd Drosophula females These may
be represented by the formuka AAAXXX,
where each 4 represents a complete haplord
set of autosomes and each X Tepresents a
single X chromosome When crossed to 2
normal diplord male, the progeny of such 2
female regulacly meludes some 1ntersexcs
Metosts in such a female 1 highly seregular,
and most of the gametes formed are m:
viable But those which contam complete
sets of chromosomes (AAXX, AdX, AXX,



nt of the rearr While
such position effects are well known only in
Drosophila, 1t must be remembered that the
salivary gland chromosomes make 1t far
casier to recognize such effects in Drosophila
than in otlter organisms.

depend,
v

Questions and Problems

1. Define:

CHROMOSOMAL MUTATION

there ate 12 pairs of chiromosomes, and alt possible
primary tnsomics are known, How many is thip

11. Not quite all of the secondary trisomcs of
the Jimson weed are known, How many would
be possible?

12. Only 2 small portion of the possible tertury
trisomcs are known, Can you caleulate the total
numbcer possible?
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An micresting question based upon the
shove data 1s that of whether there is a single
gene for femaleness on the X chromosome
and 2 smgle gene for maleness on an auto-
some, or whether there 13 2 whole series of
each, with the indindual gencs having only
mor effects Bridges invesngared this by
trosng toploid females 1o diploid males
wath duplications for patts of the X chromo-
somes, and m some cases, With autosomal
duphcanons If there s a single gene for
femaleness, then the appropriate duplication
should make an AAAXX fly predomunantly
a female. Similarly, an autosomal duplica-
tion contamning the gene for maleness should
make 2 male or near-male of such a fly. In
fact, small duplications were not effective,
but farge X chromosome duplicatsans did
make the mtersexes more nearly female, and
some wete even fanctional females Hence
Brrdges concluded that there must be many
mnor sex-determinng genes $ince then,
miny autosomal dupheations have been
tested, mcluding afmost all sections of the
set, without finding any with 2 male-pro-
duang effect Hence the results may be used

Table 15

in support of Bridges’ conclusions. An al-
ternative cxplanation 1s that the X chromo-
some as a whole is responsible for the pro-
ducuon of femaleness, while one or more
of the autosomes as a whole 15 responsible
for the production of maleness.

INTERSEXUALITY IN LYMANTRIA  An even
more complicared case of intersexnabity has
been worked out by Goldschmidr in the
gypsy moth, Lymantria dispar. This 15 2 very
widespread species, originally distnbued
across the entire Eurasian continent, from
England 1o Japan Becawse of introduction
by man, it is now found in the New World
aswell Across this great expanse, the species
15 broken up mnto a considerbale number of
focal subspectes. Crosses within any sub-
spectes lesd to perfectly normal Mendehan
inhentance, mcludmg normal sex detern-
nauon, according to the XX-XY pattern,
with female heterogamety. Bur when crosses
are made between different races, then mter~
sexes often result

The basic phenomena juvolved may be
Wustrated by the reaiprocal erosses hetween
a European race and a Japanese race, a5

Intersexuality in Lymantria, the Basic Crosses. Let E

Stand for a European Moth and J for a Japanese Moth

Cross 1
PJoXEg

¥y all normal

F1 ¢ @ allnormal
&' /2 rormal

13 mtersexes
The tame erosses 1n

genetic symbols Let (F) equal a factor
Ma Gactos for maleness m e X chromosome, and subs:n;

Cross g
P 1o RIMXE g B oMM,

FLee @M, aaumm
All norma) e

%299 EOM, o FaM,

&S TIMM, or FIMM,
rormal wterses

Cross 2
B XJg

Q ¢ M ntersexes
gt & normal

Q Q 1/2 normal
1{2 ntersexes
& & all normal
for fermaleness uy the Sytoplasm of the epg
ts st and W strong and weak respectively, "
Cross 3, ’
B FIM X Jan MM,

29 EOM, pp MM
Intersex n

Norma}
Q@ FOM_or Em,
normal  ntersex

G FEIM M or (8 1m
" M



and A4X) are viable, and upon fertilization
they produce an array of zygotes which is
summarized in table 14 (modified from
Bridges, who did the original work now
being reported).

Several noteworthy facts stand out from
the array of karyotypes (chromosomal con-
stitutions) and sex phenotypes summarized
in table 14. Farst, 1t may be mentioned that
the haplord type, AX, could not survive as
an mdependent organism, but patches of
haploid tissuc may survive in a generally
diploid orgamsm. Second, Brdges found
that all of the data could be adequately ex-
pressed m terms of the ratio X/ A, srrespec-
uve of the presence or absence of the ¥
chromosome. That 15, organisms with the
same ratio of X chromosomes to autosomes
have the same sex phenotype, regardless of
the actual numbers of chromosomes mn-
volved. Thus AAXX, AAXXY, AX, and
AAAXXX all lead to a female sex pheno-
type. The normal ratios are 1.0 for female-
ness and 0.5 for maleness

But other ratios also occur, and they are of
considerable mterest Karyotypes AAAXX
and AAAXXY have a ratio of 0 67, roughly
midway between the two normal ratios.
Such flies are always mtersexes, Katyotypes
AAXXX and AAAXY have ratios which
are, respectively, greater than that for fe-
maleness and less than that for maleness.
These show the appropnate sex phenotypes,

Tabte 14.
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but the sccondary sex chatacters are 3l
strongly exaggerated, Hence Bridges called
them superfemales (AAXXX) and super-
males (AAAXY). There is just one ds-
appointing feature of these glamour boys
and girls of the fly world: they are com-
pletely sterile.

Bridges’ interpretation of the da is
straightforward and simple. At the outset, it
1s clear that the Y chromosome does not
mfuence the sex phenotype at all. Thes s not
to say that the Y chromosome plays no role
at all in the biology of sex, for AAX males,
although morphologically normal, arc ster-
ile. But it evdently plays no role m sex de
termmation, When X chromosomes are
present m greater than normal proportion,
female characters are exaggerated, while an
excess of autosomes results in exaggerated
male characters. Hence the genetic factors
for sex must be present m all of the chromo-
somes, with those for femalencss predomi-
naang 1n the X chromosomes and those for
maleness predominating m the autosomes.
Normal development results from the bal-
ance between the two, and disturbances of
the balance result m the various abnormal
sex phenotypes Because there are normally
two scts of autosomes m a zygote, the pres-
ence of one or two X chromosomes de-
termunes which way the balance goes, and
hence the smple story of sex determination
m chapter 6 15 adequate for all normal cases

Triploid Intersexes in Drosophila

(Modified from Brdges, 1939)

P AAAXXX X AAXY

Fy Katyotype No of X No of A Ratio NjA Sex
AAXX )
AA‘\’.\'Y} 2 2 1 Q
AX 1 1 1 Q
AAXY 1 2 0.5 g
AAAXX

X3 Intersex
AAAX y] 2 3 0.67 nter
AAX. 3 2 1§ Superfermale
AAAXY 1 3 0.33 Supermale
AAAXXX 3 3 1 9



The m\iy known bidlogical process which
might 6t the requirements of this theoty is
the production of sex hormones. The facts,
2 demonstrated among the vertebrates, and
dicused 1 chapeer 6, pages 76-77, are
wsly harmonized with the theory, But the
best analyzed cases of mntersexuality are 1
inversebrates, and sex hormones, while they
probably ewst, ate yet to be proven m n-
vertebrates. Ths the starus of the problem
renmains unsstsfictary

43.SOME PROBLEMS OF SEX
IEFLOWERING PLANTS

Tnthe great majoraty of the hugher plants, no
<x differental chromosome mechanssm 15
Possble, because both sexes are combined m
asingle mdnvidual Such a plant 15 sad 1o
be monoecious (Greek—~mono-, one + oshos,
house) Typically, each Rower {fig. 103) con-
tams one or more pistls, 1n whach the ovules
¢ produced, and 2 number of starmetis, 1
whieh the pollen 1 produced In some
phants, however, separate stammate and pistl-
e flowvers ave borng on the same plany, so
that the sexes are separated flower for Bower
but not plant for plant. As alt of the Rowers
ofa simgle plant must have the same geno-
tPe, 1t 15 clear that some nengenetc factor
Bt be responsible for the formaion of the
™o kinds of flowers. Finally, there are re-
hately few spectes m which staminate and
pralate flowets are bome upon different

Fig 103 A tulip, wuls twp pesats prled
Aottt to expose the sexyal pats of the
Fower The female parts are 0, dhe ovary,
atthe base of 5, the style, and S, the
igena The male parts are S, 4

Stamen, and A, an anther,

plants. That 1, the sexes are completely
separate. For these, sex differential chromos
somes and typical sex-hnked inheritance
have been demonstrated  Such plants are
said o be diocerons (Greek~two houses).
Seir-STERITY GiNes OF MONOECIOUs
Prants  An micrcsung feature of the bi-
ology of sex 1 monoccious plants is the oc-
currence n many of them of specific mech-
ansms for the prevennon of self-fertilic
zation Such mechamsms may Le partially
morphological, as sn the case of plants with
gross differences 1n the lengths of pistils and
stamens. Or the mechanism may be entirely
physwological. The genetic bass of selfe
sterility has been analyzed 1 a great many
plants, beganning with a study by Correns n
the first years of modern genetics Several
geneuc systems have come to hght, but the
most widespread by fac is based upon the
occurtence of an extensive series of multiple
afleles of so-called § genes, designated as S,
52.85,. S, Ingeneral,a pollen gran will
grow satisfactonly onfy on 2 style which
does not mclude 1ts own § allele “This not
only msures selfesterthty, but 1t also msures
meerstenhity of members of the same clone
{2 clone mcludes all of the vegetauvely pro-
duced, and therefore geneucally identical,
descendants of 3 single individual). Ths has
considerable practical Importance,

as mﬂ“y
of the standard varicnes of fraies

are ordi-




summarized in table 15. If the female parent
is from the Japancse race, the Fy is entirely
nosmal, as are the F2 females But only half
of the Fy males are normal, the other half
being mtersexcs. In the reciprocal cross, in
which the onigmal female patent 15 from the
European race, the Fy males are all normal,
while the F) females are all mtersexes, In the
Fa, the males arc again all normal, half of the
females are normal and half are intersexcs.
Goldschmdt saw that these data required
that the factors for malencss segregate in
ordmary Mendclian fastuon, and that the
factor for femaleness be passed alike, with-
out segregation, to all offspring. In ac-
cordance with the data presented, the female
factor could be cytoplasmic, or 1t could be a
Y chromosome factor, taking its effect upon
the cgg before the maturation divisions, The
latter possibiliey has been d, so that
mhentance of femaleness m Lymantria can
be attributed to the cytoplasm of the cgg.
But why should mterracial crosses lead to
mtersexuahty? In order to answer this ques-
non, Goldschnude found 1t necessary to
assutne that the sex-determuming factors have
different relative strengths i drfferent races.
Withm any single racc, these are so balanced
that agam the presence of one or two X
chrontosomes determanes whether the onto-
genetic pattern shall be that of 2 male or of
a fomale But when sex factors of different
relative strengths are brought together by
means of mterracial crosses, then the usual
balance cannot be struck, and ntersexuahty
results. The Japanese race discussed above 15
a strong race, while the European race 15
a weak one. Henee any zygote of genotype
F) MM, will be a male mtersex {one
which begms development according to the
male pattern then swieches o the female
patcrn), while any zygote of genotype
(E) M, willbea female intersex
The degree of’ ntensexuality depends upon
the relanve strengths of the races crossed.

Where the difference ss very great, complete
Where the difference

sex reversal yay oceur.

THE DETERMINATION OF sex

is slight, low grade intersexcs, which shon
only a few teaits of the non-getietic sex,
occur. Both of these are fully fertile, and
benee such were used to obtain breedmg
data. But moderate differences may lead to
wtermediates which are hopeless from a re-
productive viewpoint,

The analysis of this very complicated case
comprises a genctic study of exceptional
briffiance. But it should be noted that Gold-
schmidt’s analysis has not been accorded
untversal - acceptance  among  gencticists
However none has repeated the work and
brought forward a simpler or more plausible
hypothesss, and unal this is done, the work
reported above may be provisonally ac-
cepred at face value.

Tue Throry or Scx DerermmaTioN On
the basis of Ius own studics and those of
Bridges, Goldschmude arcived at a gonessd
theory of sex detcrnunation, which may be
bricfly summarized here. In normat de-
velopment, geneuc factors for both sexes
are active, but the mfluence of ohe or the
other predomunates throughour develop-
ment, and so leads to a umfied sex pheno-
type. But when the genctic control of sex
differentiation 1s disturbed, as m the cases
described above, then development begins
under the predommant control of the factors
for the genetic sex of the zygots, but at
some definte time there 15 3 switch-ovee to
the pattern of differennanon of she noa-
genetic sex  Goldschnmde  thinks of djf
switch-over as bemng caused by changes in
the velocites of speafic but unidentified re-
actions m the embryo which have the sex
phenotype as an end product, and he con-
cludes that the data demonsteate a coordma-
von between quantiry of geneuc factors
{ratio of X to A m Drosophsla, o relative

strengths of sex factors Lymantrut) and
specd of morphogencuc reactions. Again, it
Is necessary to point out hat chis mEemons
theory has not achreved complete acceptance.
and the crucal reactions have not been
identificd nor therr rates measured.



Gmale of B, dioica Is pollinated by B. alba,
the progeny ate all female. Bur if B alba xs
pollinzted by a male of B. drowea, then a ratio
of 1:1 15 obmined, Hence Correns con-
cluded that the eggs of B. duoica must be afl
abke in sex determining capacity, whils the
sperm are two Yands In other words, it
amoupts to an XX~XY sex determuning
mechamsm

A simular sex-deterrmning mechamsm has
been found in a pink, Mefandrivm, But here
tetraplosds have been produced with varymg
nursbers of X's and Y’ These prove that
the ¥ <k has 3 male-pr
effect, unhike that of Drosophifa.

ducing

44, ATYPICAL SEX
DETERMINATION AMONG
INVERTEBRATES

In addiion to the well-known mechatusms
of sex determnanion. which have been dus-
cussed above, there are some more wnasual
ones, involving Iele wnderstaod factars
the dumbunon of the chromasomes, or
envitonmental factors, ar factors which ean~
wot be specified at all at present Some of
these wall now be discussed

Sex DevsratnaTion Iv Bees axd Orsen
Hymevorrera 1t was discovered by Dzter-
Zon and confirmed by Mendel chat male
bees are denved from wnfertclized egys, while

females are derived from fertilized eggs.
Thus the males arc pacthenogenenc and
Taplod, while the females are biparental and
drploid. Lanle additional hight was thrown
upon this subject unal recent years, when
P. W. Whiting and his collaborators studied
the genetics of a parasitic wasp, Habrobracon
suglandis (fig. 103). The haploid chramo-
some nember in this specics is 10, and this is
also the somatie number for males, while the
females have 20 chromosomes. But ocea-
ssonally, espeanally m inbred stocks, diplod
males occur, These diploid males have a
very low viability, Whiting has demon-~
strated that there 1 a series of multiple
alleles for sex, Xa, Xb, X, etc. Any hetero-
zygous genotype (as XaXb, or XeX[) te-
sults 1 2 female phenotype. But any hapleid
or homazygous constitution (as XdXd) re-
sults @ 2 male phenotype This situation is
remnuscent of the sclf-sterdiry alleles of
plants Like the latter, 1t 15 2 selective 2d-
vantage for 2 breedng popudation 1o jnclude
many different alleles

1t has been proven that much the same sex
determunng mechanism occurs in the honey
bee and many other Hymenoptera

THE Sex Cyecrr or e Armms The
plant kice, or aphids have a hife cycle char-
acerized by patthenogenetic reproduction
throughout the spting and summer, with
only the final generation 1n the il repro-




narily propagated by grafting cuttings onto
a hardy rootstock. Hence, intervarictal pol-
lination is necessary m order to set fruit,
Further, this will prevent crossing cven of
unrelated plants if they chance to carry the
same S genes.

Qe consequence of this phenomenon of
S genes has been selection pressure in favor
of the production of very extensive scrics
of multiple alleles at the § locus. A popu-~
laton including only a few such alleles
would probably have a very poor sced sct.
In Nicotiana sanderac, a species of tobacco,
fifteen 8 alleles have been found. A snap-
dragon and a plum species have cach yielded
aight. A primrose, Ocnothera organcnsis, has
no less than forty-five § alleles, while m
some cases there appear to be more than a
hundred!

In concluding this discussion, it should be
mentioned that selfsstenlity 15 by no means
universal amaong monoccious plants. Indced,
self-fertilization is the norm among many,
such as peas and beans, and 1t 15 readily ob-
tamed m athers, such as corn, which are
normally cross-feretized.

TRANSITION fROM THE MONOECIOUS TO
e Dioscious Stare In nuny familtes of
plants, both monoecious and  dioecious
speas exist, indeed, this may be the case
even withm a smgle genus. Hence 1t scems
probable that one has been derved from the
other, One pathway by which ths mughe
have occurred has been demonstrated m
maize by D. F. Jones. Thus plant 15 2 monoe-
aous one i which the male and female
flowers are scparate. The tassel 15 the stami-
nate or male mflosescence, wiile the ears are
the pistillate mflorescences. There s a re~
cessive gene, sk, which, when homozygous,
prevents the formation of silks (styles), and
henee such a plang 1 female stenle, and

functions as a male, A second recessive gene,
ts (rassel sced), converts the tasscls 1nto cars,
and so a gses plant functions only as a female
Jones tried crossing stratns hamazygous for
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these genes, The Fy plants, SksbTuts, were
all normal, monoccious plants becawse of
dominance. In the Fy, there was a ratio of o
monoccious plants (S°T5?) to 3 males
(skskTs?) to 4 females (3Skarsts and 1
sksktsts). By backerossing, it was possibleto
sclect aut the homozygous females. Crowing
these to the males now produced a regular
1:1sex ratio, as follows: sksk s @ X skek
Tsts & —— 1 shkusts : 1 shskTus For all
practical purposes, an XX-XY sex determine
ing mechanism has been establnhed, with
the chromosome with the s locus being the
sex differentia parr.

No one would wish to chim that re-
combmation of two pairs of genes undet
experimental condinons to separate the
sexcs proves that the natural separation of
sexes would proceed along such smple
fines. Yet there are some data which indieste
that a very smular process has oceurred in
some natural specics Thus asparagus is not-
mally dioccious, but rudmmentary pistils
occur on the stammate flowers and rudie
mentary stamens occur on the pistillate
Aowers. Occasionally, the rudimentary pis-
tils may sct sced, and the progeny of such
have been mvestigated A ratio of 3 males to
1 female was found Upon crossing the male
progeny to normal females, one third of the
muales proved to be homozygous, giving
only male progeny {using the com symbals,
TeTs X tsts ~—— Tots); while two thirds
gave a 1: 1 rano (Tsts X (15 —— 3 Tts:
1 1sts). Thus the data proved that sex de-
termination in asparagus 1s based upon the
segreganon of a smgle parr of allcles.

Note that the ¥ chromasome of these
plangs, 1f the Ts chromosomes be so re-
garded, plays an active role m sex detcrmuna-
ton, unltke those of Drosophila and Lyman-
tria, This was cstabhshed at the torn of the
century by Correns, whose studies on Bry-
onia, a genus of cucurbits, mdicated 3 sgle
factor segreganon for sex. B dwita
dioccious, while B, alha 15 monoccsous, a



Fig 106 Bonelha On the left, ¢ fomale,
o the night, a male, drawn on a very
wsich Targer scate

two classes of sperm produced by the males
those with only cleven chromosomes de-
generate Thus alf zygotes must have twenty-
four chromasomes, and they develop 1nto
hermaphrodine parasites

ExvironmintaL DETerMnATION OF Sex
I some mstances, the chromosomes seem to
determune only general potentialities of sex
d:vdopmm(, for cnvironmentat factors con~
ol the differentiauon of the sex phenotype
weespective of genotype. The best known
example 1 thar of an cchiuroid  wormy,
Bonelha varidis, {The Ecluuroides are a small
Eroup of aberrant marme worms usually
tumped wyehy the Annclida, but perhaps best
treated 15 a separate phylum) Thus species 15
characterzed by an exwreme sexval die

g 107 The shpper shell, Crepidula

morphssm, the females being about an inch
long and having a complex anatomicaf ot~
gamzation. But the males are very small, on
the size order of large ciliates, and their
organ systems are rudimentary {fig, o6}
They hive as parasies upon the female

The eggs of Bonellia develop into indiffer-
ent larvae which soon settle down onto the
substrate to become adults. ft has been
shown that those which settle onto the ocean
bottom become females, while those which
settle on the proboscs of an established fe-
male develop as males. Intersexes can be
produced by semoving the incompletely
differentiated males from the conteolling
female, ft 15 assumed that the females must
produce 2 substance comparable to a hor-
mone which causes male differentation on
the part of larvae contacting the probosais
But the 1dentification of such a substance 15
still n the future

A second example of environmental de-
rermmanion of sex mvolves the mterestng
phenomenon of profandry A protandrous
ammal 1s one which firse develops as a male,
then later 15 transformed mto a2 female. As
thus 15 3 normal sequence for every individual
of the p drous species, sex-diffe
chiromosomes are out of the question, The
manne moflusc Crepidula, the slipper shell
(fig 107), has such a Life cycle. An environ-
mental factor controls the rate of change
from male to female A mated male remams
as such for a [ong tme, but 2 male which 15
unable to secute a mate changes mto a fe.

male very quickly.

<1




ducing biparentally, The fertilized eggs then
remain dormant throughout the winter,
only to hatch as females in the spring and
start the cycle all over again.

The main facts were discovered by Bover:
and the details were worked out by Morgan,
Morgan wotked on the genus Phylloxera,
and this case will be detailed, as the species
has only three pairs of chromosomes. The
winter cggs, which hatch in the spring, all
have six chromosomes, and all hatch as fe-
males. These then reproduce parthenogenet-
ically, and their progeny likewise all sum-
mer long, with only females being produced.
Study of oogenesis revealed that no reduc-
tion divisions occurred, and hence all eggs
and adults too have six cliromosomes. But
w a late fall generation, there 1s an acyprcal
maturatton division, 1 which onc chromo-
some lags on the mcmplmsc plate, so that
one daughter nucleus has the usual six
chromosomes, but the other has only five
(fig. 105) 1f the egg gets six chromosomes,
it develops as a female, as expected. But af
the polar body gets stx and the egg only five,
then the egg develops as a male. Thus there
s actually an XX-XO sex-deternmunmg
mecl wth male hetcrogamety.

Tlus biseaual gencration 1s the last of the
year, and 1t reproduces i the typical bi-
parental fashion. The ferulized eggs winch
result are dormant throughont the wmter,
and emerge as females 1 the sprmg But
why only as females, when the parents have
a sex-differential mechamsm: The female
pareng can produce only one kind of cgg,
with two autosomes and an X chromosome.

THE DETERMINATION OF sgx

The males should produce two kinds of
sperm, all with two autosomes, but only
half including an X chromosome. This
should lead to XX and XO zygotes, yetonly
the former appear m the progeny, Study of
spermatogenesis showed that the first ma-
turation drvision is uncqual, A large daugh-
ter cell receives three chromosomes, but the
smaller cell recerves only two. The latter
degenerate without producing sperm, so that
all zygotes must be of the XX type.

Thus this complex cycle is fully described,
but it 1s noteworthy that the causes of the
unusual features of aphid reproduction are
still to be Jearned by future research,

ALTERNATION OF GENLRATIONS IN A NEA-
ToDE  Somewhat similar to the Aphid case
15 that of the nematode worm, Anglostorninn
nigrovenosnm. This worm alternates between
a frec ving generanion and a generation
parasittc upon a frog, The parasitic genera-
tion 15 hermaphroditic, and all somatic cclls
have twenty-four chromosomes. In the frec
Iiving generation, the sexes are separaic,
with the females having twenty-four chro-
mosomes and the males twenty-three.

This cycle shares some features wath the
aplud cycle. Qogenests in the hermaphro-
dite 15 perfectly normal. But m spermato-
gencsis, onc chrontosome agam I;\gs, so that
some sperm have twelve chromosomes and
others have eleven. Fertilization of these
eggs by the two classes of sperm leads to
free tving worms of two classes, females
with twenty-four chromosomes and males
witlt only twenty-three. Agam, oogencests 15
normal in the frec hving females, but of the

Dig. 105 Telophase of the first dipsaarn am an
eocyte of I'hylloxera, showme fire

chromosomes at one pole and stx at the other

The lageme chromoseme was moed ot thag section.
{Modified from Morgan )



neal differentistion of sexes, because ferni-
won occurs only between members of
Ferent dlones F Moewus of Hedelberg
licves that he has idenufied the physiolog-
{ factor concerned, for the organisms
rete the cis- and trans-isomeres of dimethyl
cetin 1 Varymg concentrations, Varymg
m 95 per cent as- and § per cent trans-
about 5§ per cent as- and 95 per cent
ns- Those strams with more than $o

cene of the cis- 1somere are designated
“plus” serams, and those with less as
unus” serams Thys 15 genencally con-
lled by an wdentified senes of muluple’
les In general, plus strams mate with
aus stramns, but extremelv different mem-



Protandry seems to be rather common
among the molluscs, for Coc has described
it among oysters and ship worms {genus
Teredo, comprising a number of specics of
wood-boring molluscs, despite their com-
mon name). The Western oyster of the
Pacific coast showed regular protandry,
with only occasional individuals which were
permanent males or females. In the Virginia
oyster protaudry was also found, but the
permanent males and females were much
more common. The interesting problem of
the genetic relationship of the fatter to the
protandric individuals has not been mvesn-
gated. Coc found that the change from male
to female occurs so carly i the Itfe cycle of
Teredo that about 9o per cent of a typical
populatron is made ap of fomales. But the
small number of very young and prohfic
males present s sufficent to fostlize the
enormous number of cggs produced by this
farge female population

Protandry 15 also known m the tunicates,
and a related phenomenon occurs m so lugh
a group as the Amplubia Anterior to the
testes of the taad 15 2 pare of saiall organs,
the potential ovaries (some tmes called
Bidder’s organs). If the testes are removed
cther by parasitsm or by experiment, then
the potential ovanes enlarge and the toad
becomes a functional female

There 15 a very mteresting case of ehvi-
ronmentally conditoned sex determunavon
m o nematode worm, Mermis subuigrescens
The eggs of this worm are Tad upon low
foliage, and are caten along with the fatter
by grasshoppers. The Jarvae emerge m the
mtestine of the grasshopper and penetrate
the mtestnal wall to reach the bady cavity,
where they complete thete development
The mature worts then leave therr host to
live free in the soil. The sex of the worms
depends upon the number of parasites -

fecting one hast. With one to three para-

sites, all develop as females, and 1t has been
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demonstrated  that these can reproduce
parthenogenetically. Four to twenty-three
parasites result in production of both sexcs,
and some intersexcs as well, Fanaly, when
twenty-four or more worms parasitize 3
smgle grasshopper, alf develop as males.
ALTERNATION OF GENERATIONS IN THE
Coruentrrates As is well known, o
clenterates are characterized by ahernaung
sessile, polyp and free-swimming, medoss
generattons. The polyps reproduce asexually
by budding off medusac, and the moduse
reproduce sexually, the larvae scttlng on the
substrate to become polyps. The chromo-
somal situanon here has been inadeguately
studred, but 1t 1s noteworthy that in some
instances, such as Tubnlaria, male~produang
and female-producing polyps can be ds-
unguished by somatic characters. T this
case, there 15 2 muor color difference.

45, PROBLEMS OF SEX (N
MICROORGANISMS

Although uncxpected at first, sexual repro~
duction has proved to be very \\'id{'sprCl.d
among mucroorgamsms. There is geneuc
evidence (recombimation of characters) that
sexual reproducnion occurs in at least one
speaies of bactera While sexual (cprodl.lﬁ
non may or may not be of general agnifis
cance for the bactersa, 1t certamly 1 for
algae, fungr, and protozoans. As thc'sc
priminve orgamsms are close to those i
which sex first ongmated, it 1s to be ¢x=
pected that they show some unusual feas
tres, remmants of the first eperaments of
nature toward biparental  reproduction.
Some of these will be discussed below

SEX DPTERMINATION IN CHLAMYDBOMONAY
The green alga Chlamydomonas {fig. 108}
prcscnt: SCVC(G] very “l‘cf(‘i“"g fcﬂl\"“
from the viewpomt of the present chapter.
The ordinary, vegetauve mdividuals are
haplord, and they may reproduce by siuple,



Fig. 108 Chlamydomenas (Redrawn from
[Weatherwa's, Plant Biology, vis Dadson,
. “Tetbook of Evolutian}

rmitouc dwvision for many generations, But
occasionally gametes may be formed by 2
series of rapid mutotic devisions There 15 n0
morphologieal diference between the sexes.
Excepting for their much smaller size the
gametes look much Tike the vegetauve cells.
Gametes from different parent cells then
e to form zygotes. The zygote may be
toeysted before resuming active e, but
when 1t does become active it immeduately
undergoes the two metotic divisions to pro-
duce four haplord zoospores which become
adule algae and agan reproduce asexually
Thus the zygote 1 the only diplord cell
the entire bfe cycle. This 1s probably the
pnminve condition, for before the evolunon
of sexuaf repraduction, haplosdy must have
been the norm, as 1t sull 15 for many asexual
orgamsms Diploidy 1s the mevitable con-
sequence of the union of two haploid cells,
and mewwss appears 1o have been mroduced
not as a means of productng gametes but as
2 means of restormg the normal, haploid
chromosome number But diplody, once
inmeduced, has become progresstvely more
and more predonunant m ke cycles becawse
#t makes possible the accumulation of vari-
by the beterozygous condinion, and
probably also becawse of the physilogical
abantage of mcreased production of nu-
dear enzymes

I Chlampdomonas cugametos, the most
thoroughly wvestigated speacs, the gametes
e morphologically all alike, a condiion

alled 1agamy Vet there muse be a physio-

logical differentiation of sexes, because fern~
hzation occurs only between members of
different clones F Moewus of Heidelberg
believes that he has sdentificd the physiclog-
scal factor concerned, for the organnms
secrete the cis-and trans-isomeres of dimethy}
crocet m varying concentrations, varying
from g5 per cent ais- and § per cent trans-
to about 5 per cent o5~ and 95 per cent
trans- Those stramns with more than so
per cent of the cs- somere are desigaated
as “plus” strams, and those wath Jess as
“ounus” strams, Thes 15 genetically con~
trolled by an 1denufied seres of mulaple’
alletes In general, plus strains mate wath
mmus strams, but extremely different mem-
bers of erther group can mate. The resule is
that there arc exght different mating types.
This condimon 15 sometimes called relanve
sexuality, bot it can a¥0 be considered as

multiple scxuality While Moewus' work

has been disputed, stll no one has produced

evidence agamst hus explanation 1 terms of
the 1someres of dimethyl crocetin {a rather

smple  compound, winch s chemucally

stutlar to ssoprenc), and there is no doubt

whatever that the esght mating types ate
vahd.

Not all species of Chlanydomonas are



Protandry scems to be rather common
among the molluscs, for Coe has described
it among oysters and ship worms (genus
Teredo, comprising a number of specics of
wood-boring molluscs, despite their com-
mon name). The Western oyster of the
Pacific coast showed regular protandry,
with only occasional mdividuals which were
permanent males or females. In the Virginia
oyster protandry was also found, but the
permanent males and females were much
more common. The intcresting problem of
the genetie relationship of the latter to the
protandric individuals has not been mvesti-
gated. Coe found that the change from male
to female occurs so carly i the hife cycle of
Teredo that about 90 per cent of a typteal
population is made up of females. But the
small number of very young and prolific
males present 15 sufficient to feruhze the
enormous number of eggs produced by tlus
large female population.

Protandry 15 also known m the tumeates,
and a related phenomenon occurs m so lngh
a group as the Amplubi, Anterior to the
testes of the toad 15 a pair of small organs,
the potential ovaries (some times called
Bidder’s organs). If the testes are removed
cither by parasitism or by experunent, then
the potenttal ovaries enlarge and the toad
bccon\cs a fl"'lcn()nﬂl fcl“ﬂ]c

There 15 a very mteresting case of envi-
ronmentally condittoned sex determmation
in a nematode worm, Mermis subnigrescens
The eggs of this worm are lard upon low
foliage, and ate caten along with the latter
by grasshoppers. The larvac emerge m the
mtestine of the grasshopper and penetrate
the intestmal wall to reach the body cavity,
where they complete their development
The mature worms then leave their host to
lwve free m the soil. The sex of the worms
depends upon the number of parasites m-

fecting onc host. With one to theee para-
sites, all develop as females, and 1t has been
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demonstrated  that these can reproduce
parthcnogcnctically. Four to twenty-three
parasites result in production of both sexes,
and some intersexes as well. Finally, when
twenty-four or more worms parasiuze a
smgle grasshopper, all develop as males.
ALTERNATION OF GENERATIONS IN THE
CortentoraTES As is well known, co-
clenterates are characterized by altemating
sessile, polyp and free-swimmumng, medusa
gencrations, The polyps reproduce asexually
by buddmg off medusac, and the meduse
reproduce sexually, the larvae setthing on the
substrate to become polyps. The chrome-
somal situation here has been inadequately
studred, but 1t is noteworthy that in some
mstances, such as Tubnlaria, male-producmg
and female-producing polyps can be ds-
ungusshed by somanc characters T this
casc, there 15 a minor color difference.

45, PROBLEMS OF SEX IN
MICROORGANISMS

Although unexpected at first, sexual repro-
duction has proved to be very widespread
among mutcroorganisms, There s genetic
evidence (recombimation of characters) that
sexual reproduction occurs m at least one
specics of bacterta. While sexual reprodue-
tion may or may not be of general sigmfi-
cance for the bactena, 1t cereamly is for
algac, fungy, and protozoans. As !hc.sc
prlmmvc nrg.‘mlsn“ are CIOSC to (I\OSC m
which sex first orgmated, 1t 15 to be ex-
pected that they show some unusual fea-
tures, remmants of dhe first cxperiments of
nature toward biparental reproduction.
Some of these will be discussed below.

Srx DFTERMINATION IN CHLAMYDOMONAS
The green alga Chlamydomonas (fig. 108)
PTCSC"U S(‘\'{'l’ﬂl Vcry ”“Crcs“"g ﬁ'ﬂ(llrfs
from the viewpomnt of the present chapter.
The ordinary, vegetative mdividuals are
haplord, and they may reproduce by simple,



uplarge clones of penencally 1dentical organ~
wms,

Mrnosts v Oxymonas The occurrence
of teduction by the formation of tetrads
followed by rwo dinsions has been found
amost uaiversally, in groups so widely
separated as the green algae and the mam-
mals, the ciluates and che flowerng plants.
Bue eytologssts at the end of the mnf:tccmh
century specufated wpon the possitalicy that
this pearty universal type of meios myght
have been derived from a simpler, “primary
type.” with no tetrad formation and ouly 2
single diwision. They looked for thes in
nany prsntive ocganisms, but fuled to find
1. Recendy, however, L. R. Cleveland of
Harvard has reported just such s sunple
mewosts 1 Ovymontas, 3 fagellate whach 1
parasiic yn ¢he gut of a roach, Cryptocerats.
The chromosomes par very loosely, but
they do not divade, and 50 no tetrads are
formed Hence when the homologues sepa-
tite W the anaphase of the only mootc
divinon, reduction 15 complete  Unfortu-
nately, there are no genenc data avaslable
for Oxpmonas. This work remams to be

4, wnd roany ) are
gravely skepucal of 1t The work has con-
sderable theoretical mnterest, howeser, and
so further independent observations should
bemade The near unwversality of the rwo-
dnision type of mewosss, however, artests

thatat must have been favored by enormous
sclecone vahue

From thws brief survey 1t 15 clear that na~
ture has expenmented widh the mast duverse
mechanssms for biparental repraduction. Jn
4 probabrhiey, there have wn the past been
My such expenments, no rempants of
which have survived to the present But the
feas unsersality of the syseem characterzed
b oogamy, diploidy, ard two-diviston
meions gdicates that this system has had o

T competstine advantage over other
systemy,

Résumf The usual description of sex
detesmination as a backeross is adequate on
a0 dlementary Yevel, but 1t affords hede in-
sight. The analysis of intersexuality is more
insteuctive, and leads to the concluston that
the X chromosome carnes factors for fe-
maleness and the autosames {or the cytow
plasm n some cases) carry factors for male-
pess. The sex phenotype resules from the
balance berween the two, with the sex-
dufferenmal chromosomes determuming the
way the balance tips. Abnormal sexuabity
results 3f the usual baance is dssrurbed {as by
an exina X dwomosome). In eypreal cases,
the ¥ chromosome daes not play an active
role m sex determination, but in some plants
1t has been shown to have 2 male-determin-
mg effect

Self-stenthty genes ate an tateresting fea-
ture of many monoccrous plants. These are
generally extensive series of multple alleles.
A pollen gran cannot grow on the style of a
plant which has 1ts own § allele Other self~
stenlity mechanisms are also known

Many atypical sex-determung mechan-
sms occur In the Hymenoptera, males are
typrcally haplord and females diploid But
there 15 2 seres of multiple alleles for sex
determmation. Any hetecozygote develops
as a fermale, but homozygotes, even though
diplond, become males Insome species, there
1s 2 regular sequence of parthenogenenc and
bisexual generations, or an alternation of
hermaphroditic and dioccious genetations,
Descrapuively, these cycles are clear, but the
ol factors are cbscure. Protandry 1 2
curious kind of cycle m which each mdi-
widual begins ife a5 a male, but s subse-
quently transforrmed nto 3 female, If un-
mated, this change 15 more rapid than 1f
wated o Bovellia, environmental contro)
t:i ;c: vl: nccompl;te Miﬂoorgan}sms show 2

ty of sexual mechanisms, includ-
mgrelatve sexualaty,

3 2 mudnple sexuality, con-
Jugation, and passible one-division merosis.



isogamous, In some there are macrogametes
{cgg-like) and microgametes (sperm-like),
both of which are flagellate and motile
{heterogamy). In some species, fertilization
can occur only between a macrogamete and
a mucrogamete, but in others, all possible
types of fertilization (large—large, large—
small, and small—small) occur. Finally,
there are species m which the macrogamete
is non-motile (an egg) and must be sought
by the flagellate microgamete (sperm), so
that one may speak of oogamy, as in higher
organisms.

Mating  Tyees 1N Paramecius The
cilates have developed a unique type of
sexual reproduction called canjugation. The
details are quite complex, and, as the subject
15 thoroughly treated mn textbooks on gen-
cral zoology, only a brief summary need be
given here. Paramccium 1s the most thor-
oughly studied example, and so will be used
as the basis of this discussion. Each ccll n-
cludes meo nucles, the gencnically active,
diplod micronucleus, and the vegetanive,
probably polyploid macronucleus wluch 1s
derived from the micronucleus. The or-
gamsm may reproduce indefimtely asex-
wally with the micronucleus dividing mu-
toucally and the macronucleus dividing
‘amntotically. Thus large clones of genct-
scally 1dentical mdividuals may be buile up.
Withm such a clone, conpugation does not

aceur.
But when members of different clones

X
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are brought together, they may pair off
quite rapidly (fig. 109). The macronuclei of
the conjugants degenerate, while the micro-
nucler undergo the usual two meiotic dw-
sions. Three of the daughter nucler de-
generate, but the fourth divides mutotically
to form a stationary nucleus and a wander-
ing nucleus in each conjugant. The wander-
ing nucleus of cach nugrates mto the other
conjugant, so that a mutual cross-fernhza-
tion 15 accomplished. The conjugants now
separate, and thar new diploid nuclei divide
to reestablish the two types of nuclei.

The sexual behavior of Paramecinm has
been studied especially by H. 8. Jennings
and T. M. Sonncborn. They found as
many as cight different mating types in one
vaniety of P. bursaria; four in another vari-
cty; and only two m the third varicty. Con-
Jugation can occur between any two mating
types, but not within a mating type. Thus it
amounts to a system of muluple sexuality.
Much the same has been found m Euplotes,
another genus of ciltates, and 1t seems prob-
able that the same system prevails through-
out the class Ciliata, and very probably aho
m the class Suctorra, a mmor class of Pro-
tozoa which has been denved from the
Cilata While the gencuc control of the
matmg types 1s complex, 1t 15 definttely con-
tolled by the micronucleus, and follows 3
regular pattern It may be added that numer-
ous gencrabons may be pmduu‘d by s:mplc
fission between conjugations, thus bulding

Fig 109 Compugating Parameaia.
The macromnchs are breakmeg up,
and the mcronmcler are dividng
merotscally



CHAPTER 16

The Physiofogy
of the Gene

The precedimg, chapters have deaft prmei-
pally with nomencal telationshps besween
various phenotypes 2nd the genotypes upon
which they arc based The genotype 1 ex-
pressed s 2 chanscrenssie of the zygote,
while the phenotype 15 generally conceved
mterms of the traes of the aduly, fully differ-
catated organsn Betweon the two there
ate causal sequences whuch act through ordi-
nary physologsea) agencies, m which the
gene 1s simply the prmary causal factot
This viewpomt has tot atways been selé-
evident The carbiest studies i heredity were
durected entircly toward the problems of the
mechanisms of wanstssion, the understand-
wg of the geneue vauos, the “sunes of
genenics,” as Goldschmide Yias put 1t The
problemss of dynamuc genetics, ot how genie
effects are obtawed, was seldom touched
upens As a tesult, heredity was commonly
vegarded as more ot less magical i 115 opera-
tion The studies of Goldschmdt and Bradges
“pon the deternunation of sex comptised the
&rsemagor offon 1o understand the dynamacs
of gene action. But progress has been slower
2 this mare difficule field As late as 1938,
ofic genctent wrate that it 1s as o€ heredwy
W3 repecented by 3 long underground
nnneh We are i the lghe at erther end.
buz weare sulf Latgely sn darkness through-
ot the pasagevay wse™ And i 15;43,

Sewall Wright, one of the lu(z(ding physio-
logical geneticusts, wrote that “even physio-
Yogists sormetimes atenibute 3 character P‘“f“l
to physiotogical facters, pardy to heredity,
as if heredity could operate by some sonvef
sympatheuc magic mdependently of physio-
Yogical channels. The awtuude of phy&\olf)gh
cal genencs 15 that charactels ate determined
100 per cent by physiological processes, bur
that genes are the slumate internal physi-
ologicat agents™ 1t will be the purpose of
the present chapter to consider some of the
endence bearing upon physiological chan-
nels through which genes obtaw therr effects.

46. GENES AND EMBRYORIC
DIFFERENTIATION

An obvious problem 1 posed by the fact
that dwversified tssues and organs develop
from a single zygote, and that all parts of
the orgamsm should have the same genotype
becayse of the regulenies of the mutotic
mechanism. Wesmann tred to solve this
problem by postulating qualitatively un-
equal mntases, o that only the potential
germ cells would retam she entire genome,
and all ather tissues would lack certam parts
of it Thus all tissues would have different
genotypes The dheory Tud 1o be dropped
because stndies of mitosts falled to give any
ndication of qualitative differences between
the chromosomes of daughtex cells, Quite the
contrary, the regular duplhicanon of chromo~
some scts appeared to be the most striking
feature of the mtotic process. But the coup de
grice was added only ecently, when a toch~
mqae was developed for removing the nu-
cleus from a frog cgg and replacing it wich 3
auclens from 2 diferenuated nssue, such as

*Walter, H ® 1938 Geneties Fourth Ed}
Edinon,
The Macnullan Co, New York, o



Questions and Problems

1. Define:
Alternation of genera~  Multiple sexuahity
tions
Conjugation Pistillate flower
Dioecious Primary type
meosis
Dimethyl crocetin Protandry
Gynandrism Relative sexuahity
Hermaphroditism S-genes
Intersexuality Stamumate flower
Isogamy Superfemale
Monoectous Supermuale
2 What is the sex of each of the following
orgamsms*
a. AAAXXX f. XaXb
b AAAXXY g Xa
. AAXXX h XbXb
d AAX 1 MM,
¢ AAXY 3 (BOM

3 How can an abnormal thing like inter-
sexuality afford msight into normal processes?

4. Evaluate the problem of whether there are
one or many sex determumng genes

5 Summanze the evidence for sex determuna-
tion through a balance between male and female
determuners

6. Why should mtermediate grade mntersexes
be sterile when more extreme intersexes are fertile?

7. Many vanetics of apples and of some other
frunts comprise a single clone They arc ordmanly
propagated vegetatvely by cuttings to avoid
breaking up favorable character combmanons In
view of the present chapter, can you ate another
reason for vegetauve propagation rather than

growmg the trees from sced?
d
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contact between the gray erescent material
and the prospective neural tissues for diffa-
<o of a substance from the geay crescent)
s necessary for the differentiation. of the
Jatter, Such contact may be prevented by 1~
jecung gelaum into the blaswls caviyy, and
the tesult 15 2 grosly defective embryo with
1o nervous sysem. Or one may dissect out
the gray crescent from one blastula and 1~
st it o the sde of another. The host
embryo will then develop fwo nervous sys-
tems, one tnduced by 115 own gray crescent,
the seeond induced by the transplant (.
111} This may fead finally to Siamese twin
cmbryos,

Such embryome mductions suggest that a
speafic substance diffuses from the organizer
wto the target tissue 1 order to produce the
eficct. The amphibun organizer has been
thoroughly studicd m an effort to sdentufy
such 2 substance, but conflicnng results have
bemn obtaned, one school considening 1t to
bea smple orgawe acid, while another finds
110 be 2 seeeol

T s prumary orgamzer were kept out of
contact with the ectoderm unul aftes the
unl e of farwation of the neucal plate
and normat contact then agam permicted,
o negrad plae would form  And so 1t 1s

lear that the target tissue is not enurely
passive in embryonic indaction: 1t must be
competent tO respond. In the example men~
woned, competence is lost faiely soon,
Frequently, competence for a specific mduc-
tion 1 distributed over a very wide field
which becomes progressively more re-
stricted with advancing age. Thus the optic
cup of versehrates induces lens formauon by
the « ectoderm. Transp
expenments have demonstrated that the field
of ectoderm capable of responding to con~
tact vith the optic cup may be very broad.
In the frog, Rana esculenta, the entire ecto-
derm shows lens competence 1 the early
neurla stage But soon competence s lost
by most of the ectoderm, and only that over
the head regton remams competent. And a
litele later, only a small arca inchnding the
vsual lens-forming ectoderm retains corn-
petence Details duffer from species to spectes.
Orgamzer actions have been demonstrated
m all major groups of vertebrates, and cer-
tanly they are a major factor m the emer-
gence of differennation and pattern from the
ay ”»
¢ zygote, The exp of
these phenomena has been 2 major achieve-
ment of experimental embryology. The
expenmental embryologssts have demon-

fg 2
of achon (After Waddington,

A chart of thie amplaban organrzers, showing

'¢ theer interrelations and
s
Cenes and Orgamizers, e

Cambridge Uneveray Press )



Fig. 110, An amphibian cgg, showmg the
gray erescent at the lower right.
(Redratwn from Huettner )

a neural plate cell, or a notochord cell of a
gastrula. Had the differentiation of these
assues depended upon any permanent differ-
entiation of ther nuclei, then such eggs
should have failed to develop, or they should
have developed abnormally. Actually, nor-
mal development occurred, and so 1t 1s clear
that no such rreversible differentiation as
Weismann and others postulated could have
occurred.

Cyrorrasmic DirrerrNcEs as a Basts oF
EmBrYONIC DirrERenNTIATION But though
the cleavage dvisions should parecl out
identical chromosome complements to all
daughter cells, these divisions are planly
nnegual as regards the cytoplasm. There may
be wisible differences between various re-
gons of an undivided egg Thus there 1
the very widespread distinction between a
yolky vegetal pole and less yolky annmal
pole of the cgg. These are often differendy
pigmented Between the two lies the much
mvestgated gray crescent - amphibian
eggs, while the same arca 15 occupied by a
yellow crescent in the eggs of tuncates The
cleavage divisions patcel out these different
sorts of cytoplasm mnto many separate cells,
and wlhle the nucler of these cells are all
alike, they are workmg m collaboration with
several different sotts of cytoplasm. Thus the
nuclear constitution which 1s capable of sub-
serving all types of ussue differentiation
actually induces one type of another :cc;rd-
ing to the type of cytoplasm m wiich 1t

THE PHYSIOLOGY OF THE GEKE

works. As soon as one reahizes that the -
plasm has an active role to play i differen-
ation, it seems obvious that the yolky vegeal
pole cells and the yolk-free animal pole cells
must have different prospective fates m the
organism,

Empryonic Organtzers  Butitisnotonly
that an identical genotype behaves differently
m different cytoplasms: developing tssues
mfluence one another also. The classical ex-
ample is that of the amphibian organizer,
originally investigated by Hans Spemamn
In the late blastula of an amphibian egg, the
gray crescent matertal 1s located in a band of
cells just below the equator of the cell
(fig 110). When gascrulation begins, the
blastopare forms below the gray crescent
The cells of the gray crescent are carried m-
ward as the archenteron forms, and they
come to lic m the roof of the archenteron, m
contact with the overlymg ectoderm. From
that cctoderm the central nervous system »
formed, while the roof of the archenteron
forms the notochord and the mesoderm
The mportant thing for the prosent die
cussion 15 that 1t can be demonstrated that

e

e

fig vir. An ampivdian embrye at the
neurula stage, with a secondary rmbrya
whsch was indined by implantation of the
gray arescent from another embryd.
(Redrawn from Holfreter.)



he urerer acts as 2 kidney c:gmiz.cr. and
hat the 54 gene prevents its action in sor.nc
of the mice of genotype Sdf+. Tn mice
homozygous for this gene, development of
the endodermal and mesodermal structures
2t the postenior end of the body 15 gross\?'
Jehicient, and lethabry dhways reswles. W i
probale that a defect of the primary or-
yanizet i yesponsible.

Pusnocopies sNp TiE Rats, Concert  As
long ago 3s 1896, a thorough study of the
color patterns of burterfiies was pubhshed
n which i¢ was demonstrated that envicon-
mental factors may so moddfy a butterfly
that 1t will mymme related races or speaes
For cample, f pupae of bustesfies of the
cenal European tace of Vanessa were
teeated with fow temperatures, the adults
which emerged from the pupac bied

produced Thus, if larvae four and 2 half to
five and a half days old were subjected 10 2
temperature of 35° centigrade for twelve
to twenty-four hours, about 70 pF: cent
emerged with scafloped wings. And if seven
day old lasvae were subjected ta 2 tempera
ture of 37° for a simdar time, about 40 per
cent had mimatare wings.

Embryological studies showed that the
phenocopies were produced by speedmg up
or slowing down specific embryological
processes, and Goldschrmudt drew the con-
clusion thar the mutant genes must act
tnch the same way that the phenocopies
are produced. And from this the further in-
ference was made that the normal gene also
acts as a regulator of rates of reactions in the
organsm.

N, [ Labl

the race from Lapland, while pupae treated
with high temperatures were mdstinguish-
able from the race found on the land of
Ssedima, This phenomenon, by which or-
ganustts of one genotype minue the pheno~
fype appropriate to a different genotype, has
been studied systematically by Goldschuds,
2nd ke calls such orgamsms phenocopres.
Usng Drosoplala, Goldschude has pro-
duced phenocopies of a great many mutants,
affecting 3 parts of the organsm. He con-
cluded that, 1f the apgropruate experimental
agency were used, 2 phenocopy could be
cbtaned of 2ny mutant whatever I showld
be emphasized that 2 phenocopy 1 mor &
mutavon f rerurned to 3 normal environ-
went, the phenocopes breed true o the
ongmal type, showmg that there has been
o muanon, but only a phenotypic copy of
3 mutatep

Goldsehnude cxpenmented with only one
wticthod of producing phenocopies, namely
beatshocks While he obmined phenacaptes

of sy utanes, bie found that for any par-
cul

; S maant there s 2 weanmne pened
urssg barvat bife when ws phenocopy can be

plesare m which
1t can be demonstrated thar particular genes
acmally do control rates of developmental
reactions, The onginal example was afforded
by Goldschmdt's apalysis of the determina-
von of sex 1 Lymantria, repotted in the pre-
ceding chapter In the crustacean Gammarus,
the eyes are at first red, but they darken
progressively untl they are black. In the
red~eyed mutant, pigmentation begins later
and proceeds more sfowly so that the adule
stage 18 reached while the eyes are still datk
red, and pigmentation 18 stopped. In rabbus,
1t has been shown that targe and ssall races
duffer prneipally 1n the rate of el duvion,
with hybrids having an ntermediate rate
While 1t seerns highly probably that the
work on phenacopies has lead to a cortect
msight mto the nature of genic action
chrosgh control of rates of embryalogical
processes, it 15 soteworthy that this Yeaves
hegely unsolved another very basic prob-
lem namely, why does one process occur
rather than anather, urespecave of rates?
Somc hght may be shed apon this question

below 1 che secnion on the type of reactions
<cantrolled by the murane gene.



strated a scquence of organizer cffects con-
trolling important embryonic processes from
gaserulation to the formation of adult struc-
tures. How varied these are may be learned
from inspection of figure 112, which is based
upon a diagram which sought to summarize
the knowledge of amphibian organizers as it
stood in 1938. While this phenomenon has
been more thoroughly studied in amphib-
ians than m any other group, there is Iitele
doubt that the control of embryonic differ-
cntiation by such organizers 15 very general,

Both the mductive capacity of an organ-
izer and the competence of the target tissues
are under genctic control, as onc would
expect. The processes concerned are essential
to the life of the orgamsm, and so 1t 1s not
surprismg that mutations affecting them are
often lethals. But some non-lethal examples
are available. It is very probable that the
control of dircction of coiling 1 snails be-
longs m this category, as well as the other
cases of maternal mheritance, which were
discussed m chapter 6. An mteresting and
well-analyzed example 15 provided by the
phenomenon of f the production of
the “wrong” member of a senies of serial
homologucs on a particular segment. Thus
the head of Dresophila bears antennac, while
the thoracic segments bear legs. Bue the
mutant anstapedn, ar, causes part of the
antenna to develop as a tarsus (fig. 113).

/2
Y

€
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Embryological study has clanfied the action
of this gene. The appendages make therr fist
appearance as a serics of imaginal disss, thick
enings of the epidermis. These differentiate
in a regular sequence with the log discs fxe
ahcad of the antennal discs. A “leg or-
ganizer,” or evocator, causes any disc which
is competent to react to develop according to
the pattern called forth by the speafic or-
ganizer substance which is then diffusing
through the organism. Normally, the an-
tennal disc is not yet competent to react at
this time, but the gene ar shufts the timing of
its competence to coincide with that of the
leg discs,

Another very good example concerns the
gene for short tail, Sd, in the mouse. This is
2 recesstve Jethal wath the shortening or sb-
sence of the tail appeaning as a phenotypic
effect in the heterozygous condition. Othee
effects of the gene miclude defects of the
kidneys and urcters. The cffects vary con-
siderably from individual to individual and
even between the two sides of the same in-
dividual. Bue it 1s noteworthy that no Kdney
ever develops unless the ureter s long
cnough to reach the normal site of the hid-
ney. Embryologically, the kidney hasa dual
ongin. The ureter forms as a bud growmg
dorsally and anteniorly from the meso-
nephros This normally comes meo contict
with a mass of unscgmented mesoderm at
the posterior end of the nephrogenic ridge
and tlie latter then forms the secretory por-
tion of the kidney. It 15 evident, then, that

hig. 113, Anstapedia Above, a normal
antentta, below, the arstapedia, or leg-like,
mgant of Drosophla (Redrawn from
Dalkaschina )



the wreter acts as a kidney organiz.cr‘ and
dhat the $4 gene prevents its action In some
of the mice of genotype Sdf-. T mice
homozygous for this gene, development of
the endodermal and mesodermal stractures
at the postersor end of the body 35 gmss\y
deficient, and lethabry always sesules., T s
prabable thar 2 defect of the pnmary or-
ganszes 15 responsible,

PrEnocopiss anD TiE Rate Concert As
fong ago 25 1856, 2 thorough study of the
color patterns of butterfhes was pu\:\fshcd
1 which 1t was demonstrated that environ«
menta] factors may so modify a buterfly
that it will Trme telated races or speaies
¥or example, 1f pupae of busterflies of the
central European ftace of Vanessa were
wreated with Jow temperatures, the adults
which emerged from the pupac bled

pmduccd, Thus, if Jarvae fout and 2 halfro
five and 2 half days old were subjected to a
temperature of 35° centigrade for twelve
to twenty-four hours, about 70 per cent
emerged with scalloped wings. Andof scven
day old Yarvac were subjected to @ tempera
e of 17° for a similac tme, about 4o per
cent had miniature wings.

Embryological studes showed that the
phenocapics were produced by speeding wp
of slowig down spearfic ambryological
processes, and Goldschmdt drew the con-
clusion that the mutant genes must act in
much the same way that the phenotopies
are produced. And from this the further in-
ference was made that the normal gene abo
acty as a regulator of rates of reactions i the
Ofgl“lsn\.

N

the race from Lapland, while pupac treated
with high temperatures were mdistnguish-
sble from the race found on the 1lend of
Satdinta Ths phenotenon, by which ar-
ganssms of ane genotype mimic the pheno~
type appropnate to a different genotype, has
been studied systemancally by Goldschmdt,
and he calls such organisms phetocopres

Usmg Drosoplula, Goldschrmdt has pro~
duced phcnccoy‘cs of 3 great many mutants,
affecung all parts of the organsm He cons
cluded that, 1f the appropmate !

14

xamples are available m which
1t can be demonstrated that particular genes
actually do control rates of developmental
reactions The original example was afforded
by Goldschnudt's amalysit of the determina-
uon of sex n Lymantna, regotted in the pre=
ceding chapter. In the crustacean Gantmaris,
the eyes are at first red, bur they darken
progressively unul they are black. tn the
red-eyed mutant, pigmentation begims Jarer
and proceeds more slowly so that the adule
stage 15 reached while the eyes are stll dark

agency were used, 2 phenocopy could be
htamed of any murant whatever, It showld
be emphasized that a phenocopy 15 ot &
mutation 1f returned to a normal environ—
ment, the phenocopics breed true to the
oniginal type, shovng that there has beea
7o mutation, but onty a phenotypic capy of
# mutation

Goldschrmude experimented with only one
x;mhod of producing phenocopres, namely

<t shocks While he obtamed phenacopes
ofmany mutants, he found that for any par-
:cn[:r motint there 15 2 sensnve perrod

unng Jarval bfe when ws phenocopy canbe

red, and pigy is stopped. In rablus,
1t has been shown that large and small races
differ principally n the rate of cell dvision,
with hybrids having an ntermeduate rate,

While 1t seems highly probably that the
work on phenocopies has Jead to a correct
mught o the nature of geme acron
through contsol of rates of embryologiea)
processes, 1t 15 noteworthy that ths leaves
largely unsolved another very basic prob.
lem. namely, why does one process peenr
rather than anather, irvespective of ragess
Some hght may be shed upon ths question
below in the section on the type of reactions
controlled by the mutant gene,



strated 2 sequence of organizer effects con-
trolling important embryonic processcs from
gastrulation to the formation of adult struc-
tures. How varied these are may be learned
from inspection of figure 112, which is based
upon a diagram which sought to summarize
the knowledge of amphibian organizers as 1t
stood m 1938. Whle this phenomenon has
been more thoroughly studied in amphib-
ians than in any other group, there is hittle
doubt that the control of embryonic differ~
entiation by such organizers 1s very general.

Both the inductive capacity of an organ-
izer and the competence of the target tissues
are under genetic control, as one would
expect. The processes concerned are essential
to the life of the organism, and so it 15 not
surprising that mutations affecting them are
often lethals. But some non-lethal examples
are avatlable. It 15 very probable that the
control of direction of coding m snatls be-
longs in thus category, as well as the other
cases of maternal mhentance, which were
discussed in chapter 6. An interestng and
well-analyzed example 15 provided by the
phenomenon of homeosis, the production of
the “wrong™ member of a sertes of sersal
homologues on a particular segment. Thus
the head of Drosophila bears antennae, while
the thoracic segments bear legs. But the
mutant arstapedia, ar, causes part of the
antenma to develop as a tarsus (fig. 113).

THE PHYSIOLOGY OF THE GENE

Embryological study has clarified the action
of this gene. The appendages make therr firse
appearance as a series of imaginal discs, thick-
enings of the epidermis. These differennate
in a regular sequence with the leg duses far
ahead of the antennal discs. A “leg or-
gamzer,” or evocator, causes any disc which
1s competent to react to develop according to
the pattern called forth by the specific or-
ganizer substance which 15 then diffusing
through the organism. Normally, the an-
tennal disc is not yct competent to react at
thus time, but the gene ar shifts the tinnng of
its competence to coineide with that of the
leg discs.

Another very good example concerns the
gene for short tail, §d, in the mouse, This is
a recessive Jethal with the shortening or ab-
sence of the tail appearing as a phenotypie
effect in the heterozygous condition. Other
effects of the gene mclude defects of the
kidneys and urcters. The effects vary con-
siderably from mdrvidual to indvidual and
cven between the two sides of the same in-
dividual Buttis noteworthy thatno kidney
ever develops unless the ureter s long
enough to reach the normal site of the Md-
ney. Embryologically, the kidney hasa dual
ongin, The ureter forms as a bud growing
dorsally and anteriorly from the meso-
nephros This normally comes into contact
with 2 mass of unsegmented mesoderm at
the posterior cnd of the nephrogenic ndge
and the latter then forms the sceretory por-
tion of the kidney. It 15 evident, then, that

Fig 113 Aristapedia Above, a normal
amenna, below, the anstapedia, or leg-hke,
imutant of Drosophila (Redrawn from
Balkachina )



wing trait and recessive for the brstle lr:\::,
white the severse is true of the allele T
Therr compound, T°[T™, is actually wild
type. Obviously, dominance cannot be 3
fundamenta} property of this gene.

Tus Probues of Tuk Natuse oF Dose
wange The many sxamples above demon-
e that dommance 15 not 3 fundamental
Saswse of the geve, bu simply an
aspect of the phenotype which s subject to
many imternal and external mnfluences. None~
theless, 1t 15 an extraordinanly widespread
and strking phenomenon, and ¢ nvust be
explamsed ‘The fiest theory advanced 1 ex-
planation was the presenice or ghsence theory
of Dateson and Punnett This was actwally
disproved even before 1t was progosed, for
& was mcomstent with the ducovery of
Cortens m 1899 that endosperm characters
of marze right show relative domunance,
the gene which 1s present twice being ex-
pressed over the one present only once (see
chapter 9)

A second suggestion 15 thae varous alleles
of & gene have dfferent potencics, which
may mean that they produce varywg guan-
aties of an enzyme ot other substance essen-
tal for the production of 2 particular pheno-
type Then, 1f there 15 a surumum threshold
quantiry of this substnce which must be
present m order to produce s effect, amy
gene of hugh enough potency to reach or
surpass fus Qureshold when heterozygous
will behave a3 3 domumant As there mighr
be any degres of potency above the thresh

old, thi concept carntes wth 1t the e
fetence that there may be different wild type
alleles There 15 some evidence that this may
be tue, The ez of genes of different
Potencies was denived ongmally from the
waork on the sex-detetmimng allcles of dif-
fecent races of Lynnantria, but w1 supported

Y work on other characters s well. For

example, Stern has studied the effects of the

gene for bobbed bristles, 3 sex-hnked re-

cessive in Drosaphita, A single gene in the
mmale, or two in the female, resules in undee-
developed bristles. By the use of duplica-
o, it was possible to get fomales with
theee or foue bobbed alleles. These had not-
wal bristles, showing that the product of the
bobbed gene is of the same sort as that of 1ts
notmal allele, but that product does not
reach the mistmum threshold for formanon
of normal bristles when only two bobbed
allles are present.

A third theory of dominance was pro-
posed by R. A. Fisher an the basis of studics
of mhentance of dominant genes in fowl.
He found that, if domestic birds with domi-
nant musations were sepeatedly backevossed
to the wild fowl of Malay, specific genes ot
the domestic bieds conld be studied in re-
Tation to the restdual genotype of the wild
bitds One strtking result was the Joss of
dommance by the mutant genes, Hence
Fisher concluded that dommanee 1n the do-
mestic fow] must have sesulted from a con-
plex of modifiers. In terms of the threshold
concept, tus would mean that the modificrs
had reduced the threshold of action of the
gene, This theory has assumed considerable
unportance 1 evolutionary scudies. As was
mentioned i chapter 13, the same mutations
tend to occor aver and over agam, and there
15 1o doubt that chis has always been so, as
long as there hyve been mytable organisms.
Now 1f any favorable muration should oc-
cae, aity other mutation whch might Jower
s threshold of action would akso be favored
by vatural sclection, Hence the dominane
genes which we now stody are presumed to
be dommant because of long contmued na-
o e ey . i

of action of the major
genes

Gzz’«z DOSAGE AND THE Barance Concrer
Sweri's experiment discussed above leads
zz:;g’:}‘iy 1 the question of whether the

yeme—the number of times 1t 1



47. DOMINANCE AND THE
THRESHOLD CONCEPT

When De Vnes first did experiments in
Mendehan genetics, hic found that one mem~
ber of a pair of alternative characters was
always cxpressed to the exclusion of the
other in hetcrozygotes. He believed this to
be a universal condition, and so he spoke of
the “law of dominance.” Dominance was
regarded as an integral property of the gene.
For Bateson, a dominant gene was a real
cennty, while a recesstve was only the abe
sence of the corresponding dominane.

CONDITIONs  INFLUENCING  DOMINANCE
Gradually, however, gencvensts came to
reahize that donumance 15 not actually a
fundamental property of the gene, but only
a characteristic of the phenotype. Donn.
nance 15 2 thing capable of bemng shifted A
gene which behaves as a dommant ar one
stage 1 a hife cyele may behave as a recessive
at another stage. Or a gene whuch 1s dom-
nant i onc environment may be recesstve m
another. Agam, the genctic environment may
wfluence domnance, that 15, other genes
may act as dominance modifiers Finally, a
pletotropic gene mav be dommnant for some
of 1ts cffects and recessive for others

Many examples of these phenomena have
been discussed for other reasons i the pre-
ceding chapters, and somce of these may be
reviewed now. First let us consider 2 new
example of change of dominance dunng the
life cycle. ln the flour beetle, Tenchro wolli-
tor, there 15 2 parr of genes which control
color, whether orange or brown, and the
lml‘noz)‘gntts are Colnrcd !hc same thrmlgh-
aut the b cycle. But the beterozygotes are
arange w the larval and pupal stages, but
brown in the adult, or tmago, stage Domi~
nanee, then, has changed, most probably
because of the diffesences in the physiologi~
cal state of the argamsm during the different
phases of the Iife cyele.

THE PHYSIOLOGY OF THE GENE

Shiftng of dominance by environmenul
conditions has already been illustrated with
the example of the Himalayan rabbus.
These, it may be recalled, ate generally
white, but the tail, nosc, ears, and paws are
black, Animals of genotype CHC awe all
black sf raised in severe cold, but they are all
white if raised under hot, humid condraons
A, H. Hetsh has seudicd thoroughly the re-
actions of the heterozygotes between bar,
double bar, and normal cye (4B, BB+,
BB/B) over the tempesature range from
15° to 30° cenugrade. The detals of hic
study are rather complext and do not belong
here, but the general conclusions are very
much 3 propos. He found that for any geno-
type, the number of facets of the eye varied
progressively with the temperature. For
some genotypes, the rehitionship is dieet,
for others mverse. Hence the degree of
dommance for a partcular allcle actnally
vatied with the temperature, and it was
possible to calculate 2 coeflicient of don-
narice.

The residual genotype, that 15, the sest of
the genotype m addition to the gene pair
under study, also mflucnces dominance. The
examples of sex-nflucnced mhenance di-
cussed m chapter 6 apply here, with the sex-
determunng genes deternmng also which
allele of a given parr shall be dommant.
Mnny other cx:lmplt‘s, hot asmth'd with
sex determmarion, are also known. Thes
Drosoplula of genotype vgf+ are ordmartly
wild eype. But Goldschuudt found three
domuance modifics which tend to shift
dommarnce n favor of vg, lndwvidually, they
cause low-grade vesugal effects m a snaall
percentage of the fies beserozygous for 1y
But when all theee dominance modifiers are
present, their cffects are addinve, and all

of the flies show dommance of pg over s
usually dommant allele Agam, the gene for
truncare, T, affects both the wings and the
brastles. The allcle T° is dommant for the



was summarized m chapter 9. It was found
it melanin pigments of many amimals
depended upon the presence of two com=
ponents, 2 chromagen (tyrosme) and an
oxidase Chermacal stuches were soon tiade
and coneclared wath the genetic studies.
From the skms of black, gray, and brown
rbbis an enzyme (perowdase) was ex-
tracted whnch woold caralyze the oxdidation
of the tyronne to melanin in the presence of
hiydrogen peroxide. Attempts to extract the
enzyme from the skims of tecessve white
bl faled. When a dommant white
calibic was tested, the enzyme was found, but
it was accompanued by an mhibstor. There
15 2 smifar sitvanon in the gumea pig, but
hete there ate two geneucally controlled
oxidases, with one Yowerng the threshold
of the other

Plant prgments have been very extensively
studied Of these, chiorophyll (green) and
caroun {yellow) are contamned m the plastids,
whde the sap contams an extenawe seres of
pigments, the anthoxanthins and the antho-
cyanms The anthoxanthuns range from
wory to yellow, whie the anthocyanms
range from red through pusple ro blue All
of these ate vather smitlar wb which

whether the molecule s or is not conjugated
with 3 sugar molecule, presence or absence
of co-pigments, and pH.

Broop Grours The blood growps were
introduced in chapter § as an unusually
thoroughly studied cxample of mulple
alleles. While the chemeat constitution of
the antigens and anubodies is not known,
salll it is certan that they ate speafic pro-
tems {with the exception of some carbo-
fydrates whuch have been shown to have
antigenic activity), and hence they belong in
the present discussion. As cach genc seems
to determine a single antigen without any
evidence of collaboration of genes, the in-
ference has been drawn thae the antigens
must be very close to the primary products
of the genes concerned This is not a neces-
sary mference, but 1t may be correet,

Some Genr-Controtiro Metasotic De-
FECTS IN MaN  Many examples of genctic
control of speaific biochemical traits arc
known in man, and a few of these may be
mentioned, Alcaptonuria s a condition with
arthnne symptoms, hardening and Blacken-
ing of the cartilage of the patient, and black-
enmg of the urme upon exposure to the air,

may be treated as denvauves of flavone
{Bg. 114), 2 three-tnged heterocyche com~
pound (see books on organc chemustry or
buochenustey for details). The phenotype 1
determuned by 3 considerable number of
factors which are under genetic control
These mclude such specific things as the
number of carbons on whch an hydroxyl
80up or methyl group i substitured,

Big 114, The structural Jormula of
flavarte, upen which many plant
pigments are based

These symp result from an sbuormally
hugh concentranon of homogentisic acid in
the blood. This acid 15 a normal metabohe
waste, but 1t 1s broken down to acetoacetic
ac1d 1 normal persons, who have an, enzyme
for the purpose, Absence of the enzyme is

ordmatily cawsed by a single pair of reeessive
genes




represented in the genotype—is important
for genic action. The obvious conclusion
from Stern'’s study of the bobbed gene is that
the phenotype depends upon the quantity
of some gene product which is in tm de-
pendent upon the quantity of the gene.
Much the same idea had already been de-
rived from the study of intersexes, as de-
veloped in the preceding chapter. Bue an
additonal conclusion may be drawn from
the studies on intersexuality: the phenotype
depends not only upon the dosage of a single
gene {or complex of genes, 1f one considers
that there are many sex-determinmg alleles),
but it depends upon the proportions between
the vatious members of the genotype. Two
X cliromosomes m the usual genotype leads
to a female, bur two X chromosones in a
genotype includmg three sets of autosomes
leads to an mtersex. Three X chromosomes
will ordmarily determne a superfemale,
which 1s sterile, but three X chromosomes
with three sets of autosomes results in a
fesale, trploid female.

Studies on monosomucs, trisomics, and
duplications all remforce the above data, In
all of chese, with 1o mutants whatever pros-
cut, the phenotype differs from the wald
type. In ail, the proportions of the differcne
kmds of genes are disturbed. Henee 1t may
be constdered ehat, in gencral, gene action 1s
proportional to gene quantity, and that che
balance between diffcrent genes 1s as im-
portang as their absolute quanuncs. Here
abso belong the consderations relative 1o
collabaration of genes which were taken up
m chapter 9,

48. THE REACTIONS
CONTROLLED BY GENES

fn one sense, every parageaph of dhs chapter
has been concemned with the reactions con-
wrolled by genes. The production of differ-
entisted cytoplasms and of orgamzess, the
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action of intracellular enzymes and exma.
cellular hormones, the control of develop
mental rates and thresholds—all of these are
reactions controlled by genes. But their
visible evidence is most commonly found in
morphological traits which are obvioudy
the end points of long reaction chatns which
began with the genes. The prinary action
of the gene must be a chemical one, most
probably catalytic, and hence an espeent
mterest attaches to the demonstration of
chemical variations which are genctically
controlled. There is a hope that such cavs
may lead to direct knowledge of the primary
products of the gene. A few of these will be
reviewed below.

Biocurmicar Murants or NFuRosrorA
Much the most extensively explored series of
genctically controllcd chemicat traits is that
of the numtonal mutanes of ¢he bread
wold, Neuraspara crassa, whach has been in-
vestigated by Beadle aud his collaborators.
As this work was discussed in chapter 9, &t
need not be repeated here. But it may be
mentioned that mutants are available which
block specific steps m the synthesis of nearly
alt of the ammo acids and vitamms required
for the nutnition of the organinm. In most
cases, the mutant appears to block ouly one
speaific reaction m the synthesss of a pat-
weular compound. From thes, the mference
has been drawn that the normat aflele must
produce the cnzyme, or 3t Jeast £ause the
final speaficity of the enzyme which nor
mally promotes the bloched reacuon the
precedmg sections of thus chapter, evidence
was presented to show that genes control the
rates of morphogenetic reactions, Now, for
the first e, we have some mghe mto the
primary seaction aself,

Propuction or Picmings Colors and
patterns are amony the most obviows chae=
acters of many plants and ammals, and s0
were among the fint to be amalyzed genct-
ically  Some of the resulang mformaton



rat and the base of the plane (g, the angle of
ontentaion) was not random: as the angle of
inchnation of the plane {or} mereased, so did
the angle of onentation (fig. 1xs). The
cortespondence was so close that it was
possble to express 1t with an equation,
8=Klog sin o, where § and o are the
angles of ortentation and nchination as de-
scobed sbove, and K 15 a constant tohich
vanes in different genetic strams of rars. For any
mdividual rat, there 15 of course a certam
limuted amount of vatiation, but the regu-
bty of the response to gravity 18 indeed
strking And because the constant K varies
from one mbred lme to another, 1t 15 clear
that thus 15 an mhented behavior pattern.

A few years ago, a distinguished biologst
seviened Crozer's work before hus class 1n
general physiology He described with en-
thusiasm the regularity of the respanse to
gravity He acknowledged with some per-
Plexity the evidence for the mherance of
Qunnianve differences m response, then
concluded with evident disbehef 2nd sar-
cam, “How m the world can an anmal in-
ket a constant n an equation?” That class,
of which the present author was a member,
was much smpressed We agreed that the
databad ded 10 an absued conclusion How-
ever, professor and students had fallen mto
the ector, agamgt which Wright had warned,
of atttibunng “a characrer panly to physio-
fogical facrors, partly o heredity, as if
hetedity cauld overate by some sort of sym-
pathenc magic mdependently of physio-
Yogcal channel; As constants m equations
P2y an wporane rols m other physiolagicat
Processes, such g5 €nzZyme action, 1t should
Pm;xn‘:(::i ::uhth;y oo Hlay an i
deed e o dtl ;t ;nccmns of genes In-

» ta on mhentance of
of processes may welf -
SNt i an equanon 55 3

08 part of the bugden of every gene

Questions and Problems

1. Define: .
Alcaptonuria Induction
Competence Inkitwtor
Domunance Orgamzer
Dominance modificr Phenocopy
Gray crescent Threshold
Homeosis

2. Many years ago, Havert demonstrated the
process of “chtomatin diminution™ in Asns
Duning the early cleavage divisions, the chromo-
somes are fragmented 1n 2l prospective sommane
cells, with abour two thirds of the chromosome
complement bewng destroyed Only in the Pros-
pecnve germ cells 1s the entire chromosome come
plement retaned This was genenally anterprered
3 supporung Wewsmann's theory of unequal
mutoses as the baus of differentiation. How could
youmvestigate whether this mference is corteet or
mncorrect?

3 What 18 the basis for the action of embry.
onic orgatuzers®

4 Discuss an example of 3 mutation which
modifies the action of an orgamzer,

S What s the difference be

tween 3 phenacopy
and 2 mutation®

6 What muight do phenocopes afford into
the physology of the genes
7 Discuss the pigmentation of the cyes of
Garmmarus, showing how thys demonstrates the
contzal of the rate of 2 pracess by the genotype,
8 Cite evidence that dorunance 15 nar an
megeal property of the gene.,
9 Which of the thearies of domunance seems
most probable to you? Defend your answer
10 What evidence can you advance in fivor of
the Importance of the balance among the geness

31 Have any eXpenments afforded evidence 3¢
10 the nature of the

Pnmary products of th 2

Diseuss fully, cgener
12 Explam Cromer’s expenments on grotro-

PISm 1 rats
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Gout is another disease with well-known
genetic and biochemical bases. Genetically,
it is based upon a dominant gene. Biochemi-
cally, it results from a defect of nuclerc acid
metabolism. This results in accumulation of
uric acid (a degradation product of nucleic
acid) in the blood. If the blood level of uric
acrd exceeds six mlligrams per cent, gouty
arthritls may occur because of uric acid
crystals forming in the joints. However, al-
though a single dominant gene will always
cause a Ingh level of urie acid in the blood,
1t docs not always result in clinical gout.

Diabetes meflitus is an important discase,
which was Inghly fatal before insulin was
isolated and made available for replacement
therapy. As is well known, the diagnostic
sympton of the discase 1s sugar in the urine,
which is turn results from elevation of the
blood sugar level above 180 mulligrams per
cent. This 1s caused by a blockage of carbo-
hydrate metabolism because of a deficiency
of msulin, the hormone of the pancreatic
islets. Analysis of pedigrees has shown that
the defect 1s inherited as a recessive in most
fanmlics, but a dominant form 1s also known.
Incidentally, the pancreatic defect may not
be the direct cffect of the gene, for 1t has
been shown that mjection of a product of the
antertor lobe of the pitmtary gland, alloxan,
will cause degeneration of the pancreatic
1slets n normal ammals,
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49, CONCLUSIONS

Much evidence has been presented to show
that genes obtain their effects through ordi-
nary physiological channels. We have seca
that the nature of the processcs by which the
gene produces the phenotype are known in
part, although this ficld is only scantily ex
plored. Yet it is clear that such basic morpho-
genctic processes as the actions of embryonic
organizers, of hormones, and of enzyme
systems arc under genetic coutrol, which b
to say that genes act through these media
Int many mstances, the relationship between
specific enzymes and speafic genes his
caused speculation as to whether the enzyme
may actually be the primary product of the
gene. Yet there 1s no single fustance in w bach
the primary product of genic action can be
identificd with assurance and so this most
fundamental problem of the physiology of
the gene remams m an unsatisfactory state.
Fanally, there 15 a great body of evidence
whuch proves that genes control the rates at
which developmental and other processes
oceur,

In the muddle 1920%s, W. J. Crozier of
Harvard directed some very mteresting ex-
penments on tropisms of amimals., Young
rats, whose cyes had not yet opened, were
placed on an inchined plane. Beng negative
ly geotropue, the rats always exawled up the
plane But the angle between the path of the

Fig 114 Crozter's experiment on miberited
response to gravity, (Redrawn from

Crozer and Praicus w the Journal of General
Physaolgy, vel 10.)



sat and the base of the plane {8, the angle of
pratation) Was not random: as the angle of
snchmation of the plane o} increased, so did
the angle of oriemanon (g, 1rs). The
cormespondence was 50 close that 1t wvas
possble to express it with an equation,
=1 log sin o, where § and o 3r€ the
angles of onentation and mclmaton as de-
seribed above, and K 15 a constant which
varies w different genetic straus of rats Forany
mdmdual sar, there s of course a certan
himited amount of vanation, but the regu-
iy of the zesponse to gravity 1 mdeed
staking And because the constant K vanies
from one inbeed hine to another, 1t 15 cloar
that dhus 1 20 swhented behavior pattern.

A few years ago, a distnguished biologist
teviewed Crozier’s work before us class in
general phymology He described with en-
thusizsm dhe regulanty of the response to
gty He acknowledged with some per-
plexaty the evidence for the whertance of
quantitative differences . response, then
concluded with evident disbelief and sar-
<asm, “How 1 the world can an ammal 1n-
hent a constant 1 an equations” That class,
of which the present avthor was 2 member,
was much 1mpressed We agreed that the
dats had fed to an absurd conclusion How-
e, professor and swudents had fallen mro
theetror, agamst which ‘Wright had warned,
;: ““l““f‘““g “a character partly to physio-
hvgx‘:;; ’““]“v patly to heseduy, as if
Pmm:’ C::: ld 0per;tc by some sort of sym-
fogicat chlmi‘[cs "‘“A:Pmdeﬂdy of physio-
play 2 CONSLANS 18 eguations

postant role 1 other physwlogical

%t:c:sm, such as enzyme acton, 1 should
expected that they would
portany role 1n the fig

deed, the abundane

play an im-
netions of genes In-
e data on whentance of
e 1 eates of processes may well ;-
- that a constant m an fquation g5 a
YT pare of the burden, of every gene,

Questions and Problems

1. Define:
Alcapronuria Induction
Cotapetence Tntubitor
Pommance Qrganizer
Dominance modifier Pheaocopy
Gray crescent Threshold
Homeosis

2 Many years ago, Boven demonstrated the
process of “chromatn diminution” in Ascaris,
Dustg the aarly cleavage diwasions, the chromo-
somes ate fragmented m all prospective somatic
cells, with sbout two thurds of the chromosome
complement beng destroyed Only m the pros-
pecuve germ cells 15 the entire chromosome com-
plement retamed. This was generally interpreted
as supportng Wesmann’s theory of unequal
wutoses 25 the bass of differentianion. How could
you mvesngate whether ths nference 1 correct of
ncoTIECt:

3 What 1s the basss for the action of embry-
onic orgamzers?

4 Discuss an example of a mutabon which
modifies the action of an organizer

§ ‘What 1 the difference between a phenocopy
and a mutation®

6 What waght do phenotopies afford wito
¢he physiology of the gene>

7 Discuss the pigmentation of the eyes of
Ganynatus, showmg how this demonstrates the
control of the rate of a process by the genotype

8 Citc evidence that domumance 13 por an
mtegral property of the gene.

9 Whach of the thearnes of domuance seoms
m0st probable to you? Defend your answer

19 What evdente can you sdvance in favor of
the tmportasce of the balane among the genes?

Tt Have any expenments afforded evidence as
€0 the nature of the prumary products of the genes®
Discuss fully,

1z Explan Crozier's cxpeniments on geotrow
PIsm 10 rats.
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CHAPTER 17

The Theory of
the Gene

In the preceding chapters, we have reviewed
the statics of pene tansmision 2nd the dy-
vamscs of gene physiclogy Repeatedly, the
data bave tased questions regarding the
nature of the gene, and these questions have
Been evaded for the most part, Now evaston
1o longer posstble 1n the present chapter,
we dhall review daa and theotses on the
natue of the gene, and try to reach some
understanding.

In considermg the nature of the gene, 1ty
first necessary o take stock of the available
krvmledge of the chemvary of she dhromo-
somes. As the lacaon of the genes m the
clomosomes 15 beyond doubt, any vahd
theory of the gene must be consstent with
the properuies of the chromosomes One of
e fandumenal properties of she-gene.ss
self-duplication This process—whatever st
15 repeated at least once m every cell
gtneration, and the transmission of the duph-
;Amd g;‘ncs via the germ edlls 15 e basis of

endehan nhertance & second propesy 3
the occayonal mexactness of ¢ ;w

Zceaonal mexactness of gep
— s teproduc-

so_that 3 mutant pene tesults, The
ouans s then reprofiuced with the same
Tegulanty a5 was vhe patert gene. Finally,

the gene funcrions s 3 hyswologieal apent,

a5 discussed 1n the preceding chapter AR of
these diverse requirements Tust be synthe-
szed e preseny chapter.

50. THE CHEMISTRY QF THE
CHROMOSOMES

The chemistry of the chromosomes 1
extremely difficult ficld to invesdigate, not
only because of the complexicy of the com-
paunds, but because of the extremely small
quannies sith which one must wark. That
some progress has been made 15 a tnbute 1=
deed to the ingenwty and the persistence
of thote biochemuts and cytologists who
have studsed the chemustey of the chromo-
somes

Tue STRUCTURAL MATERIALS OF THE
Cimomosome  Two prinaipal types of com~
pounds have been identificd m the chromo~
somes, protgmy and nucloie acyds, and these
mway be combued ta form ngek

The bwlding stones of protemns are amino
aads, orgame acds m which an ammo
group (—NH,) has been substituted on one
of the carbons, atways the o carbon in nat-
wad ammno acds, I all, about durty asno
aads are known m nature. The carboxyl
tadical (~COOH) dissocrates as an acid,
while the amino radical adds on a molecule
of water and dissociates as a base. Thus the
net seaction of the molecule s neurral Some
of the larger amma acds, however, have
an excess of carhoxyls, leading to an aaid
reacuion, of of amino groups, leading to a
basic reactiont The bastc amno acids are 1m-
pottant 1 the chromosomes. The most
strangly basic of the amino aods 1 argmine
(fig 116}, which has two ammo groups and
two other nitrogenous radicals

The most wnportns reachon of the
ammo acids 15 the pepride linkage, which 1
essenvally a saft-formmy seaction berween
two amino aaid molecules, It may be W~
strated by the reaction between two molee

}
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Fig. 116, The structural formula of argimne, the most strongly basic of the amine acids,

and an imy

of the ¢l 3

cules of glyeme, the simplest of the ammo
acids as shown at the bottom of this page.
Perhaps the most sigmficant feature of this
reaction is that it always leaves a free aaid
radrcal at one end and a free amino radical
at the other end of the resulung dipepride
Thus the reaction can be repeated to form
polypeptides of any degree Protems are
very large molecules bule m this way.
Whilc this 15 a surprisingly sumple structure
for such a varied and speafic array of com-
pounds, stll 1t may be remembered that the
number of amimo acids 1s about equal to the
number of letters m the alphabet, and so the
number of compounds obtamable by com-
binmg them m different proportions and
orders 1s potentally as great as the number
of words which can be spelled out with the
letters of the alphabet.

Protemns may be basic {the basic :mmm\

acids predominate), acidic (the actdic amino
actds predommate), or neutral The basic
protems ate readily studied because they
combine with nuclesc acrd to form nucleo-
protems, the chromann of cytology. They
have been extensively studied and have been
regarded as the most probable substance of
the gene. Recently, however, neutral and)
acidic protems have been found mn the chro-

o 0

mosomes m considerable quantitics, and
they may be more imporeant than formetly
supposed.

Nuctzic Acos The nucleic acids are
composed of pentose (five-carbon sugars).
purine and pyrmudme bases, and phosphone
acid. There are two principal eypes, desexy-
nbonuclerc acid (DNA), which » found
only 1 the chromosomes, and nbontclac
aaid (RNA), which may be present in traces
m the chromosomes, but wlhich is found
prmeipally n the nucleolt and m the cyto-
plasm. DNA 15 more highly ovidized, and
1t 15 polymenzed mto large complexcs by 2
phospl ug phc phat h ar bond~
mg The bases are side chams on the sugars
Two such structures are jomed together by
hydrogen bonds (very weak) between the
bases. Thus a ladder-like structure ss formed.
with the plosphate—sugar bands formmyg
the upnghts and the pairs of bases formmg
the cross-bars Finally, the whole structure
15 sprealed about a central axis to form a
structure something ke a spiral staircase
{fig t17) The base pars occur only m four
speatfic ways, but these may occur i au)
scquence or relative abundance, thus per-
putting an enormous number of stereoo=
mers (;f DNA Usmg this structure, 3 very

(o} [0}
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Fig 117, The stictire of DNA as
viswalzed by Crick and Watsat
{Redratwn from Nature, vol 171.)

dever possible scheme of seproduction of
the DNA molecule has also been worked
out

T has generally been assumed that genetic
dwersity must depend upon the protan
component of the chromosomes, but some
tecent developments have focused attention
upon DNA. As mentioned above, 1t now
sppeass that the number of DNA stereo~
1S0mATs May be great mough to account for
the diversity of gencs. A second 1mportant
fact1s that of bactenal trangformation, If pun-
fied DNA be extracted from certain strams
of bacterta and then be added to a culture of
genencally different bactera of the same
species, 1t may mduce mutation to the type
of the culture from wluch the DNA was
extracted, Thus Prrenmococents oceurs i many
serologrcally different types, and mutanon
from, let s say, type 7 to type s can be -
duced by adding DNA from a eype s cubture
10 2 type r culture These murant cultures
then breed ecue This 15 nothing fess than
directed mutation, and as such 1t has enormous
theorenical signuficance for the study and
conrrol of mutation Wath respect to the
present problem, it mdicates that the speai~
fiary of genes may resde m the DNA.
Finally, 1t may be mentioned that there 3
very strong evidence that virus reproduction
Bassoaated primanly with the DNA rather
than the protem of the virus.

VEMISTRY AND GENE Funcrion The
:l;-:;m “o:vxeus functions of genes are
mnm‘mm‘mn :n: the production of sub-
e the c}m:l:f bly enzymes—whch

£eactions terminating m
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the visible phenotype. Actually, no data are
available which permit a direce msight into
etther of these problems, Many gencticists
feel that these two functions may be only
different aspects of the same type of reacuion.
It has been supgested that in either case the
primary product of the gen 15 3 copy of the
gene. In chromosome duplication, these
copies remam in contact with the parent
chromosome and become hnked together
to form 2 sister chromaud. Otherwise, the
copies diffuse away to react with each other
and with other substances to carry out the
genencally contralled reactions of the cell,
The mode of formation of these copies 18
not known Most probably, the genes act as
an autocatalytic system to organsze precutsor
substances which are present in the nucleus.

The whole problem 15 a major challenge for
future reseacch.

§1. THEORIES OF THE GENE

Mendel spoke of the units of inheritance as
“factors” or “clements,” but ventured no
guess as to theit natute His termunology was
accepted by the early students of hesediry,
but the need was soon felt for a more speaific
name The term “geng” was proposed by
Johannsen, because 1ts the root of the Greek
verb o become, It was hus intention that this



term should be just 2 convenient word to
designate the units of heredity, with no
theoretical implications regarding the nature
of the unit. Subscquently, however, the
term “gene” Ias become heavily charged
with such meaning, As emphasized above
repcatedly, a gene can be identified only of
it has mutated, so that a pair of alternative
genes can be followed through a succession
of generations. Because of this, most theorics
of the gene have been based upon some
aspects of the mutation problem, and have
sought to explam these,

Tuomas HUNT MORGAN AND THE THIORY
or Tuc PARTICULATE GENE - The first quarter
century of genetic rescarch produced a good
many theorses of the nature of the gene.
Most of these, like the ane gene—one char-
acter hypothesis of DeVries and the presence
or absence theory of Bateson and Punnctt,
served a useful purpose m promotmg the
understanding of the most clementary facts
of genenies, but they had to be discarded as
soon as more complex data proved m-
compatible, Perhaps no one has contributed
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more to the development of genetics than
has Thomas Hunt Morgan (fig. 115}, whoe
rescarches culminated in the publicauon of s
fully developed theory of the gene i 1936,
The phrase “gene theory,” unqualified, gen-
crally refess to Morgan's conception of the
gene. Morgan used three principal categonies
of data; the fact of mutation; the faet that
the order of genes in the chromosomes can
be ascertained by crossover tests; and the
fact that this order, once established, can be
reshuffied, with difficulty, by chromosomat
rearrangements. From the first, the inference
was drawn that in the unmutated chrome-
some there must be a real unit, the normat
gene. From the second and third, it wss con=
cludcd that the genes must be circumscribed
corpuscles of some kind, cach with a definite
normal Jocus tn the chromosome. Hence the
genes were conceved to be corpuscles on
the chromosomes, arranged m lmear order
Iike beads on a strmg, cach different in stb-
stance from all of the others, and scparated
from all of the others by an mdifferent sub-
stance

The gene theory, thus defined, is an al-
mirable synthesis and simplification of much
of the genenic rescarch of the first quarter of
the present century. For it, Morgan rccri\'cd\
the Nobel Prize m Medicine in 1933, the
first to be awarded to a gencticist. The
theory carned wide acceptance, and 1t 15 sl
the starung pont for most consderanons ©
the nature of the gene. Most subsequent
proposals on this problem may be regard
as footnotes to Morgan’s theory.

Fig 118 Thomas Hhme Morgant {From
Genetses, ol 12)



figure of about 15,000 loci in the entire
} set. Using this figure and the

Fg 119 The ulumate dhromomeres of
Lihum (Redrawn from Belling, s
University of Cahfornia Publications

n Botany, vol, 1)

Gene Numser AND S1ze The concept of
the gene 35 2 discrete particle of course
raed questions about gene number and
size Some regarded the leptotene chromo-
meres a5 vistble genes {fig. 119), and on this
basis the number of genes 1w Liluun was
estimated at 2200 However, the number of
leptotene chromomeres in Drosophila 1s only
thout 150, while the wamber of known gene
loaiy greatly m excess of this. The number
of genes w man hay been estmared s not
Tess than 5000 nor more than 320,000, with
24090 25 3 faly probable mtermediare
fipure, OF couse, 1t is not possible to make 2

€€t count of the penes of any species

} W Gowenand £ 1 Gay have madean
unosually thorough stady of gene number
nd 528 11 Drosophula They arrved at 2

B8 120 The gones? “Thus s an elecion
PINTOSEas of @ portion of 5 salpury
ciromosome The leafshaped bodes
may be genes (From Pease and Baker,
 Suence, vol 109}

gland

total volume of the chromosomcs, they cal-
culated the volume of the gene as averaging
1 X 10 ¥ cubic centimeters, Tt is intcresting
to note that photographs of scetions of the
sdhvary gland chromosomes have shown
small, leaf-shaped bodies (fig. 120) with an
average size of 1 X 107, These have been
thought to be genes. While they are ten
tmes the size estimated by Gowen and Gay,
sull the sabvary gland chromosomes are
gunt chromosomes, so there 15 1o real -
consistency here, On the other hand, there
15 no proof that the objects photographed
actually are gencs.

Some gencticists define the gene simply as
the smallest scgment of the chromosome
within which crossing over docs not oceur,
Thus has been sdentified with 2 smgle band
m the salvary gland chromosomes; how-
ever, as 1o evidence of crossing over ean be
seen in the salivary gland chromosomes, this
1s msecure

Tue ONE Gene—ONE ENzvme Tiizory
Beadle and hus group of Newrospora genetin
ants have taken a new approach, and have
defined the gene 1 teoms of 1 fanetion,
As described m chapters g and 16, they have
studied the biosynthests of essential amino
aads and vitamuns by means of X-ray
duced mutattons which block s
m these syntheses,

m-
peafic steps
While many differcnt




mutants may block the synthesis of any
given compound, non-allelic murants al-
ways block the synthesis at different stages
in the chain of reactions leading to the final
compound. The sunplest interpretation of
the data is that a single mutation mecrferes
with a single enzyme which 1s essential for
the blocked reaction. The further mference
is then drawn that in the unmutated organ~
ism the normal allele 15 responsible for the
speaificity of the enzyme. While Beadle and
Ins group do not claim tha all gemie reac-
tons must have a one-to-onc relationship
with speaific enzymes, they do think that
this 15 probably truc for gene-controlied
syntheses. And, as all genic reactrons may
{and may not) depend upon production of
specific enzymes, the theory potentally has
very broad sigmficance

“Tlis one genc—onc enzyme theory ts one
of the most producuve and excing de-
velopments n genctie theory 1 recent years,
but unfortunately it has some defects. The
most serious criticism 15 chat the method of
rdentsfication of the mutants 1s selective for
such mutations as fit the theory An carlier
acting mutant, blocking several essenual
syntheses, would be lethal under the con-
dions of the evperunent and would be
missed Also, the evidence upon which the
theory 1s based has no direct bearing upon
morphological traits, nor upon any taam
which cannot be defined m biochencal
tenns

PQsiTION EfTFCT AND THE THIORY OF THE
Grve While posiwon offects have been
known since 1925, they were regarded as
wmote ot less exceptional until the discovery
of the sahvary glind chromosomes made
possible thar mtensive study Then many
supposed pomt mutations turned out to be
posttion effects of small rearrangements, and
1t was shown chae all types of mutation can
occur as position cffects as well as pomt
mutations. Fucther, the same experimental
agencics which produce pout mutations

.
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also produce rearrangements in abundsnce.
These facts led many geneticists to question
whether there 1s actually s difference b
tween the two kinds of mutasion, or whether
the gene might not be better incerpreted asa
pattern of organization in the chromosome
rather than as a discrete corpuscle.

Most geneticists who have considered
this problem have tned to harmomze the
data of position effect with the theory of the
corpuscufar gene. Thus Dobzhandhy has
suggested that the two may be reconaled on
*a Ingher level” of gene physiology, bt
grves no specific detatls, while Muller has
suggested that the gene may be regarded 313
restracted corpuscle with a2 broad field of
action, perhaps without a defime boundary.
A few have taken a more radical view pomt,
abandomng the concept of the corpusculir
gene altogether Thus Libbic Hyman has
stated that “all particulate theories are in-
tellectually unsansfactory  smee the very
matters for which an explanation 15 sought
are attributed withour explanation to nagr
nary particles.”™ As Goldschuidt has been
the princapal spokesnian for ths group, the
argument may best be susnacrzed m s
own words

“It 1s aur considered opion that a single
t“(p]anannn must embrace postion effect
and powt-mutation, an explanation swhich
must tahe care of all the base faces of bath
[’}K‘”()n"‘"",, iz

(1) The fact that the peoducton of cheo-
maosome f(‘JrrJ”g('l"C"“ b)' I’Jdllnﬂn r\"'
faws ehe same dasage law a3 the production
“f p(‘""'"’l"ﬂ"n"

“(2) The fact thar m such experiments
with <erays (not ncutrons) the seriavon 1
found two hus {or more) give large e
arrangements with at lease two distant
breaks, one hut may produce small rearrange-

*Hynun, L H, o The Insertchrates
AMcGean -Hill Book Co, New York
+ Expenientia, 3 22-24, 1940



ments O POMLOUINONS Ultraviolet ré}ﬁx-
anon produces atmost exclusively point~
mutnon though it also produces breaks
{only the former radutions are supposed to
actv1s ionization).

“(3) The fact that the phenotype of a
posnen effect is the same ot nearly the
same {muldple allele) as that of one or more
pomnt-smutasts 10 a neatby region of the
chromosome.

“(4) The fact that posmon cffects and
pomt-mutants of the same reggon act as
alleles.

“{s) The fact that all types of mutant ac~
ton are known also as poston effect, ie
dommance, fecesstveness, homorygous le-
thaltey, modifier action, d modifi-

vishle size of which s  single band in 2
saltvary chromosome. Au\u\l)". bfi_k_d/k: - and
Prokovieva had considered this interpreta~
tion but fad rejeeted it becawse they thought
that cWME—
gene., .. The preseut author has since 1e-
peatcdly tried to show that such an mterpre-
tation of mutation 1s unavordable. The facts
menuoned 23 powts 6 to 10 requice, m ad-
dution, the assumption that the properties
attributed to 3 corpuscular gene or gene
molecule are actually those of small chromo-
some segments which function differently
when the oeder of their architecture s
changed, 1¢., viuble change of order =
position effect, mvisible change of order =

cation, muluple allehsm and subjection to
selection 1 the case of mvinble effect.

“{6) "The fact that 1n cettamn regrons posi-
non effect may be overlapping between two
loat of pomt-mutation

“{z) The fact that, m properly studied
cases, 2 point-mutant 15 located m 2 small
chromosome segment withm which reas-
rangement breaks give the pastron effect,
though 1n some cases ¢t 1s clanmed that only
ane definte mterval between wo bands can
produce the effect

“(8) The fact that sometimes breaks
within 2 proper regon da not produce
poson effects

“10) The face that sometimes the pastoion
effcct 1s found wsth breaks very distant from
the locus

“(19) The fact that dhe last feature seems
charactensuc for those reartangements with
asecond break 1n the heterochromatn, and
g:;:;::; ;5:;:(;1‘ :z;cxs of heterochromatic

“Te 15 obwious that I:I%c) ::r:hlm:v:r;d
fopical interpretahon of e o

pomts 1 10 § 15 the

s
mnmp;on chat point-mutants are also posI-
. h;\ T‘ tey wvisble rearrangements

e soalled focus, the smallest

pomt Furthermore, the existence
of such an archutectural mutant effect nesther
presupposes not proves the existence of a
not mutated gene m the same segment.
(Most genenicists speak loosely of a genc,
when only a mutant locus has been found).
“Let us discuss briefly these pomus. . . .
There 1, of course, no doubt that the chro-
mosome has 2 seral structwe and that
localized changes of this structure, the me-
tant loct, can be locared by the cross-over
method There 15 no doubt eyther that these
localzed condivons of change an be
handled descriptively as separate umuts, the
mutant locus o gene, and that for ol de-
scoptive purposes the exmapolation can be
made chas at the nosmal locns 2 normal gene
exusts Furthes, these ¢an be no doube thar
almost all genetical faets can be desertbed in
terms of corpuscwlar genes, and ghat a
feneticist whe 15 not interested m the Ques-
tion of what a gere s may work successfully
all s Lfe long without questioning the
theacy of the corpesedan geoe, I the same
¥y achemsse can descobe and handle
almose &l che content of chemssery with
valences cepresented as one ot more dashes
i i e e
3 1 use the tool of



quantum mechanics which the ordinary
chemist dots not need in his work. Similarly,
the concept of the corpuseular gene comes
under scrutiny only when the problem of the
nature of the gene and the explanation of
mutation and position effect is attacked.”

Thus Goldschmide envisians the chromo-
some as a chemical continuum, in which the
genes are not separate particles but simply
functional regions of varying sizes. For ane
function, a chromosomal segment on the
order of size cstimated for the corpuscular
genes aughe be the effccave unit; for an-
other, a segment equivalent to a leprotenc
chromomere might be the effective unit;
or it mught be a segment of the size order of
the alternating blocks of cuchromatin and
heterochromatn; or, finaily, the chromo-
some as 2 whole might funcuon as a un,
as may be the case in sex determmavion,

A few additional data which favor Gold-
schmidt’s viewpome may be mentioned. At
the Brookhaven National Laboratory, thete
has been large scale research on the produc-
tion of mutauons in corn by gamma rays.
A non-huear relationship was found between
dosage of radinion and mutawon frequency.
This was mterpreted to mean that at least
twa hits may be requiced to praduce a mu-
tation. Whale this 15 difficule to understand
in the framework of the theory of the cor-
puscular gene, 1t 15 t0 be expected 1€ mu-
tations be miterpreted as pattern changes 2
contmuum

There 15 also some cytological evidence
which favors the viewpomt that the chro-
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mosome is more highly integrated than ine
dicated by the theory of the corpuscalsr
gene, During the growth period of the
primary oocytes of many vertehrates, while
yolk and formative substances are being de-
posited, the chromosomes are modified as
latupeusk or latecal biop chromosomes, The
very small ultimate chromomers of the
synapsed chromosomes give risc to literal
loops which may extend for considerable
distances on all sides of the main axis of the
chromosome (fig. 121). Groups of four to
cight such loops, together with the parent
chromomcres, form rosctte-hhe whorls,
That such complex structures arc function-
Iess is possible, but it scems more Tikely that
so complex a structure, involving scgments
of the chromosome that are very farge from
the viewpoint of the gene theory, has anim-
portant role m the physiology of the nu
cleus. A sinular structure appears to be latent
in the salivary gland chromosomes, and can
be demonstraced by appropuate chemical
treatment.

52. PROSPECT

The theory of the gene, then, 1s sull highly
speculative, m spate of more than fifty years
of teseacch. On the one hand, crossaver €3+
periments and alhied daa point toward 2
corpuscular theory of the gene, wiile the
data of posttion cffects favor a theory c{f the
gene as a ume of orgamzation in a hlgh!)’
integrated chromosome. The problem witl
probably remam speculative and eontro-
versial anail mucrochemical meshods are des
veloped which will persmu far more exacting
analyses than have so far been pm!lbkﬂ

Fag 121, Lampbrash chromosomes in a prima7y
voryte of a salamander, Amphiyma



What 1 fequuted 1 not only more speaific
nformation on the nucleoproteins which
make up the chromosome, but nformation
on the segional dafferences withm 2 single
chromosome. This sull appears to be far
the future
Mearowhale, we can reassess the data which
ace now available The diversity of heredi-
tary chasacters and the data on crossing over
leave no doubt thas the chromosome must
be highly differentiated longuradinally, and
that alternatwe pairs can be localzed at
definite pownts, the mutant loci. On the
other hand, the data of postion effect and
the lnpbrush swrucvare of cocyte and sabe-
vary gland chromasomes show that func-
tional regions of the chromosome may be
tos brge e, visble) to be harmomized
with the theory of the particulate gene.
One of the suggestions aited above fot the
reconcibatton of positan effects and the cor-
pusculae gene was that the gene mught be
2 rgnced point with 2 broad field of
action, Any data which will permut such an
mierpretation of the gene will also permut
the defirnon to be mverted, so thar the
gene 15 defined as 2 broad field of action
with 2 vestricted pount focus, modeled upon
dhe concept of physical centers of gravity.
Crossoyer expenments, and other data sup-
porung the carpuscula theory, would then
dual primanly with these pomnt foc, while
position effects would deal wuth the buosder
i‘;“\iss‘::hs;x:é\ a ro:incept. there 15 no reason
e g S:mu‘] areas should not vary m
cular dimensions up to the
"‘;rc chromosome, Nos 15 there any reason
“pys:‘f‘kn( gthmc fields should not over-
20 fong 25 ¢
qedby fh ¢ cm::: vf::ud ::: separate, as re-
ml‘fg:;“:ln:osoma) rearrangements were ar-
Hetother miflcl::um from the largest possi-
ston possible, they would blend
rreochermical changes at the lower end,
“d these would be the b
diag] senetcs I S POt mutations of
. It should be expected that

this whole range of possibilities would take
part in the mutation process, and also that
qualitative chewical changes might be w-
volved,

Thus the old and the new data can be
harmonized by thinking of the gene 25 3
more or less broad ficld of acton with a
restricted point focus, The upper hmit of
this eruc field is the whole chromosome
{as possibly in sex derenminanion), while the
fower limit 13 the indrvidual chemical radi-
cal, Morphologieally, these genie ficlds are
indefinite, and they may overlap, so long
as their pomt focr remain separate, This
combanes the exsential features of the position
effects and of the gene theory of Morgan,
except that 1t rejects the beads-on-a-string
aspect of the latter,

In concluding this discussion, 1t 15 1m-
portant to recmphasize the facr that all
theories of the gene must temam speculative
and provisional vand much more specific

biochenical datz upon the chromosomes be~
come avadable,

Questions and Problems

1. Define:
Ammno and  Lateral loop chromosome
Bagicprotein - One gene—~one character
DNA hypothesis
Gene One gene—one enzyme
Genomere theary
Globulin Pepude linkage
Histone Presence or abseuce theory
RNA
Transformation

2 What are the prinapal properiies of the
gene?

3 Discuss the probable chemical o i
of the chromosomes cremaaton

N A h\“Jhy 1s not more detaded mformation on
e chemical structure of
e e he  chromosomes
s What cvidence 15 there that DNA

L
active role m the mutanon process> P

€. What has synapss to do wath
e
7 Who comed the term 3 ot

he mean byw gene, and what did



8 With whose name is the “gene theory™
most infimately assocated®
9. What are the bases of the gene theory?
10, How are estmates of gene size made®
11, Explan the one gene—one enzyme theory.
12. What are the defects of the one gene—one
enzyme theory?
13. What 1s the bearing of position effects upon
the theory of the gene?
14. Do you believe that postion effects and the
theory of the gene can be harmonized®
15. I€ your answer to question 14 15 affirmative,
explan how they nught be hanmomized. If nega-
tive, explan why not,
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CHAPTER 18

Cytoplasmic
Inheritance

Dunng, the last half of the nineteenth cen~
tury, Weismann prepared the way for the
thromosomal theory of heredity. Nonethe-
less, when Mendehan inhentance was re-
discovered, many biologasts thought that at
wasa more ot less exceptional phenomenon,
and that the more important aspects of
beredity were stll to be discovered, most
probably m the cytoplasm As the expen-
menta) basts of the chromosomal theory
grew broader, the conviction grew that this
was an adequate explanation for all of the
ficts of heredny. Actually, some of the
chasue expertments of Boven, which were
tecounted 1w chapter 3, were planned to test
whether a cytoplasmic element n heredity
could be demonstrated At fisst, the results
seemed to be positive, and Bover: suggested
tar the characters of higher taxonomic
groups might be determmed by the cyto-
plasm, while vancea] and spectfic characters
were determined by the chromosomes. As
Jacques Locb aptly put 1t, the cytoplasm de-
wermines “the embrya 1 the rough,” while
the rhx:amosum:s 2dd the finishing detarls.
Boven's expeniments  finally, however,
scemed 1o support the chromosomes as the
sole bearers of hrzediry, and for many years
most biologasts took that position In recens
Years, however, evidence has accumulated

¢ genume cytoplasue whentance does

occu, and s importance probably extends
far beyond the substantiated cascs. The sum
1ota) of the self-teproducmg, heredsary ma-
renal of the cytoplasm 1 referred to as the
plasmon, in contrast to the genome, the
Teredary content of the chromosomes.

53, RELATED BUT DISTINCT
PHENOMENA

Cytoplasmc inhentance is fundamentally
much more difficult to study than nuclear -
hentance. The regulanties of behavior of the
chromosomes 1n mutosis, meiosss, and fertih-
zatron make 1t easy to determine whether a
paralle] regulanty characterizes the inherie-
ance of any particular pair of sltemative
phenotypes For the cytoplasm, no such ab-
vious rules of behavior have been establishied.
One steiking feature of the oehavior of the
cytoplasm 1 reproductson, however, 15 the
unequal size of the gametes, while egg and
sperm nucler are equivalent, the egg carnies a
Yarge amonnt of cytoplasm, while the sperm
carnes only a trace Therefore, one maght
expect that seciprocal crosses wonld give
diffesent results for cytoplasmcally deter-
muned characters, and that such chatactess
would be transmitted undlaterally through
the female parent, Such findings are usually
sought m studses of cytaplasiuc nheritance,
but Ephruss has pomted out this 15 not vahd,
because even the small quantsties of cyto-
plasm carned by the sperm might mclude

the essential material for some mhented

trarts  Specifically he pomts our that the

muddle prece of the sperm cacries 4 mass of
mitochondria, and he thinks 1t probable

that mitochondnia may play an active role

i heredity Thus s 1s a field subject 10 an

vnusual degree of porentral confusion, and
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YViruses show some of the important proper-
ves of genes. They ate nucjeoproteins, thc}'
areslfreproducng {or do they induce d}elr
ostto synthesize more virust This question
cannot be answesed conclusively either for
©uruses of for chromosomes at present); they
sxe relanvely stable; and they are capable of
mutatng, the mutants then being 35 stable
o the origmal Some investigators regard
waruses as “escaped genes.” In view of these
facts, 1t amay be that no sharp lne should be
drawn between viros infechon and cyto-
plasmic mhentance.

ENZYMATIC ADAPTATION IN MICROORGAN-
s Inberced  btochemical systems are
often most readily studied . mucroorgan-
t5ms, Specsfic enzymes ate necessary for each
of the reacnions carned out. These ate pro-
duced under genenic control, but mstances
ate known i which colones wath the geno-
type for 2 particular enzyme produce 1t or
£d 1o produce 1t according to whether the
substrate of the enzyme {the substance upon
which it acts) is present 1 the medium or
20t, This phenomenon 15 called enzymanc
alipraion Tt has been patticadarly well
wudied m brewer's yeast, Saccharompres
terevisiae, and ths example will be discussed,
Yeast grown on 2 medium lacking the sugar
galactose Fals ta produce galactozymase, the
giictose-splitting enzyme. But i a portion
ofsuch a colony 1 transferred to & medrum
“ontaning this sugar, gillactozymase 1s soon
produced, and che sugar »s fermented Upon
fomoval 1o the palactose-feee medmum, the
abibry to form the enryme 1 agam lost m a
matter of sux or seven ¢ell generations, Per-
h‘gzt:“h:d:;\muld be regarded as 2 case of
conndered \;c:;‘:x“, h?:}:l fpmally 1s ot 50
ach gencrson s of the short duratton of
b]i’::’}"’_“[:‘ adapsanon &5 also known m
dae mnm‘“b:!\fstkmthm coli, galactoge
£10%3 11 mechy n;ﬂ;::;;d m aulares

2 galactoside

But addition of this compound is soon fol-
fowed by appcarance of the active enzyme.
Much the same is true i this speaies for the
lactose-lactase and maltose-maltase combi-
nations, Tn Bacillus cercns, a similar selation-
ship has been demonsteated between peni~
allin and an enzyme which attacks 1. But
1 ths instnce, unlike other bacternl ex~
am?l::, there appears to be some dauer-
modification: the enzyme is produced for a
considerable time after removal 0 a peni-
ollim-free medimm.

Preseat opmion of students of enzymatic
adaptation 15 that the genotype determines
formation of the adaptive enzymes, but that
they are produced in an mactive form when
the approprate substrate 15 not present. Ad-
dision of this substrate results in modification
of the enzyme molccules fo the acave fornt,
and these are then maintamed aurocatalyu-
cally, which thus establishes 2 possible con-
nection of the phenomenon with cytoplas-
mc mhentance.

It s impottant to note that cytoplastnic m-
herttance can be identified only when the
Lnats of muclear mhenunce are defined
The latter depends upon the regularines of
sexval reproduction For yeasts, this 1 no
problem, for sexual reproduction 15 well
known Bur among bactern, sexual repro-
duction has been demonstrated only for a
single species, Escherechra coli And even here,
the evidence is parely genetic—recombima-
won was shown to occur—and none of the
cytological “facts” have been observed {but
the science of bacteral cytology 15 getting,
under way} Hence nferences regarding nu-
clear heredity, and in COMSEqUENEe extra~
nuclear heredity, are not on the same secure
footing that charactenzes our knowledge of
herediry in sexval orgamsms That some
progress has been made 1n recene years i the
;T:dy :i f}:::::, \:;‘ s difficude freld 15 1n-

03¢ pioneers who have
been bold enough to work m thys field, But



one should be especially wary in it. We may
now consider some specific problems which
have led to confusion m studies on cyto-
plasmic inheritance.

Mazernar Inmmrancr The phenom-
enon of maternal inheritance was discussed
in detail m chapter 6 1t will be recalled that
this 15 2 genotypreally determmned type of
inhentance m which the phenotype of the
offspring corresponds to the genatype of the
mother. In order to demonstrate the Men-
delan character of the mheritance, st 1s nee-
cssary to breed an Fy, and of tlus 15 not
pracucal, then the results mghe well appear
to be mftuenced only by the mother Yer
the complete analysts of such cases as diree-
won of spiraling of snal shells and wherse-
ance of tendency to gynandrism m moths
proves that ordinary Mendchan ihentance
1s involved, with the qualification that the
chatacter is already determined n the cgg
before ferulization. Hence alt expected Men-
delian ratios are delayed by ouc generation.
It 1s probable that many embryonic charac-
ters espeenally are mbertted m this way
While the role of the chromosomes 15 clear
when the analysts 15 complete, yet marernal
mhentance has often been regarded as cyro-
plasmic whentance. And 1€ only an Fy be
avalable, the two mght very well be m~
distingshable,

Davermoptication  About forty years
ago, Jollos tried treatmg protozoans with
various possons {m sublethal doses) and with
heat shocks. He found that the treatments
induced morphologtcal abnormatiies m the
treated animals, and that these abnormalines
were taanshuteed to the offspring and mam-
tined for a number of generations m the
absence of the otigmal sumulus {porson or
heat). But the degree of abnormahiry became
progresstvely less 1 successive generations
and finally 1t disappeared altogether. This

cymp}asmlc wodificatron, transmatted ouly
through the maternal patent, 15 called daner-

“t1dh
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modification (German—lasting modification)
Hete the case foe cytuplmuic inhetitance 153
Jitle stronger, but dhere is 3 fatal weakness,
the gradual recun to normaley. Surcly a
plasmon character should depend upon 2
sclf-reproducng part of the cytoplasm, not
upon something which must be renened
from the outside every fow generations,
Ty Mt FACTOR AND ViRus INrECTION
There is a very wteresting type of “in-
herted” mammary tumor in mice. The
tendency to produce tumors is passed from
mother to daughter. Sons of tumorous
mothers, if crossed to normal females, have
only normal progeny, whereas tumorous
females have tumorous daughters whether
crossed to males of the same strain or of 2
normal steam, Such matcoclinous inherit-
ance {resembling the mother, irrespective of
cause) 1s regarded as the hallmark of cyto-
plasmic mhertance But 1z has been shown
that the tumor-cansmyg agent 15 transmittcd
via the nulk. If daughters are foster-ursed
by a normal female, they are normal and so
are all of their progeny On the other hand,
daughters of normal mice, when foster-
nunsed by muce of the tumorous strain, be-
come tamorous and subscquently pass the
tendency to develop mammary cumors o
to therr offsprng
It 35 clear that some tumot-producimng
agent 15 transmutted by the milk from
mother to daughter m these nuce. Prescat
evidence favors the viewpomt that the in=
fective agent 15 a virus. But 1t siulares
cytoplasme mhentance very closely.
When 1t 15 possible to ransmit such an
mfective agent artificnally, evidence for s
virus nacure 15 convincing But of no such
experttuental transhitssion 1 possible, then
oine assumnes truc Cy‘np]:“l“lc l“hcn[ﬂncc.
However, it may merely mdrcate inadequate
cxpermiental techmque.  This - ratses the
broader question of the relationshup between
viruses, genes, and c)’mphs!mc parttdcs.



eytophsm of the female paent, without asty
chromosomal mfluence whatever, It may be
recalled that 1t s the cytoplasm which carnies
the female factor in Lymantria also.

fsummion o Porten FerriuTy IN Ep-
Lomus An mterestng case in which re-
diprocal crosses between species give quite
diffetent results has been mvesugated
Epilobuim, a genus of the evenng pnimrose
fumaly. The principal species used were E.
firsum and E. butewn, 1€ E - horsutum be
wied 35 the ovule parent and E. hitetint as the
pollen parent, then the Fy 15 ovule ferade bue
pollen stenle Such plants can be back-
wossed to E futenm as the pollen patent, but

the offipring are morc severely defective
than were the Fy plants. A repetition of the
backcross yields plants which dic in the
seedling stage. It appears that Iuteun chromo-
somes and hirsttum cytoplasm form an un-
workable combmation, and the more Intesins
chromosomes there are present, the more
severe the defect.

The reerprocal cross, E. huteum female X
E. hursuum male, can also be made Such
plants are fertile 1 both ovules and pollen,
but pollen ferulity 15 reduced as compared to
that of exther parent species These hybnd
plants (fig. 123}, wath lutestm cyroplasm and
chromosomes from each speaies, were then

Fig 123 Polien stenlity m Epilobum Fy’s Left,
stenlity, nght, the recsprocal hybnd wud

L.

RIS SN SAVES

8 flower wieli small stamens and high

b siormal stamens an
#d norual fernhy,
{Frot Mickaehs, Actq Bwllvrormm, vol 11}



unusual caution and reserve of judgment are
needed in interpreting their results.

54, EXAMPLES OF
CYTOPLASMIC INHERITANCE

With so many possible sources of confuston,
one may well ask whether he could ever
have assurance that a character is cytoplasmi-
cally determined, Ernst Caspari has stated
the entetia which must be met rather suc~
cinctly as follows: “Only when a certain
character proves to be more or fess constant
in a scries of backcrosses to the paternal
stram, or when gemic transmission 15 ex-
cluded by substitution of all chromosomes

CYTOPLASMIC INHERITANCE

in a species, and danermodifications aze up.
likely since no decrease in action of the cyto-
plast appears in successive generations, evi-
dence for cytoplasmic inheritance seems to
be good, unless another interpretanon of the
facts can be found.”* A faicly good number
of cases are known which fit these cuteria,
and a few of these wall be recounted below,

Gynopiorcy In Cirsinm, a genus of
thistles (fig, 122), most plants arc monocdi-
ous, but purcly female plants also exust, and
these, of course must be pollinated by the
monoccious plants, as there ar¢ no pure
males. Such female plants for which corre-
sponding males do not exist arc said to be
gynodioccions (Greek, gyne, female - sexes
scparate). Such females, pollnated by the
monoecious plants, have only female of-
sprng. In order to test whether genes for
femaleness nught be involved, Cortens
crossed the gynodioccious females to another
specics of Cirsim in which only monoecious
plants exist, and which therefore scemed un-
likely to carry any sex~differential genes.
The offspeing were sull all females. They
were then backerossed to the male parental
type for sux successive generations, 1m the
course of which all or most of the maternal
chromosoues must have been replaced by
those of the paternal species. But still, o.hly
female offspring were produced. Henee it 15
difficult to avord the conclusion that female-
ness must lave been determmed by the

* Advances m Genetics, vol, 2, p. 7, Academic
Press, luc, New York

Fig. 122, A thistle of the genns Cirsium,
(Dratwn from a specimen 1 the Greene
Herbarmm of the University of Notre Dame )



probable. These are found m such dwverse
genera a3 Pelargonium, Autirrhunmn (snap-
dngom), Zea {corm), and Primula (prime
wsie). Corsens’ original matenal was the
four 8'elork, Muabibs jelapa.

CO; SovstTIvITY INDROSOPHILA - A strain
of Drosophile s been sindved whnch B
characterized by 2n unusually bngh degree of
senstaviry to €Oz, Al of the offsprung of a
wnsitne female ate sensitve, even if the
father 15 renstant. Backerossing senmve fe-
males to resistant males yields only sensitive
ofsprng, for however many generauons
the backeross may be repeated That none
of the chromosomes of the ongmat sensitive
female remam can be praven by the use of
markers on the chromosomes of the male
parental stram, As senmtvity 15 stll mam-
wined when onfy paternal stram chromo-
somes are present, there can be no doubt that
e charaster depends upon the cytoplasm.

in varying praportions. It appears that the
trace of cytoplasm braught in by the sperm
can be sufficient to cause sensitvity, but oftent
it is not. The substance which causes sensi-
tunty has been separated from the cytoplasm.
1t is mactivated by high temperatures, and
can be inoculared into tesistant eggs to make
them sensitive. Thus it seems to be a virus.

Kuusn anp ne Prasmacenss  Peshaps
the best known example of cytoplasmic in-
hentance is the “killer” characterstic of
Paramecinm anrelia, which has been investi-
gated by T, M. Sonnebom and hus collabo-
rators Some clones, called “kaflers,” produce
a substance called paramean which, when
released into the water, kills the members of
other strams of the same species. Crosses be-
tween kaller and sensitive strains show that
the killer trait depends upon a single, domi-
nant gene, K. The cross KK X kk yaelds
AN A

This case shows one outstanding difference
fiom those described above- when a ressstant
female 1 crossed to 2 sensiwve smale, both
st and sermtve offspring are produced,

74 duals, Kk, and clones de-
nved from both exconjugants should show
the killer character. The cross between two
such heterozygous steans, Kk X Kk, should
yield three kaller clones to one sensiive,

'TIAY

A e
000-0000-
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os a5 g‘m:,“ym;, 9 the keller charactenstic of Patamecsorn avecha On the Ieftisa
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repeatedly backerossed to hirsutum, so that
the end product should be plants with only
hirsutum chromosomes in futeum cytoplasm,
As this series of backerosses was made, the
degree of pollen sterility gradually mercased
to a maximum of about 70 per cent. The
first backeross generations showed typical
Mendclian segregation of morphological
characters, but after the eighth generation,
the plants were practically identical with
purc hirsutum, cxcept for the pollen in-
hibition and a few physiological characters
such as resistance to mildew. These charac-
ters n which the plants resembled frenm
must have depended upon the cytoplasm,
while the rest depended upon the chromo-
somes.

Prastip Cuaracters The plastids of
plant cells are obviously sclf-reproducing
unts, and so it might be expected that they
would show autonomous inheritance, in~
dependent of the nucleus. Winle many gene
mutations arc known which affect the plas-
trds, sull plastid nhentance was among the
first cases of non-Mendclian inhentance to
be demonstrated. For example, Correns
studted a type of varegation which he called

220

CYTOPLASMIC INHERITANCE

the albomaculatus type. In albomaculatus
plants, the normal green foliage is splotched
with white (or Iight green) as in figure 124,
Entire leaves or even entite branches may be
white or green. But the breeding behavior is
the important feature for the present. Flow-
crs on normal or on all white branches set
seed true to the maternal type. But flowers
on varicgated branches st seed which may
develop into any of three types: white,
green, or varicgated. The inheritance ap-
pears to be entirely matroclinal, as the pollen
has no influence on the phenotype.

The most obvious hypothests to explam
these data is that the varicgated Aowers have
two types of plastids, the normal greens and
a defictent type which must have arisen by
mutation. If both types arc included in an
ovule, a vanegated plant resules, whercas
segregation of the two kinds mnto scparate
ovules results in all green or all white plants.
Correns did not accept this explanation, as
he thought that the rest of the cytoplasm
caused the defect in the plastids, and there is
some positive evidence for hus theory. But
closely stmilar cases are known in which the
simpler explanation appears to be most

Fig 124 Albomacdlatus phenotype
in the nasturtnin, Tropacolum
mayus (From Correns, Hb. der Verer-
bungswiss, II H)



3 How could one distnguish cytoplasmic
fnhentance from davermodificaon?

4 How could tt be proven that maternal
swhentance 18 pot cytoplasmically deterrmined®

s Explain the mulk factor m mammary
tumors of nuice

6 Could a permancnt virus mfection, trans-
mitted via the eggs, be disunguished from cyro-
plasmic inheritance?

7 What properties do genes and viruses share?

8 Discuss in detail 2 well-venfied example of
cyroplasmuc mherttance,

9 Discuss the killer fictor and its mhentance
m Paramcauim

10 Discuss the relanonshup beeween cytoplasmic
wheritance and physiological genetics.
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Up to this point, the applicabibry to cyto~
plaswic inheritance is not appareut. But let
us return to the cross KK X ke Al of che
progeny should be kiflers. If conjugation is
bricf, however, the clone derived from the
ke parene will be sensitive it spite of having
the genotype Kk. On the other hand, pro-
longed conjugation leads only to killer
strains. As the nuclear content of the excon-
Jjugants must be identical in both cascs, the
dfference must depend upon the greater
probability of exchange of cytoplasm during
prolonged conjugaren {fig. 125). The cyro-
plasmic factor necessary for the killer trart
has been called kappa Kappa can be mam-
tamed only m the presence of K This can be
demonstrated by studymg kk clones pro-
duced from the cross Kk x &k If conyuga-
tion 15 prolonged, such clones at first have
kappa and behave as killers. But they soon
Jose kappa and become sensitave Nor can
kappa be produced by K, as shown by the
faslure of praduction m one clone derved
from the cross KK X ki after bref con-
Jugation, Thus kappa 1s a sclfereproducing
particle which 15, however, dependent upon
a specific nuclear gene, K. Such eytoplasmic
entities are called plasmagenes, and some
genetiassts broaden the term to mclude all
sclfereproducing bodies m the eytoplasm
Kappa has been shown to be particulate and
to include DNA.

55. CONCLUDING REMARKS

The brlliant successes of Mendehan genctics
for many years tended to drect attenion
away from the role of the cytoplasu m he-
redity. At first, the albomaculatus phenom-
cnon and others which could not be inter-
preted except e terais of cytoplasmic he~
redity were regarded as rare cxceptiots,
somcthing of an embarrassment o the new
sence of genctes. The total number of
venfied examples still is not Jarge (d’:ough
ruch Jarger than che series reviewed in the
chapter), but it 1s drawn from maay €1xo-
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nomic groups and concerns highly diversi-
fied phenotypes. In view of this, it seems
probable that the phenomenon of cytophs-
nuc inheritance is one of general significance,
It 15 not better known simply because in-
vestigation in this field is especially difficuly,
and numerous sources of crror may be
difficule to chmmate,

Cytoplasmc mberitance wo longer ap~
pears 1solated from the mam body of genctic
knowledge. On the contrary, current studies
tend to emphasize the relationships between
the nuclear getes and the plsnagenes (o
other cytoplasmic factors, 1f one docs not
wish to use the term plasmagenes broadly).
The relationstup between K and kappa is
espectally sllustrative here, with kappa de-
pending upon K for 1s mamtenance and K
expressmg ats phenotype only  through
kappa. Wlule some plasmagenes appear to
be entircly mdependent of nuclear genes
{sigima, the plsmagene for CO; sensitivary,
for example), yet some degree of inerre-
fattonshp 1s more usual Such mterrelanon-
ships have become a basic concept of physio-
logical genetics, and even the orderly prog-
ress of embryonie differennianon has been
mterpreted on the basis of successive activa-
von of different plasmagenes. For some
geneticists, the plasmagenes are repheas of
the nucleat genes, which ace released mito the
cytoplasm, where they function as sclf-repro-
ducmg physiologrcal agents Thus the prob-
fem of the refationstups beew cen nuclear and
eytophsmue clements m herediy maust be
an mportant ficld for future rescarch

Questions and Problems

1. Define
Maternal mhent-

Albomaculatus
Cytoplasiic mhent- ance
ance Paraseom
Daucrmadification Phsmagene
Phstid

Enzymatic adaptation
Gynodiocey
2. Why has progress been so slow m the ficld

of cytoplastnie whentanect



Fig 126  The prodigality of nature* a female toad and some of her spawn. The eggs
are laid v a gelly string. Actual counts of the eggs m the spawn of mdrvrdual

Nonetheless, adult populations i any atea
tend to reman approximately constant from
year to year, and the differences between
anual reprod and actual popul
mist fepresent annual loss through preda-
o, fulare 1o secwre mecessary food or
other requirements of hfe, discasc, or other
fictors Modern ecology has shawn that
natural populations are not so constant as
Darwn thought, They may show considet-
able seasomal ot anmual f Butthey

fenales have ranged from 4000 to 12000 £ggs.

other, and so the competng, plonts and ant-
mals of any species will represent a wide
array of variation {fig 127) Even the pro-
verbral peas 1m 2 pod differ noticeably. If any
of these vanations confer upon their posses-
sors either an advantage or a duadvantage m
securing the means of life and escapmg
enemes, this should influence therr chances
of surviving and leaving offsprng. Hence
thus natural selection of orgamsms most fit for

ahnays remant so far short of therr tepro-
Sufn\~: potential that has argument 15 unum-
paired

Third, 1t 15 too much to expect that the
sutplus organtsms will gwe up without a
strugele, Each will make cvery possible
effort 10 secute the means of fe, to get a
mate, and to leave progeny Butas most can-
ot reach matunty, there must be a severe
$wuzgle for the necessites of fe

Fourth, alf organisms vary one from an-

Fig 127 The effect of artificral sclection
Hpan prgeons Above, a wild rack

geen, from which all domestsy vartenes
have been derved Below, a pouter and o
Somtand, widely divergent vanepes which
bave been produced by selection by
breeders, (Redraum from Romanes )

P for the means of hfe should
gradually change the charactenstics of a
spectes The optimum conditions of com-
pettion will differ in dufferent parts of the
range of 2 widely distributed species, and




CHAPTER 19

Genetics
and Evolution

Man has always sought explanations for the
enormous diversity among natural specics of
plants and animals, and for the fact that the
mulhion-odd species are not chaotic, but show
varymg degrees of sumlanty and difference
to form systematic categories. The sugges-
tton thae these resemblances might depend
upon descent from common ancestors has
been made repeatedly smee the time of the
Greck philosophers. But screnufic men re-
mamed unconvinced up to the middle of the
mncteenth century, because no one had been
able to suggest a sound, plaustble mech~
amsm by wiich evolunon of diverse species
from a common ancestor could be accom-
phshed. Then m 1859 Charles Darwin pub-
Iished the *“Orgm of Specres ™ In 1t he pro-
posed a plaustble theoretical basis for evolu~
ton, and he adduced a great mass of factual
evidence m favor of his hypothesis As a
result, the great majonty of competent
sctentists were soon convineed of the basic
correetness of Ins hypothesss

56. INTRODUCTORY
CONCEPTS

As cvery course 1 clementary zoology or
potany tncludes the elements of evolution,
nothing more than 3 very brief review need
be given hete. For fuller information, the
student 3s m‘ged to read some of the refer-
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ences at the end of the chapter, As this s 2
much misunderstood subject, it iy be well
to begin by defining it. Darwin defined
evolution as “descent with modification,”
so that tesemblances beeween closely related
specics depend upon their common -
hentance, while theic differences depend
upon hereditary differences {mutations) ac-
cumulated since the tme of ther Jast com-
mon ancestor. Stated in another way, this
means that the speaces of plants and aninsals
of any perod have been denved from
sttlar, previously exmsting specics. No spe-
afic hnes of descent are impleed in these
definttions

Tar Turorericar Basis or Evorumion
The reasonable theory, developed by Dar-
win where his predecessors had faled so con-
spicuously, can be summarized quite bricfly.
Furst, all organssms reproduce 1 excess of
the number of offiprng that can survive
{ig. 126) A sgle salmon may spawn as
many as 128,000,000 cggs A bullfrog lays
araund 20,000 cggs antwally. dscaris himbei-
caides var s, a common parastee of hogs,
has been observed to lay as many as 700,000
eggs m a smgle twenty-four hour pentod. It
15 obvious that 100 per cent survival of all
of the young would saon lead to trpossibly
large numbers of any of these speces But
much the same 15 true for organnms which
reproduce slowly. The clephant 1s probably
the slowest reproducer of all amals Yet
Darwin has caleulated that the munmal eate
of reproduction would, with survival of afl
young, resuft m no less than 19,000,000
living descendants of a smgle par afeer
750 years! Obviously, 1f there were that
many descendants from every par of cle-
phants breedmg mn the year 1200 4D, the
world could not hold all of the elephants,
fet alonc any other orgamistos.



57. THE DYNAMICS OF
EVOLUTION

Tre Sovrces OF Variasirry Darwin de~
voted a considerable portion of the “Omn-
gin," 23 well as several supplementary books,
to the demonstration of vamabihty within
species Vanabuhity 15 obviously the first
requisite for cvolunon, because without 1
compenton for the means of subsistence
would lead to a reduction in numbers with-
out, however, leading to any qualitative
change 1n the makeup of a population. But
equally tmportant for evolution 1 the re-
qurement that the causes of variability be
hereditary, for otherwise the effects of selec-
ton from generation to generation could
mot be cumulatve, On thus aspect of the
problem Darwin was handicapped by lack
of knowledge of Mendel's work. In recent
yaass, studes on gene mutation and chro-
mosomal mutation have supplied the neces-
sty dats These are the only known sources
of tulientable vamabity, and they appear to
adeguate to explain the obscrved diversi-
feation of specyes
Gexe Muramion

As the man facs of
Ftie mutation were

discussed m chapter 13,
only some speatfic, evolutionary aspects need
beadded here Fuest, 1t should be mentioned
t for many years, cotics of the new
saience of senctics clamed that the mutants
wieh which penetients dealt were merely

depeneranye rosults of bfe under laboratory
conditions, Hence,

o they argued, the results
Senete studies covld ot be applied to
Svohatian, or 1 other problems of organssms
M Naturg) Populations Thys has been abun-
ly dxspmwm

for the same mutations
't gemeticists firsy

N studied i the faboratory
- 2 found 1n natyre 1 such vaned
5, 58 35 Drosoputa and s {fig 128)

oW
VI, there ae some moge senous ob-

Bg s T4, flag, s versicolor

Drawn from a
. I8 specimen i the
Niewsehend Herbap g o the Unreersuy
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jections to the type of mutation ordmarily
dealt with by laboratory geneticists, Most
of these are more or less obviously abnor-
mahtics, and their prospective fate 1n nature
should be elimination by natural sclecuion.
This problem has been met in two ways.
Farst, the rates of mutation in nature are
sufficiently high (sce chapter 13) to guve
assurance that practically all of the mutations
which can occur with appreaiable frequency
m a particular species must have occurred
nisny times over dunng its long history.
Hence those mutations which have adaptive
value under the conditions prevatling in
recent tines have long since been incorpo-




henee the species wilf tend to break up into
distinet units.

Darwin's  Summany  This  argument
could scarcely be summarnized better than in
Darwin's own words, In chapter 3 of the
“Origin of Species,” he says,”™. . . how is it
that varieties, which [ have called incipsent
specics, become ultimately converred into
good and distnce species, which m most
cases obviowly differ from cach other far
more than do the vareties in the same
speciest How do those groups of spectes,
which conseute what are called distinet
genera and wineh differ from cach other
more than do the species of the same genus,
anse? All these results , . . follow from the
struggle for hfe. Owmg to dus struggle,
varations, however shght and from what-
ever cause proceedig, 1f they be m any
degree profitable to the individuals of a
species, 1 therr mfinitely complex relations
to otlter orgamc bemgs and to their physieal
conditrons of hfe, will tend to the preserva-
tion of such individuals, and will generally
be inhenited by the offspring. The offipring,
also, will thus have a better chance of sur-
viving, for, of the many mdwiduals of any
speaies which are penodically bor, bur a
small number can survive, 1 have called ehs
prmeiple, by wiich cach shight variation, if
useful, is preserved, by the term natural se-
lection. But the expression often used by
M, Spencer, of the Survival of the Fittest,
1s more accurate, and 15 sometimes equally
convenient. We have seen thae man by
selectron can certamly produce great resules,
and can adapt organic beings to Ius own
uscs, through the accumulation of stighe buc
useful variations, given Jum by the hand of
Nature. Bue Natural Selection, we shall
hereafter see, 13 a power meessantly ready for

actiont, and 15 as 1mmeasurably supertor to
man’s fecble cfforts as the works of Narure

are to those of Art.”

GENETICS AND EVOLUTION

In this sunymary, Dacwin speaks of -
heritance, Tt 15 obvious thar without jn-
heritance of the varying characters of specics,
scleetion could accomplish nothing perma-
nently, for the progeny of the most favorable
vartants of one generation nught turn out to
be the least fit competitors of the next gene-
ration. Darwin had confidence that there
must be a regular and stable mechanism of
inheritance, but in cvery edition of the
“Onigin,” he retained the starement that
“the laws govermng utherttance are for the
most part unknown,” Fifling this deficioncy
m evolutionary theory has been one of the
major achieveruents of modern genctics.

FirLps of Evipence For Evorution  The
most plausible of theories has litde saientific
value unless 1 can be tested Darwin’s suc-
cess depended upon the great weight of de-
tatled evidence which he marshalied m favor
of us theory. This evidence was drawn from
many fields of brologicat rescarch, mcludng
domestrcation of plants and anmals, bro-geo-
graphy. taxonomy, comparative anatomy,
embryology, aud palcontology. While the
relaive emphass on the different fields has
changed, these are sull the basic sources of
evidence for evolution These falt beyoud
the scope of the present book, but are ade-
quately covered m the references at the end
of the chapter. But to these one more niust
now be added, and thrs 1s genetics, 2 science
unknown to Darwin. When Mendelis was
rediscovered at the turn of the century, 1t was
generally regarded as a stumbling block to
cvalution, The apparent permanence of the
gene appeared to provide for recombun-
twons of allcles alrcady present, however ®
15 scemed meonsistent with the ongm ot
anything really new Bur m recent years
genetics has achieved 2 central posimion m
evolutionary theory It 15 with this that the
balance of the present chapter wall be con~

cerned



CrromosoMaL Mutation  The various
funds of chr 1 mutations have al-
ready been described in chapters 12 and 14.
It may now be pomted out that, like gene
mutation, this phenomenon 1s 2 sousce of
vanabulity upon which natural selection can
act. The gattern of synapsis of the chromo-
somes of hybrids between subspecies or re-
Tated species often reveals that chromosomal
rearrangements arc among the differenti-
atng factors Whale this method 1 most
readhly apphicable to Drosophila and other
dpterans with gremt chromosomes, sull
some positive results have been obtained in
many groups, For example, two speaes of
Japanese fishes have been found to differ
by two translocations (fig. 131). Many
spectes of msects show chromosomal differ-
ences which are most easly mterpreted as
small deficiencies and duplications A study
of synapsis of the salivary gland chromo-
oucen the species were stmilar m kmd, it was  somes 1 hybuds between Drosophela melano-
assumed that these had been formed by the  gaster and D simulans revealed no less than
sime process actng for a longer tme twenty-four rearrangements differenniating

Agam, when two subspectes of the wild  the chromosomes of these two species, and
pansy, Visla trigolor {fig. 130}, were studied,  others, too small for certam identification,
1 turned out that no less than nme or ten  were suspected! Other examples will be
pasof genes were mvolved m the determa-  discussed below m relation to other topscs
nation of 50 simple a character as flower TaE STATISTICAL MODIFICATION OF POPU-
S o ot sl o e et s b
dhlactmz; e dxﬂ'“cg““mn fs ound to  rare when 1t first anises, Let us assume 2

of species.  breeding population of 500 amumels, 2l

Fig 130 Viol tneolor (Drawn from a
specimen r the Nieuswland Herbanan of
e Unnversey of Netre Dane.)
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The dlromosomes of Misgurnus angullicaudatiss {lefi) and Barbatula

. d“m:;c':;.‘do:dy selated species of fishes from Japan “The fist has 26 paurs of
, wehile the second has 22 rod-shaped paies and two V-shaped pa

shown s red, These probably represent umons of, previously separate rhmmo:ﬁm:

{Redrawn from Makino, Cytologta, vol. tz.;



rated into the normal, wild type genotype
of the species under the influence of natural
sclection, This of course docs nat prectude
the inclusion of diffrent affeles in the geno-
type of different populations of a species
which are living under different conditions,
nor does it preclude extensive heterozygos-
ity.* In sunmary then, the mutations which
we see tend to be abnormal, because the
more favorable ones have long since been
incorporated into the wild type through the
long-continued action of natural sclection
upon niuch the same array of recurang mu-
tatrons,

This first point concerns only rather Jarge,
casily identificd mutations, These necessarily
form the basis of a farge part of gentoe re~
scarch for the sake of simphexy, but the
spectram . of mutation extends from very
gross ones, including ledhality and severe de~
feets Iike vestignal wings, through maoderate
changes like color subsututions, to very
minor ones which can be identified only by
the use of spectal methods Many geneticists
believe that the smallese mutations, which

* Because this is cloatly true, Dobrhansky hay
receutly obgected to the use of fhie term “wild
type,” on the gromnds that st tends to conjure up
a preture of an ideal genotype and phenotype for
each specres, wich actual mdweiduats and popula~
tions appeaning as accudental deviants from thus
weal Whle dhus crtiastin may be cotrect, sull the
term has some practicat usctulness ur desenbimg the
outcome of natural selectton.
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would be missed in the ustal genetic experis
ment, are the ones which ate most important
for evolution. Oue reason for this 1 the e
proved belicf that a series of minor changes
should be more harmoniously incorporated
into a complex reaction system (e, the
total genotype, Jeading as it docs through 2
complex series of interactions to the aduls
phenotype) than should one or a fow gross
changes. Much more imporiant & the fir
that the subspecies of a single specics and
the specics of a single genus gencrally diffes
from onc another by a number of ganr-
tative characters, and it has been shown
(chapter 10) that such traits are otdinarily
based upon swarms of genes, each having 2
very minor indvvidual effect.

For example, Aldea Miller has published
2 very thorough study of the specics and
subspecies of juncos {fig. 120), The nwenty-
onte nawed forms m this genus of sparrows
comprise niuc species, some of which are
broken pp mro a number of subspecits.
These replace one another geographically,
bue they may mterbreed where their ranges
meet. The several subspecies of cach spees
differ from one another in such typical
quantitative ways as leogth of wing and tal,
fength of tarsus, witensiey of color and ex-
tenston of the hood. Winle no breeding tests
were made, bieds were taken which were
wast casly mterproted as natarat hybrids.
They showed the wide range of variabsiey
winch 15 charactersstic when wauy aunor
genes are segregating Hence 1t was cot
sidered that mulaple fctor mbentance, with
accumulanon of many nunor nuitants, had
played a major role m formation of these
subspecics. And because the differences be-

Fig. 120, Junco Tuctnalss, fhe eantern Junio,



MUTATION AND SELECTION 1t i3 obviows
shar, whenever a mutavon occurs, there is an
wcrease m the frequency of the mutant gene
nd a correspondmg decrease in the fre-
goency of st allcle. 1f mutanon were always
1 the same direction, as A — g, then even
the dowest of mugation rates would even-
taally lead to 100 per cent ncidence of a,
unless this were prevented by a selective dis
advantage. More commonty, mutation may
gom either direction, A %5 4, but the two
rites may be different In this case, the final
result would be an equilbrium, with the
w0 alleles beng present in the papulation
proportions deterratned by thew relative
aates of mutation Whenever data adequate
for the determmation of these tates ate avait-
able dhe equiibrium value 15 readily calou-
table

Naruead selection fends to thmmate those

genotypes which are least able to compete
for the means of bfe (fig 132) But this x
by 10 means an all-or-none phenomenon.
No ane generation sees all of the less fit fost
and &t of the more fir surviving  Rather,
both suffer Josses at all stages n the bfe cycle,
but the more fit survive to reproductive age
somewhat more oftert and succeed feavimg
Joung somewhat more ofien “The result s
gl Wfimg of the Hardy-Wemberg
quthbrium 1 favor of superIor genotypes

"Thus for every 1000 44 o Aa indwiduals
that survive, only 999 ao individuals may
survive, One may say then that the gene a1s
subject to a negative selection pressure of
0001, or conversely that 4 is favored by a
pasttive selection pressure of the same magni-
tude. The results of a selection pressure of
this magnitede have been caleulated. As-
suming an mtial gene frequency of one in a
million, it would take 11,739 gencrations to
double the frequency of a domumant mu-
tant, or 321,444 gencrations to double the
frequency of a recessive mutant. When
genes are moderately frequent, sclection
works much more saprdly. But at very bow
or very hugh frequenctes, change is very slow
with mild selecnon pressures Because of
this, some geneticasts feel that some supple-
mentary process must be necessary.

One obvious suggestion 15 that acrual se-
lection pressures may be greater than thow
used m the ealeulations This may be true for
major genes, but, as explaned above, most
students of evolution feel that mimor genes
mﬁucnqng quantitative trats are more im-
portant for evolution.

Muration and selection, of course, oreur
simultancously, and 1f both should go m the
same direction, the effect nught be a rather
rapid change Population size akso has an
whluence on the rate of change produced by

Fg 133 Natural selection (From
Stnpeon, Journal of she Waskimgton

Acsdny of Sacuces, val 11 )
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homozygous for a genc 4, so that A is
present 1000 times i the popufation. Now
a single mutation of A to a occurs. The fre-
queney of the murant is then one in 1000, or
0.001. If a has high selective value, its pros-
pectve fate is to fucrease and become widely
distributed through the population. Bue this
can only occur through such processes as
reproduction and further mutation, aided
by natural selection. As these are finite proc-
esses which can be measured, the study of
changes i gene frequency m populations
has become a fundamental part of the study
of evolution,

The surtmg pomt for stdies of gene
frequency is the Hardy-Wemberg Law.
This faw states that, if alternauve forms of a
gene are present i a population, and of all
genotypes are equally viable, then the ongi-
nal proportions of the genes wall be mam-
ramed m all subsequent gencrations Let the
frequency of one allele, A, be ¢, and that of
the other, a, be 1~ ¢, so that the sum of
their frcqucnacs ts 1. Then i the Fa, the
frequencies of the genotypes will be [g4 +
(1 = q)a]2 = @AA ¥ 2q(r ~ g)da +
(1 — ) aq, and the frequencies of the genes
will sull be ¢4 and 1 — ga In the typical
monohybnd cross, A4 X aa, the values of
g and 1 — ¢ are both o5, which sunply
moeans that the two alleles arc present mn
equal numbers, In the Fi, che two alleles are
still obviously present i equal proportions,
as one of each comprises cach par Substi-
tuting numbers m the above equation for the
Fy, we get (0sA+ o.sa)2 = 02544 +
0.50Aa + 0.25a0  As this 15 the famiiar
1221 genotypic ratio of clemeneary ge-
netics, 1t 15 clear thae the elementary Men-
dehan ranos atc simply spectal cases of the
Hardy-Wemberg Law. The two kmds of
gencs are stillma1: 1 rano.

But m uatural popuh:ions, gone fre-
quencics are not likely to be those of labora-

tory experiments. The Hnrdy~Wcmbcrs
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Law 15 sull fully apphcable. If A 55 08 3nd
a 0.2, the formula would read (o84 +
0.2a)2 = 06444 + 03240 + oo As
the sum of the frequencics of the three geto-
types is 1, the calealation 1s verified. I ths
represented o organssms, there would be
100 genes, of which 80 would be 4 (sll 64
genes of the 32 44 orgawstus, plus 16 genes
from the 16 Aa otgamsins), while 20 would
be @ (all 4 genes of the 2 aa organisms, pls
the other 16 genes from the Aa organisms).
Thus the values g = oS and 1 — ¢ = o2arc
maintamed

This cquation may be used another way to
determme gene frequencies when phenotype
frequencies are already known. Thus in a
human population m which 84 per cent of
the people arc Rh-positive and 16 per cene
Rh-negatrve, we know that (1 — ¢)2 = 0.56,
and henee (1 - g) = 0.4, and g = 06 Sub-
sttuting these values m the equanon, {06
Rb + .4 1h)? = 0.36 RIRE + 0 48 Rhvh +
0,16 rhrh. Agam, the gene frequencies are
mamtained (0.36 + 0 24 ~ 0 60, and 0.24 +
0.16 = 0.40).

In these examples, random mating has
been assumed. In a preferennal matmg sys-
tem, the proporttons of genotypes would be
altered, but the proportions of genes would
remsam the same. If, for example, people of
the same Rh type tended to marry, the
homozygotes would increase at the expense
of the heterozygotes. But the values of ¢
and 1 — ¢ would remam the same Temay be
scens then that the Hardy-Wemberg Law 152
conservative factor m evolution, tending o
mamntas the status quo. No evolutton would
be possible unless some factors should upset
the Hardy-Wemberg cquilibrium, The ma-
jor factors which have been discovered are
mutanion, natural selection, genetie dnft,
and migration The last 1s beyond the scope
of genetics, and so will be ientoned only
passing, but the first three will be discussed
below.



ernory withun which the population s not
everly dwmboted. Rather, i s broken up
o 3 series of moderate szed tocal popu-
Leons, and st 15 these whach are the actual
heedimg, populations  Simple proximity
probably plays a larger role 1n the selection
of mates than does any other factor. Pre-
wmably, these breedmg populanons are
odmartly too large to be domumated by
genetie drift but too small to interfere with
the cffectveness of natueal selection But the
dererminasion of cnincal population himits
for these purposes s sull m the furure
Magration berween populations, and mter-
breedng where differeny subspecies meet,
tend to blur the fines between ther but do
not generally abliterate therm.

Sercnion AND NON-ADAPTIVE CHARAC-
8 One of the common cnticisms of the
theory of evolution by natural selection of
chance mutants 3 the fact that this should
Jead 10 ever-mereasing tucety of adaptation
of orgamsms 62 dhete conditions of hfe, yet
the adaptiee value of many characters of
mtund species 1 not ewsdent 1f 1t exists
Whther such characters are actuaity non-
apave 15 dificuls to deosde 1 speafic -
funees It must be remembered that the cn-
docsine glands of verebrates were thought
;ilbc functionless unt! recently. Nonethe-

%, there 35 3 very good possthility that
many characters gre actually non-adaptive,
md there are several genenc processes which
wrd 10 produce such eharacters Finst, they
™y be pleiotiopic effects of genes with
other cffects whicly do haye selecuve value
Orthey may have becom

ton by penense dnfe,
::\ &‘;lhmz) be closely linked to another
E“‘l: w “‘:EZ:EE selective value Finally, the
ke presion m‘};{havc had selecuve value
¥ ey 3 }:un ions, as m the case of
mm:{or}xm oners (imbs of smakes

rappendie of man, ete )

¢ fixed n 3 popu-
Or the gene con-

58. GENETIC ISOLATING
MECHANISMS

Natural sclection cannot operate upon single
genes, but only upon whole organisms,
which include constellations of genes. The
vartous subspecies of a species do not differ
from onc another 1n an absolute way by the
mclusion or exclusion of spearfic genes, but
rather they dufer in the proportions of the
various genes 1 the collective genotype.
There 1s normslly some crosung between
adjacent subspeases wherever they meet,
with an wterchange of genes resolung 1€
such an wterchange wete 1o be very ex-
tenstve, 1t would swamp out the distinctions
between the subspecies, and they would be-
come one. Because the dommant school of
cvolutionary thimkmng today regards sub-
species as the first stage 1 the formanon of
new speaes, the factors which tend to 10~
late subspecies, and finally species and higher
groups, from one another are particularly
mmportant Such wsolating mechanistms may
be dassified to three categones. restricrion
of random dispersal, whach prevents potential
mates from meeting, restriction of random
mating, w whch potential mates do not m-
tetbrecd even chough they may meet, and
reduction of fertility, so that crossiag results in
few offsprng ot none. As the first two are
concerned with geographic, ecological, and
behavioral problems, they are beyond the
scope of this book But the reduction of
fertility 15 very much a genetc problem, and
3t will be taken up below,

InTERSPECINC STERILITY AND HYBRID StE-
wate  Although there 1s animmense litera-
ture or chese phenomens, going ail the way
back to Austadle, yet there are very few
cases which have been successfilly analyzed
for :j;e g;ncnc factors which result 1 steril.
1 t 5
e snty e et At e 1%

~none phenom-



sclection, with moderate sized populations
presenting the optimum condinons.
Gewttic Duirr - Some of the most funda~
menta} genetic processes are random proc-
esses which derive thetr regularitics from
the mathematical laws of chance. Like all
random processes, these are subject to sam-
pling crrors, and these may canse changes m
gene frequencics from generation to gen-
eration without regard to the selective values
of che alleles mvolved. Such a change duc to
samphng errors in the fndamental genctic
processes 15 called genetic drift. Thus, m a
monohybnd, gene A might be retamed by
the egg while # gocs to the polar body, or
the reverse might oceur. In ferulization,
whatever the egg nught carry, 1f asperm
with A fertilizes the egg, then the sperm
with a s lost, or vice versa. These are matters
of chance. In large populations and with
modcrate gene  frequencies, such  chance
fluctuations cancel out. But m very small
populations, or where a rarc genc 15 con-
cerned, chance fluctuations due to sampling
ctrors may produce important changes.
Tlus phenomenon 1s genctic dnft, or the
Sewall Wrsghe phenomenon, aftee the man
who has studied 1t most thoroughly.
Above, we postulated a population of 500
mdividuals, wath a pargcular mutation oc-
currmg once, so that 1t was present to the
extent of one gene n 1000. Even if this gene
were favored by a strong sclecuve pressure,
it mght, by chauce be sloughed off suto 2
polar body 1fit were 1t a female, Or 1t nught
be carried only by a speem which failed to
fertrhize an egg, It would then be weetrievas
bly Jost, and no amount of selecuve ad-
vantage could restore 1t, unless a new mu-
tatton should occur. Or st mught happen that
ten speem carrying the mutant gene would
fentilize eggs, thus mercasing its frequency
very rapidly.
As every new geac must be rarc when 1t
fist amuses, it scems probable that genenic
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doft frequently impedes or awds the os-
tablishuient of such genes in a population

Bur in smali populations, the frequency of
any gene may be subject to accidestal fuctu.
ations which swamp out the effects of any
but the most severe selective forces. Nar are
small papulations 5o race in nature as nught
be thoughr at fiest. Not only are there the
permanently small populations of specics ap-
proachmg extinction, Ike the whooping
crane, which now numbers only about
twenty-four birds; and the small populi-
ttons of specics adapted to highly sestricted
babitats, Itke small mountain lakes or vol-
canuc craters, but any species may go through
scasons or years of scarcity. At these times,
genetic drift may play 2 predommant role in
determunng the fature genotype of the
species. Stebbms has called this che “batdle-
neck” phenomtenon.

THic STRUCTURE OF PoputATIONs 1t ap-
pears, then, that evolunion must generally
occur on the bass of changes in gene fre-
quency m populations. The ongin of new
alleles must be by mutation. Therr fate, how-
ever, 15 deternumed by natural selection,
which 1 veey large populations ts too slow
even of ume be avathble on 2 geological
scale; yet 1 very small populaons, natural
selection may be swamped out by genette
dnift, leading to mal-adapted populations.
Nevertheless, that evolution has gcncmﬂy
Ied to a rather mee adaptation of organsms
to thetr circumstances of life 15 onc of the
most stetking facts of natural hustory What
1s the nacwee of the natural populations, then,
which s pernuteed the observed resultst
Winle most natural species comprse 3t
enormous number of indrniduals at any one
e, these do not alt consumte a smgle,
potentrally mterbreeding  populanon A
widely distributed spectes 15 almost always
broken up mto a number of more-or-tess
isolated subspecies. Furthermore, cach sub-
species may occupy a father considerable



Big 134 An mterspeafic cross i fiskies In part A are a male X maculatus

wath the spotted-dorsal gene, and a female X heller wneh tts normal alicle.

Part B shows the Fy fiybnds The fish wuh the spotted-dorsal gene shows

the trait i an extreme form, actually @ melanotic tumor (Courtesy of Dr
Myron Gordon, from Growth, vol, 10.)




cenon. If a plant which normally scts 100
sceds sets only so in a particular cross, one
may properly speak of a 50 per cent reduc-
tion in fertihity. Actually, such reductions in
relative fertilty are quite common, espe-
cially among plants, and these offer more
hope for analysis than do examples of abso-
lute stenlity.

Hollingshead and Babcock have analyzed
a very mteresting case of mterspecific ste-
ity in Crepis, a common weed When
C. tectorin 1s crossed to another spcceies, for
example C. eapillaris (fig. 133), the outcome
depends upon the strain of fectorum whicl 15
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used. The Fy from some strains is fully
viable; that from other strains includes viable
plants and plants which die as scedlings in 2
rano of 1:1; and other stains give 2
progeny all of which dic as scedhngs The
evidence indicates that fectorm may carry 2
gene which behaves as 2 dominant lethal in
wterspectfic crosses. The gene cvidently
functions harmoniously m the fectortin geno-
type, although no phenotypic cffects in the
pure species have been found.

A simlar casc has been analyzed by M.
Gordon and others in tropical fishes. In the
platyfish, Xphophorus maculatus (Platypoes
alus maculatus of older hterature), there isa
donunant, sex-linked gene S, which causes
a black spot on the dorsal fin. This black
spot 15 made up of macromelanophotes,
very large pigment cells which are capable
of producing tumors. In the closcly related
swordtail, Xiphophorus hellers, only the re-
cessive allele 1s known. These fishes can be
hybridized (fig 134). Hybrids of genotype
Sdsd, having half of their chromosomes from
each parent species, have more heavily prg-
mented fins than do homozygous X. macai-
latus, and these heavily prgmentcd fins may
become tumorous  Backerossmg to pure
X. hellers results m hybnds with genotypes
predonunantly denved from X. helleri, and
half of these should also cacry the gene 2
In these, the pigment cells always produce
tumors and cause the death of the fish. It
may be scen, then, that the gene Sd pro-

Fig. 133 Crepis capillans, a comuon weed
1whitch Bas been the subject of a very frutful
series of gunetie-cvoluteonary studies by Babcock
and Ins collaborators.



Fig. 135 A Amerccae Oenothera (From
Cleland and Hamuond, Stihes 1
Oenothera Cytogenetics and Phylogenys
Unversity of Indsana Press.)

Fig 136 Merotic behavor of translocation complexes. A, two pars of untranslocated
B,a y I between twa parrs of chromosomes.

C, pachytene configuration of the heterozygote D, metaphase ring, with translocated and
normal cheomosonies alternating L and F, the two types formed by alternate

dipmetion G, three paws of untranslocated chromosomes. H, a tnple

translocation I, packytene i the complex translocation heterozygote Note that the central
segment of each chromosome 1s ot synapsed J, early anaphase, showang alternate
disgunction of the chromosomes K and L, the two types of

Bametes formed by alternate dispunction.
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duces only a normal color variant in its
proper genetic background; in the hybrid, it
produces a more extreme variant of the
same character, and it may become malig-
nant; but m a genotype closer to that of
X. helleri, it becomes lethal,

“When stertle hybnds are studied cytolog-
cally, the most common finding is that the
chromosomes fail to synapse at metosss. The
unsynapsed chromosomes are distnibuted at
random, with the result that most gametes
are jnviable because they do not contam
complete genomes. There 15, however, al-
ways the possibility of occastonal chance
segregation of whole genomes m such di-
vistons, and ths should lead to a small per-
centage of viable gametes. This is probably
the cxplanation of the rare mstances of suc-
cessful reproduction by mule mares Also,
complete faslare of reduction divisions may
Iead to viable gametes m plants. These give
nse to polyploid progeny.

CHROMOSOMAL REARRANGEMENTS AND Hy-
orip STerutry  There remagns the fundae
mental questton of why the chromosomes
of mterspeaific hybrds fad o synapse
Where unrelated or remotely related species
are concemed, sumple lack of homology
may be an adequate answer. But, 1f species
are closely related, then by defimtion there
should be a considerable degree of homology
between there chromosomes Some msight
o this problem may be obtamed by ex-
amung the chromosonies of those hybrids
in which paroal synapsis occurs. Such
studjes generally show that extenstve chro-
mosomal reatrangements cause a mechani-
cal snhibition of synapsis Thus a study of the
salivary gland chromosomes of hybrids be-

tween Drosophila melanogaster and D. sunn-
Jans showed that no less than twenty-four
rearrangements, aud posstbly many more,
differenttated the chromosomes of the two
specics., It 1s Tttle wonder that synapsis was
incomplete.

Yet this cannot be the whole story, as 15
shown by Dobahansky's study of bybrids

GENETICS AND EVOLUTION

between different races of Drosophila prendo
obscura and D. persimilis, Depending upon
the particular races of the two species which
are selected as parents, synapsis it the hybnd
will be complete, partial, o it will fail alto-
gether, If failure of synapsis were the whole
canse of hybrid sterslity, the first should be
fully ferale, the second partially fervle, and
the last entirely stenle. But this 15 not the
case; in all three, meiosis 15 grossly abnormal
and the hybrid is completely sterile. Ob-
viously, there 15 a more fundamental physio-
logical defect in the hybrids.

“THE TRANSLOCATION COMPLEXES OF Ocno-
thera  'The evening primrosc, Ocnothera (fig.
135), was onc of the ongmal plants studied
by De Vries, While its study arded in the
redemonstration of Mendel’s laws, it soon
became apparcnt that this plant 15 atypical in
four respects. First, most species of the genus
show only o per cent fertility as comparcd
to O hookeri, 2 member of the genus which
docs show typical genetic behavior, Second,
when other species are crossed to hookeri,
“ewin hybnds” are produced, that 1, there
are two classes of offspriag, in contrast to
the usual umform Fy. Third, although the
twin hybuds demonstrate that the plants
must be highly heterozygous, yet they breed
true when self-ferulized {he usual mode of
reproducnon m - the genus, except for
hookers, which s a cross-fernhized :pcclts).
Finally, crossing over 18 sarely needed m in-
terpreting Ocnotliera crosses, but when 1t
does occur, 1t affects large blocks of charae-
ters, and the progeny are so different that
they were at first regarded as mutants.
They were called “half mutants” m carly
genene leerature, presumably because they
affected half of the progeny.

Prehmmary to expluning these unusual
features of Qenothera, lot us review and ex=
tend our discussion of translacations, with
the ard of figure 136. The chromosomes may
be idenufied by numbenng their ends, so
that the wntranslocated chromosomes of
136A arc 1-2and 3.4, rcspccxiwly. But when



Juced are more Likely to backeross to one of
the parental types than they are to interbreed
among themselves The sesult is a slow in~
terchange of genes between che parensal
species, thus increasing ther ranges of van-
abliey This phenomenon was first studied
by Edgar Anderson, and he has called 1t
wtrogressive hybridization, 2 rather fmposmg
mame fot 2 fundamentally simple phenom-
enon, & very nice example s afforded by the
sunffow exs of California. Two species, Heli-
enhas anmies and H. Bolonders, have dyffecent
ccologrcal requitements, but they do meet
nsome areas, especrally where the acuvities
of mun have produced “hybnd habitats,”
ermediate between the nataral habaats of
dhe species, n such areas, the majonty of the
plants arc of one species or the other But
some hybnds are found These have much
reduced feruey, and very few Fy plants are
fund Backeroses are frequent, and the
fertley of the plants mcreases 1 each back-
GO generanion, 35 the genmotype more
nealy approvimates that of parental
eaes. Finally, both of the parental species
msucharess have characeersties 1n common
shih are most canly understood on the

bass of a dow mrerchange of
nes via the
bybnds and backerosses, s

8, POLYRLOIDY IN
tvoLuTign

Pyplody, the phenomenon of multiple
%t of chromosomes, was

4 troduced 1n
FIEE 14 35 one type of cly 1 e

half of the species studied had twelve or
fewer chromosomes Among those with
‘tgher numbers, most were mtegral mule-
ples of the lower numbers, and prime nun-
bers were conspicuously absent. He con-
cluded that multphcation of whole sets of
o pecially to form allopoly
plods, must have been a major factor in the
formation of plans species with large chro-
mosome numbers,

Porverom Semies  The chromosome
numbers of vanous species of a genus are
often highly suggestive. For example, differ-
ent species of wheat have esther 14, 28, or
42 chromosomes, all even muluples of 7,
winch 15 the haploid number of the fuest
group of speces Chrysanthemums are
known with chromosome numbers of 18,
36, 54, 72, and 9o, all even multiples of 6.
Tobacco generally has euther 24 or 48 chro-

Ithough other bers are
known in the genus The possibihty that
such senies are formed by doubling of the
entire chromosome sets of the basic speeses
1s most alfunng. But some of the data cannot
be handled so simply. The chrysanthemum
series ran 18—36~—s4—72~-00. If an 1§
chromosome speases were doubled, 1t should
give the 36 chromosome tetraplod. Bur
doubling this would give the 72 chromo-
some octaploid There seems to be no place
here for the 54 chromosome, hexaplowd,
member of the senes Winge realized thas,
and he boldly postulated that such a species
mught have been formed by the doublng of

:l::'h “3smentioned that chis 15 common
— !:1 \y::.ts, but rate among antmals {pre-
v ‘dausc *twould wpset the balance
o “ 1|ﬁ'crcnml chromosomes). Actu-
F;;u}\o YPlowdy appears to be one of the
P :;lngs of evolution among plants The
e :(2!1\\“ of this came about durty-five
7320, whep O, Winge made 3 compre-

sudy of the chromosome numbeys
17 plints He found thar about

e
of oy,

the ch of an ongmally srenle
hybnd Thus, the 18 chromasome specres
should produce pollen with o chromosomes,
and the 36 chromosome species should pro~
duce ovules with 18 chromosomes. The
hybnd between them would then have 27
chromosomes Such a hybnd can be ob.
tamed, but 1t s Jughly sterile because the
chromosomes cannot form a sertes of pars
at meosis Bat of the ennre chromosome
complement should double, then there



a translocation occurs, as in 136B, then there
remains one normal chromosome of cach
pair, but their mates are the translocation
products, 1.4 and 3.2. Becanse homologous
pomt still synapses with homologous pomt,
the translocated chromosomes, sharing ho-
mology with two dificrent pairs, bind the
tetrads together in a cross figure, as m
136C. In anaphase, alternate members of
such a chromosome complex go to onc
pole, wile the others go to the opposite
pole. The result s that the two normal
chromasomes ga to one pole whide the two
translocated members go to the other pole,
asn 136E and F. This 15 called alternate dis-
Junction,

There 15, of course, no reason why only
two pairs of chromosomes should be m-
volved m a translocanion complex Figure
136G to L illustrates the behavior of a trans-
location complex mvolving three pairs of
chromaosomes Agam, the specsfic natuce of
synapsts results m an alternating postion of
the normal and translocated chromosomes,
and alternate disjunction then results m two
types of gametes, one wath all of the normal
chromosomes, the other wih all of the
translocated chromosomes Cleatly, the lunt
to the number of paurs of chromasomes that
nught be mvolved m such a transfocanon
complex 1s the haploid number of the species
O. lookers has seven pars of chromosomes,
and these all synapse mdependently. But m
some spectes of Oenothera, the entire sct of
fourtcen chromosomes forms a single ring
at synapsis, O, lamarckiana, the species with
which De Vres dealt, has a ring of twelve
and one pair.

All of the unusual features of the genetics
of Oenathera are undesstandable m terms of
the behavior of the transtocanon complexes.
1f 3 few additional detarls be added Because
of alternate disuncetor, only two types of
gametes are formed This should Icax{ to
theee kinds of zygotes upor self~fertihization,
the two hotmozygous types and the hetero-
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zygous type. Only the latter appears in the
progeny, because cach chromosome com-
plex carties a different recessive lethal geng,
so that the homozygotes cannot sutvie.

The complexcs can be identified by cross-
mg to O hookeri and analyzing the cytologi-
cal results The manslocated chromosonies
are then idenofied according to the pattern
of synapsis with the O. heokeri chromosomics,
Each species carries two chromosome com-
plexes, and these can be named. O. lunarcki-
ana has the velaus and gandens complexcs As
compared to Q. fopkeri, velas has the con-
stitution 1.2, 3-4, 5.8, 76, 9 10, 11.12, and
13-14. The avatlable data will pernne etther
of two mterpretations of the structure of the
gatdens complex as follows:

12, 3411, 56, 7-X2, 9°4, B:14, 1330 OF
T2, 311, §+6, 713, Q' L4, 20+4, 12:8.

The balanced lethals, of course, account
for the so per cent frtdiey of Ocuothear
speaies Because the two chromosome com-
plexes of a spectes are kept so hughly sepa-
rate, thewr genetic content is quite different,
and this 15 responsible for the twm hybrids
upon crossing to O hookers The crossover
anomalies result from the steucture of the
translocation Tings, as e ﬁgurc 1361 Nottce
that the ends of cach chromosome are per-
fectly parred, but the central segmient s hept
out of contact with 1es homologue. Crossing
over should oceur fecely m che paired arms,
bue these appear to be quite homozygous
throughout the genus, so that crossmg over
1s without ffects genetically Bue the contral
segments higve become strongly differen-
tated and fience when crossmg over farely
does oceur, 1t produces strrkmngly different
types, the half mutants of carly genenie
hterature

Tir FAILURE OF ISOLATING MPCHANISMS
One of the mnportant aspects of tsolating
mecl short of complete meersterhity
15 that they may occastomally farl And when
they do, the relatvely sare hybrids so pro-




Questions and Problems -

3 Define
Allopalyplondy Introgressive
Bonleneck phenomenon  hybridizat on
Evolunon Tsolating mech-
Genene dnft anfsm
Hardy Wewberg Law  Natwral sefection.
Species synthests

1 Explam the thearencal basis of evolunon.

3 What are the mam fields of evidence for
evoligon?

4+ Discusy the sources of vanabibty which
form the faw materals of evolution

§ What evidence favors very small mutanons
s the matn source of evolutionary vanability?

6 Discuss the structure of breeding popula-
Tong,

7 Under what condinons should a new gene
become fixed m 2 population most rapidly?

%, By what means may vatious populmons of
3 3pecies become solated from each other? Why
ould s hase any wmpostance for evolunon®

9 Discuss fully the behavior of the gene 4 1m
eroscs between the platyfish and the swordeail

10 Explat how translocation complexes ac~
coant for the genetic peculianities of Oenothera

1t 35 bas been sard that wopotyplordy 15 the
mod 2ompletdly proven case of evolution Enlarge
BFon dhs ststemant, taking esther a posmve or 2
BgaRYE Viewpomt
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would be s4 chromosomes comprising 27
perfectly matched pairs.

Seecies SynThEsis However, the belief
that polyploidy has actually played a major
role in plant evolution does not rest on logi-
cal analysis of numerical serics. It actually
has been possible to duphcate the hand
of nature in synthesizing some natural
speeies, and other artificnal speaes, unknown
in nature, have been synthesized in the labo-
ratory by means of allopolyploidy. The drug
colchieme has been a very powerful aid m
these experiments.

The artificial synthesis of the hemp nettle,
Galeepsis torrakit, by formmg the allopoly-
ploid from two diplowd species of the genus
was reviewed m chapter 14. In a smular
way, the domestic tobacco, Nicotiana ta-
bacuns (2n = 48), was synthesized from two
species having only 24 chromosomes. But
the arnficnal tabacum, although morphologi~
cally indisungwshable from the natural
specics, was unsatisfactory m one respect:
although it 1s fully fertile i erosses to natural
tabactim when used as the male parent, 1t 18
female sterle. The marsh grass Sparima
townsendss has 126 chromosomes, and 1t has
been proved by resynthesss to be an allo-
polyploid derived from S. stricta (2n = 56)
and S. alterniflora {2n = 70). In many other
mstances also, the resynthesis of natural
species has been accomplished, thus re-
moving all doubts of the ongm of plant
species by means of allopolyplody

Further, new spectes have been synthe-

sized which are morphologically as distunce
from their progenitors as are natural specics,
are fertile with ther own kind, but are
separated from the parent speacs by a
sterihey barrier The case of Raphanobrassica
was recounted m chapter 314. A bexaplod
species of tobacco has been synthesized from
a tetraplosd and a diploid paic of parental
specics And numerous new specics of wheat
have been synthcsucd.
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60. CONCLUSIONS

A few years ago, Julian Huxley published o
book enteled Evolution, the Modern Syn-
thesis. ‘This utle is particularly appropriate,
because the modern study of evolution does
require a synthesss of data from all fields of
biology, together with geology, paleon-
tology, and a good many ather fields. The
present chapter has dealt almost exclusively
with genetic aspects of evolution, because of
the limutations of space. Yet it may be added
that cvolutionary rescarch was stalemated
for years unuil genetic research reached alevel
of development at which it could contnbute
knowledge of the processes of evolution

SUMMARY As concerved today, the pri-
mary sources of the varability which forms
the raw materials of evolution are gene mu-
tations and chromosomal mutations. Both
arc mhented and are reshuffled mto vew
constellations of characters on the basis of
Mendelian heredity. These various pheno-
types must then be tested by natural selec-
tion, and the ecological factors to which the
organism 15 contmually subjected constitute
the major ageneics of natural selection. The
result 15 more extensive survival and repro-
duction for the better adapted, and relative
restriction of the expansion of the less well
adapted types. Decause species are generally
divided up mto local populations living
under quite different conditions, thus leads
to the formation first of subspecies, then of
related but distnct spectes, and finally of
ceven the lughest categories.

There 15 not, of course, complete unanim-
lty O[ OP"”O“ ﬂl'ﬂo”g st“ch)IS ()f C\'Oll“lﬂn
regarding the relauve roles of the vanous
factors m evolution, although there 1s a e
markablc degree of agreement regarding the
main aspects of the problem as reported
above It 1s perhaps best to leave the can-
troversial detatls to more advanced works on

cvolution



fwas assumed that two horses of \dm(.x-
e anceury ought to be dentical, at teast in
o maor characteristics Vet every breeder
s the resalts—then mexpheable—of ge-
pene vecombination 1 hus pedigreed stacks
They knew that heredity had to be the basis
of breedimg, yet the elementary prneiples of
firedity were not available for their use.
Ty L. Lush, 2 promeer of antmal breeding,
asespressed the drlemma of the breeders of
tose days with 4 memory from fus early
daysim college: “T remember being told that
the et prnciple of animal breeding was:
Lke produces bke, while the second principle
w11 Bke does not always produce hke™*

$2. MODERN BREEDING

HModem plont and animal breeding weihize
vituslly aff of the prnciples of genetics, and
mdeed not 4 fow of thase prnaples were
engually duscovered by practical breeders
A3 tosul, an adequate weatment of thns
subyect would be a whole book, a textbdok
of geneties wtten from the viewpomt of
sgncoleue, ke the excellent book of Bab-
eock and Clusen, which s cited a1 the end
of ths chapter, Al that will be attempted
bores 20 show dha genetics 152 hughly prac-
2l seienee which 15 manately related to
welfire of man
I st nae be thought that selection has
teplaced by pewer methods It has
ey been tefined, Under the mfluence of
i‘;ﬂ'ﬁ, breeders no tonger select for an dl
a4 oed geneeal supenortey, buc cacher they
-t for speafic genotypes, or ar feast for

‘Peabie chatacter complexes

T
N " Onecrves or Puany awp Anmar
HENG The

iy printary objective of breed-
o o );m\ndc adequatc food for mankind
ously.
—_ :tn l? this plices Breat gmpottance
;“9 lt;c Juntuatne characters 2 yield of
- i‘ ﬁm.mmul egg production of chick-
i 0 of itk yseldeg anautlly pec
‘;\;‘ N(:mt of butterfat 1 the mulk
N o TS the 30ty Concury,
7 R anon of the Macmihg Cnmpmr;' o

Related to yield may be such characters as
sesistance to dwsase and insects. But other
characteristics may be equally important, for
food must be patatable as well a5 abundant.
Hence good table charactenistics of favor,
texture, and color must be sought. For
grain, s will indude flour and baking
charactertstics. For fresh fruits, it may mclude
ability to withstand shipping to distant
markets without deteniorating or becomng
badly bruised. For many fruis and vegera-
bles, canning charactersstics ate smportant,
and m receny years, freezing charactensucs
have become impornant. Nutntve values,
such as vitamm content and ptotemn content,
must also be consdered. So many objectives
cannot be achicved at once, and so the
breeder woust stve not for an sdeal, all-
purpose product, but for a plant or amimal
well swted for a specific purpose

Further, an excellent plant ot ammal for
one tocality may be a very poor one for
another Jocality Thus the hybnd com var-
eties which are excellent for lowa may fal
m the southwest, under completely different
condinons of soil and chimate Swaitatly, the
Hereford and Shorthom beef cattle, which
thnve m the north central and northwestern
states, do not stand up well m the heat and
drought of the cattle country of sonth Texas

But & 15 not food alone for which the
breeder 15 asked. Lumber was, unul recenily,
taken unmodified from the hand of nature
But w cecent years, forest genencs has be-
come an 1mportant science, and new vari-
ctics of trees have been developed and grown
as crops. Many plants are valued as the
sources of drugs These may be of great
therapeutic value, Iike qunine or the ann-
broties, Or they may be cultivated prmanly
for pleasure, like tobacco. Or plant products
may be used for both of these purposes, ke
aleohol Finally, many plants are used pri-
wanly for thor beanry AW of these values
are made more readily and morc abundamly
avathable through the breeder's art Genetscs
s an erunendy practical saence



CHAPTER 20

Genetics in the

Service of Agriculture

Plant and amumal breeding were already old
sciences when geneties appeated on the
scenc, et they may very well be regarded as
applied genetics. From the first days of
agsiculture, farmers have realized that better
crops and more productive ammals should
be obtamable by using onlv their best stock
for breedmng  The Greck poct Theognis
(520 BC.) wrote of the carc with which
farmers sclected their breeding stock.

61, PRE-MENDELIAN
BREEDING METHODS

Actually, the achievements of pre-Men-
dehian breeders were considerable. In the
year 1900, there probably was not a domestie
plant or ammal to be found that was not
vastly different from 1ts wild ancestors, and
the diffcrences undoubtedly were generally
1mprovements from the viewpoins of man.
Imumerable vanieties had been developed
which were suted to diverse locabines But
the armamentariim of the breeders was
extremely hmited, and improvement of
agneltural plants and ammals has - pro-
ceeded very much more rapidly smce the
application of genetics to the practical prob-
lerus of breeding.

Sprrcrion The entire biology of the
fateer half of the mmetcenth contury was
dominated by Darwintsm, and so 1t 15 natu-

ral that mass selection should have been the
principal tool of the brecder, This micans
that large progenies were raised, and then
the bese were selected for furtlier brocding.
But the population—nor the mdividual—
was the unit of selection. Often this simply
meant that the poorest stock was culled
Nonctheless, over a petiod of many years, 3
great deal was accomplished by this method

As a result of many cxploratory crosses
between Jocal vartetics, named breeds and
varieties of hvestock and plants arose. Onee
ostabhshed, the punty of such stock was
often Iughly valued Efforts to improve
them were made principally through mass
selection, but some maodtfied types of selecs
tion were also wsed In com breedmg, for
example, supenor cars were selected, then
afl of the seed from a smgle car was planted
w one tow. By compartson of rows, it was
possible to get a better check on the per-
formance of spectfic Imes of descent by this
car=to-rore method thau by stmple wass sc-
Tectton 1t had the advantage that one could
keep track of the female parents over 2
scries of generations tested. But i pravided
no control of the pollen parent.

Peoicrre Stizemion  The vahie which
was placed upon named breeds and vanetics
(hke Holstem-Fricsan cattle and  White
Federation wheat) led to the pedigree selection
method of breeding, which was designed to
maintam the purtey of breeds as well 25 to
mmprove them In this method, an attempt
was made to control all matings, so that the
exact pedigree of every anmmal or plant
culture was known. Then the best of cach
generation was ased to breed the next gen-
cration,

All of these methods did produce results.
But they were often very puzzhing to the
breeder. n the pedigree method, for exam-



merease the total range of vanabiliry. Thus
Crmsdier wheat has short, i steaw (de~
sable), but st 38 susceptible to yellow rust.
fsm Squarehead wheat is rust resistant, but
« has all, himber stems. When Nilsson~
e rossed these two varieties, the Fy in~
duded 2l possible combinations of the two
shemanyes, and it was possible to select out
for Further use those with the shost, suff
sems of Grenadier and the rust resstance of
fan Squarchead  Ener smce NMilssone
EH's angwnal publication (1996}, combna-
won breeding has been an essential part of
al sheat breeding programs.

Dierse teswtance 1 wheat 18 aften less
sgle than indicated above. Wheat com-
gries many species and hundreds of van-
ee—~probably over a thousand—of the
s T These are ranged 1 a poly-
plodseries with duplond (zn = 14), tetraplord
(= 28, and fexaplosd (20 = 42) mem-
b, Qnly dhe tetcaplod and hexaploid
species have commercral value Tt frequently
bappens that vamees vath tigh yield and
wiable gram charactersstics ace susceptible
1o ducases such as rust Bat commercrally
worthless wheas may have fagh tesistance
o the rust, A cross may be made betvieen
e two, and the hybnd then backcrossed
wepeatadly 10 the berter parental vanety In
:“"“‘); one hopes to ssoare 2 stram which
- nedode the rust revstance along with

82 qualines of the more valusble
peemabvanety This gt be accomplished
n(;;:‘:’nzi Vet between the chromosomes

bl (\\rm&:;(::“ ot by subsutution of 3
% becane \v\hmm The task &5 an endless
B dalopeg £ver 2 0od ressstant seran
<on~:nu: “," N widely planted, and chus
Ny m“‘; severe natural selection
tmh&\x\m\‘L Nleamsdile, mutanion pro-

§  the ust, and saanier of lat
TR0 Capable of arzacking th ol
l:“‘ o Yheay occurs ;“% he new “re-
SN P, 1y 10ed by 2 suwong
v D RCW rust spreads

rapidly, and soon crop fadure loowms ahead
1f yet another good, resistant wheat cannot
be developed Thus theressa perpetual com-
petition between the rusts and the plant
breeders.

InsreEpinG AND Hererosts As hybnd
com was discussed thoroughly 1n chaprer 10,
1t need only be mentioned here that s i
the most important apphcation of the princr
ples of inbreeding and heterosis, aud 2 very
good case could be made for hybrid corn as
the most ymportant single achievement of
plant or animal breeding. But ¢ should be
added thay much the same method has been
applied successfully to such diverse plants as
onions, cucumbers, and squash And a3
applicability to pme trees 15 fiow under in-
vesugaton. Among ammals, hybnd vigor
oy been successfully vibzed an breeding
chackens and hogs.

Pouyrromy Iy Piany Brrepme The
most important application of polyploidy to
plant breedmg 15 1n the breedmg of wheat
The vanous genomes of the speaes have
been combined and recombined in mnu-
merable ways to give new varienes and
synthenc species adapted to the mast diverse
condions The producnon of artsfical tesra-
plonds (by the use of colchiemne) has yielded
some success with clover, sugar beets, rye,
and Brassica, the genus which mcludes cab-
bage and 15 allies. For more detailed con-
sideration, let us take up the mimor but rather
mteresting case of trploid watermelons. The
tmplowd watermelons were ongmally de-
veloped by Japanese breeders, and they are
valued because thev are scedless Frst, ordye
nary diplotd watermelons are treated with
colchicne m order to produce a tetraploid
generation An enture field 15 then planted
with tetraploid seed, except for a faxly wide
border which 1s planted with ordmary di-
plod seed Insects viming the flowers will
then vistt the diplotd flowers fitst and carry
the haplod pollen m to the center of the
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Major CoNTRIBUTIONS OF GENETICS TO
Breeping  Here we are concerned not so
much with specific accomphshments as with
principles. Perhaps the first major principle
of genctics to aid the practical breeder was
the basic fact that heredity dcp‘cnds upon
stable units, the genes. In the pre-Mendelian
days, the blending theory of mheritance was
generally accepted. Accordumgly, it was ex-
peeted that a breed should become ever
more and more uniform, As thuis did not
happen, it was necessary to assume a very
lugh mutability and a mysterious tendency
to revert to ancestral charactensties {ata-
vistm). These anomalics were casily under-
stood after 1900, on the basts of stable genes
together with a second bastc principle, the
ndependent assortment of characters and the
consequent segregation of recessives.

Thued, clementary genctics made 1t clear
why organisms with dentical pedigrees need
not have wdentical hereditary constitutions,
Segregation provides for different genotypes
withm a sigle progeny. Hence st would be
possible, even though most mprobable, for
two litter mates to share no genes 1 com-
mon. Fnally, genetics revealed the possie
balines snherent . recombination of factors
as a source of varrability to supplement mu
tation

SOME ACHIEVEMENTS OF THE DBRELEDLRs
Event monahybrdism has found some suc-
cessful applicanions n breeding, For ex-
ample, the fat of becf cattle may be either

white or yellow. This depends upon the
presence or absence of a speaific enzyme
which breaks down yellow pigments of the
food into coloress compounds. The dom-
nant gene Y causes the enzymie to be present,
while 1ts recessive allele, y, prevents forma-
sion of an acave enzyme While nerther gene
influences the flavor of nutritional value of
the beef, ycllow fat 15 rcg:xrdcd as an un-
desirable market character for cesthetic rea-
sons. When a breeder finds 1t 1 his herd, he

can ehminate it by simple steps. All caws and
bulls which have produced yellow fiteed
calves are known to be heterozygous, hence
they can be withdrawn from the beeeding
stock. And normal relatives of yellow fateed
calves can be tested by backerossing to
homozygous yellows. Only those which
prove ta be of genotype YV should be used
for further breeding. Again, these is a very
stmple relationship between vitamin A con-
tent of corn and the number of genes for
yellow endosperm. It may be recalled that
the endosperm s triploid, and hence the
possible genotypes are yyy, Yyy, Yy, and
YYY. The first of these genotype subserves
only a trace of vitamm A, while cach ¥ adds
about 2.5 units per gram of gram,

The breeder may in some instances pro-
duce the mutations with which he works.
Thus M. Demeree x-rayed Demcillipm no-
tatun and so produced 2 mutation which
resulted m a four-fold increase in production
of pemscitlin. Demerec's stram of Pesiciffm
1s now the usual basis of the commercul
production of this valuable drug. Induced
murations have been studied faicly exten-
stvely 1 barley, and some have been found
to meresse yields by a few percent. But
generafly, the value of experuncutally in-
duced mutations for plant and ammal Drecd~
mng has yet to be explored,

CompinaTion  Breepive  This subject
was mtroduced n chapter 4 i connection
with diliybridism It was defined as the
crossmg of duferent vancues m order to
obtam new pure breeding strains with a
combmation of desired characteristics from
both pareneal stacks. It was pomted out that
Mende] hnself used thus method m order to
mmprove the peas avalable to his monastery.
Among the carly Mendehan breeders,
Nilsson-Ehle was perhaps the first o urge
the importance of this method He empha-
sized the importance of makmg crosses to
combrme specific characters, not simply 1
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content of mytk from purcbred Fricstan cows
m the Netherdands from 1966 0 5945,
Notice that there has been a steady rise over
this long penod. Tt 1s interesting to compare
this wath figure 138, which shows total pro-
duction of milk and butterfat as well as per-
cenuage of butterfat of Holstn-Friesan
cows m the United States. Notice that per-
cemuage of butterfat apan shows 2 steady
mcrease, but total producuon fell off during
the war years. Undoubtedly tha resulud
from poorer cate, poorer feed, and other
war-cavsed shortages. Jt also shows that the
butterfat content of the nutk 1 less mflu-
enced by environmental factors than ss total
productviry.

Figutes 139and 140, which are based upon
secords of prgs 1 Dansh testing stattony, are
parucdlarly ntercyung because they show
changes which ate corrclated with changed
abjectives on the part of the breeders Until
the late 1920's, use gross gam with maximum
ccomemoy was sought. But then a change
compentive. markets made 1t necesary to
emphasze quality of the carcans Wil ree
duced selectsen for growah 12w, 1 foll off,
Bt manwhile thicknew of the backfar de-
creased, while the thickness of the belly
ard the denoth of the body mercased. These
ase pood marker qualites [n each cane, the
charuss were mone dizection of selertion,
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field to fertilize the tetraploid flowers, The
resulting, hybrids are of course toploid, and
because the chromosontes cannot synapse
normally m 2 tiploid, they are highly
sterile, and so seedless.

One might expect that triploids would be
generally undesirable because of their ste-
rilty, yet there are other cases m which
triploids have proved valuable, Triplod
sugar beets, for example, give a better yicld
than enther diploids or tetraploids, And -
ploid omamental flowers are often supcrior
because, bemg unable to set seed, they re-
mam fresh longer than do fertile Alowers.

QUANTITATIVE INHERITANCE By all odds,

the most extensive applications of gencties to
plant and animal breeding have been in the
ficld of quantitative mheritance. Most of the
traits of agricultural interest are quanntative
characters of yield or vitamm content, or
some comparable measurable feature, As the
genetic aspects of quantitative mhentance
have already been discussed m chapter 10,
the present treatment will be limited to
specific examples.

In 1886, the government of Sweden es-
tablished an agricultural experiment station
at Svaldf, It was one of the first in the world,
and 1t has been 2 model for others through-
out 1ts long exastence. One of the problems
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el cops The results have been great,
but of course not all of the mcreased yicld
£ boen due to genetscs. Improved methods
of celiivanon, use of fernbizers, and mech-
amzgon of farming have sl made am-
forunt contnbutians Bug 1t has been possi-
He to assess the contnibunion of plant breed-
mg by growing the new varseties and the
ol anmproved varetits side by nde wnder
sentcal conditions, Estumates of the amount
of e improvement Which 15 duc to plant
ding vaty from 12 to 25 per cent of the
tad mprovement, depending upon the
Prnaular grain tested. Muntzing esumates
e ssmuad value of the mcrease due to plane
teeding a5 78,000,000 Kroner far cereal
@ops alone, Compatablc figures are not
»abable for ogher erops, but Muntzing esti-
P, very conservatiely, that the total

Bl value of the plane brecdi

plang brecding program
® Sweden st b
Kermer

the

be at least 100,000,000
v (f:mooo,ow) Yet the total cost of
8aI5f stavion fromy 1886 to 1948 was
oy

"} 15,900,000 K comer, only 15 per cent of
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g ot ¥ plant breed
§
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prtane improsemients m- hivestoch,

LIFT
47137 shows 1 record of the bureectze

content of milk from purcbred Friesian cows
m the Netherlands from 1906 to 1945.
Notice that there has been a steady rise over
this long penod. Tt 1s mteresting to compare
thus with figure 138, which shows total pro-
ducnon of milk and butrerfar as well as per-
centage of butterfar of Holstein-Fresian
cows 1 the Umited States Notice that per~
centage of butterfat 2gam shows a steady
merease, but toral production fell off during
the war years, Undoubtedly thys resuhed
from poorer care, pooter fred, and other
war-caused shortages. It also shows that the
burterfar content of the milk 1s Jess milus
enced by environmental factors than is total
productivity.

Figures 139 and 140, which are based upon
records of pigs m Dansh testng seations, ate
particularly intercsung because they show
changes which are corrclated with changed
objecuves on the part of the breeders. Unnl
the lare 1920's, Just gross gain with maxumum
economy was sought. But then a change in
compenuve markets made 1t necessary to
cmphasize quality of the carcass, With e
duced selection for growth rate, it fell off,
But meanwhile thickness of the backfat de-
creased, while the thickness of the belly
and the length of the body ncreased These
are good market quabities. In each case, the
changes were 1n the direction of sclection,
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field to fertihze the tetraploid flowers. The
resulting hybnds are of course triploid, and
because the chromosomes cannot synapse
normally in a triploid, they arc highly
sterile, and so scedless.

One might expect that triploids would be
generally undesirable because of their ste-
rility, yet there are other cases m which
triploids have proved valuable. Triploid
sugar bects, for example, give a better yicld
than cither diploids or tetraplowds. And tr-
plotd ormamental flowers are often superior
because, bemg unable to set sced, they re-
main fresh longer than do fertle flowers.

QuanTITATIVE INHERITANCE By all odds,

“
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the most extensive applications of genetics to
plant and animal breeding have been in the
field of quantitative inheritance. Most of the
traits of agricultural interest arc quantitative
characters of yield or vitamm contens, or
some comparable measurable feature. As the
genctic aspects of quantitative inheritance
have already been discussed in chapter 10,
the present treatment will be limited to
specific examples,

In 1886, the government of Sweden es-
tablished an agncultural experiment station
at SvalSf, It was one of the first in the world,
and 1¢ has been a model for others through-
out 1ts long existence. One of the problems
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Fig. 137, Butterfat content of mlk from purcbred Friestan cows w the Netherlands from
1906 to 1945 Note the steady rive i the crve, (Modified from Lush,

in Genetics in the 20th Century, The Macmdlan Co.)
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CHAPTER 21

Human Genetics

Smce the carbiest days of genetics, efforts
bave been made to apply Mendelian princi-
flesto man It was soon learned that a few
sormal trants and more pathological tratts
werc inherited on a simple, monofactortal
Bass This was wade the bass of 2 preratute
carpaign for eugenic legrslation which was
dunicerized by more enthustasm  than
factual basss. As 2 result, human geneties fell
o direpute Young genetiots ded not
wih10 specialize 1n 2 field of dubrous stand-
ing which offered very httle opportunty for
expenmental work
Meawhile, the work of Landsteiner and
otfers on the BHood groups, although start-
g with serology rather than genetics, dem-
metrted the importance and the practical
ucfiliiess of genctics 1n this important ficld
of medicine, Syder established 2 course m
redal genetes at Ohvo State Unwersity,
#dsevenl other medical schools followed
5t Herediey chmes have been established
¥ 3 sumber of umversines, outstanding
t?"l':ﬂ which are thase at the University of
G:d ’&';Jn aad the Umversicy of Minnesota
[m?;u)'- an extensive body of venfied m-
“Nnul?x:;‘ dlz geneues of man has been
o and the field may be sad 1o
e A;\::!O lsrx own with the founding
By Tod:;"g ::ldtq Of{Humm Genetics
8hth by . ent of human geneucs
B¢ than by yrc‘:ir:cfot“d ;‘ ;,ml:’ e
0 S be the purpone of ghe k)
putpose of the present

chapter to discuss some of the important
aspects of human genetics

63. DIFFICULTIES IN
STUDYING HUMAN GENETICS

EXPERIMENTATION VS, PEDIGREES The
progress of human genetics was much slower
than that of general genetics partly because
there are many serious difficulties which
must be overcome wm the study of human
genetics ‘The first of these s certainly the
fact that the experimental method 15 not
avatlable When a genetiorst working with
any other materal 15 confronted with a
problem, he sets up a series of expensmental
crosses to get the data for the solution of his
problem A human geneticist cannot do this,
Instead, he must collect pedigrees of familics
some members of which show the trait un-
der study  Even an extensive pedigree mght
fanl to nclude a cnineal cross, necessary to
test an hypothesis But most pedigrees are
not very extenstve. Same times 1t 15 posuble
to get sound information on only one or two
generations, and 1t 1s rarely possible to m-
clude more than four generations.

Another senous difficulty of the pedigree
method s the fact that often—usually—
much of the information must be obtamed
by mterviewing members of the families
under study Such mformation 15 not always
rehable, For cxample, m a recent study of
hentance of susccpubility to polomyelitss,
farmibies of cluldren admutted to the hospital
and diagnosed by the most modem methods
were interviewed, Many mnstances were
found m which parents or aunts and uncles
had had some cnippling discase, but no diag~
nosis was avatlable. In many instances, the
atending physican was no longer living,
In another stance, the atending physician
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11 market qualities of pigs in Dannsh testmg
stations {(Aodified from Lush, in Genetics in the
2oth Century, The Macmtllan Co.)

Concrusion  Thus we sce that the appli-
cation of genetics to the problems of plant
and animal breeding has greatly mereased
the rate of progress in these fields. As this
has been a short term development, there 1s
every reason to believe that the greatest
achievements of the breeders are still mn the
future. The demands of man for greater
quantitics of food grow by the day. As Ame
Muntzing has smd, “consistent breedmg
work on this basis 1s the best way so far
known to protect llum:mlty from star-
vation.”*

Questions and Problems

1, Define:
Combination breedmp
Ear-to-row sclection
Hetcrosis

Inbreeding
Mass selection
Pedigree selection

* Genetics n the 20th Century 1951, The Mac-
mllan Co, New York

2. Agricultural experiment stations are costly,
Can you give evidence that this cxpenditure 15 3
sound investment of public money>

3. Why has plant and animal breeding been
more productive smce the tum of the century
than before>

4. Discuss the breeders” objectives.

5. Discuss the proposition that plant and
animal breeding 1s largely the appheanon of the
prinaiples of q ive in) to domestic
plants and animals.

6. Can you cite any notable exccptions to the
principle stated in question §2

7. Why don’t antmals of identical pedigree
show identical phenotypes®

8 From a breeders viewpoint, why is it
desirable to propagate fruit trees by vegetative
cuttings?

9. Cite examples, other than hybeid comn, in
which the explostation of hybnd vigor has yiclded
valuable results.

10. How can seedless watcrmelons be produced?
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STUDYING HUMAN GENETICS

EXPERIMENTATION Vs Pepigrees  The
progress of human genetics was much sfower
than that of gencral genetics partly because
there are many scrious difficultics which
must be overcome m the study of human
geneties The first of these 1s certamly the
fact that the expenmental method is not
available When a genenaist working with
any other maternal 15 confronted with a
problem, he sets up a series of experimental
crosses to get the data for the solution of his
problem A hunian gencniast cannot do this.
Instead, he must collect pedigrees of fanulies
some members of which show the trait un-
der study Even an extensive pedigree might
fal to mclude a cnncal cross, necessary to
tost an hypothests But most pedigrees are
not very extensive Some times 1t 15 pomblc
to get sound mformation on only one ot two
generations, and 1t 1s rarely possible to m-
clude more than four generations,

Another serous difficulty of the pedigrec
method 15 the fact that often—usually—
much of the nformatton must be obtamed
by mterviewmg members of the families
under study. Such mformation 15 not always
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Conciusion  Thus we see that the apph-
cation of genetics to the problems of plant
and animal brecding has greatly increased
the rate of progress i these ficlds. As this
has been a short term development, there is
every reason to believe that the greatest
achtevements of the breeders are stll m che
future. The demands of man for greater
quantitics of food grow by the day. As Ame
Miintzng has said, “consistent breeding
work on tlys bass 15 the best way so far
known to protect lmmamty from star-
vation,”™*

Questions and Problems

1. Define:
Combimation breeding
Lar-to-row sclection
Heterosis

Inbreeding
Mass sclection
Pedigree sclection

* Genetics i the 20th Century 1951, The Mac~
sudlan Ca., New Yorh.

2. Agricultural experiment stations are costly.
Can you give evidence that this expenduture is 4
sound investment of public money?

3. Why has plant and aninnal breeding been
more productive since the tumn of the centary
than before?

4. Discuss the breeders® objectives.

$. Discuss the proposition that plant and
animal breedung is largely the application of the
principles of g e mheri to domestic
plants and animals,

6. Can you cite any notable exceptions to the
piuciple stated e questian §9

7. Why don’t ammals of identical pedigree
show identical phenotypes?

8. From 2 breeder’s viewpoint, why is &
destrable to propagate fruit trees by vegetstive
cuttings?

9 Cute examples, other than hybrid corn, in
wihich the explostation of hybrd vigor Ins yielded
valuable results.

10. How can sccdless watermelons be produced?
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have the ticket (genotype), but they miss the
boat (phenotype).

In man as 1n other organisms, genes may
have reduced penetrance, but the experi-
mental crosses cannot be made to clarify the
sitwation  Obviously, this will complicate
the interpretation of pedigrees considerably.
A dominant gene with low penctrance may
g 141 Nicked wing, a very low grade be confusable with a recesstve, and other
il llle, winch 1s charactenzed kinds of confusion are easily possible.
by edued penetrance Another problem of penetrance in man 1s

that of diagnostic enitersa. For example, one
recent study of the mbheritance of suscepti-
tunee of 3 per cent It can be easily demon- bility to polio used permancnt paralysis
suated that the normal and nicked progentes {fig 142) as the dragnostic criterion, This
::j;ﬁ?iﬁ:ﬁz"::?‘xl'l{l_’:;:‘:;:iils;:‘; led to the conclusion that the gene showed
arosied together, or %f the nicked fhes are about 30 P cent penietranee. ~In another
tossed togethu’ or if normals and macked study, a postive diagnoss by spinal tap was
' used as the diagnostic enterton, and this led

ataosed Inall three crosses, p ae ¢y the Jus that th .
b whch have 3 per cent o the fes c at the penctrance was
weked. The nearly 100 per cont. Agam, gout 1s based
penetrance of a gene may vary upon a dommant gene wlich causes a dis-
ll the way from o* to 100 per cent. The 8 ’
gencs of the older studies all had hugh pene-
fmance becavse they were the eastest to un-
destand, and 50 had to be mastered before
Progress could be made 1 more difficult
problems .

ﬁ?:hzxfi;‘;amn of reduced penctrance 15

Elopren; ‘;fgzﬂ:typc ltends toward the o

oo smo;ma orgamsm, while y
P o iply acts as a differentral
Msome smugw ! e ;}(:urse of development B
——— ,,Z, alt: mutant may fail to
tesidual genotype, md ang cfect of dhe
ced Ay ‘l: ;:n so the penetrance 15

metmes expressed, they

e a

F 2
3 12 Resdual eftsof poliomyelits
. 4“ the great asymtictry of the shoulders
"t wilured ift ann (Courtesy of Dr
Johts J Reedy)




was still living, but he had retired and de-
stroyed all of his records, and he had no
memory Df thc case.

Families are sometimes eager to help pro-
mote the understanding of any anomaly
which has plagued some of therr number.
But frequently famihies are most unco-
operanve, and try 1o impede the study. This
scems to be based upon two premises, both
of which arc false, First, there 15 2 wade~
spread beltef that an hereditary anomaly s
necessanly mcurable, an inexorable curse,
Naturally, anyone who beheves this will be
Joath to acknowledge any such hopeless
thing m huis famuly. Bue such an attude 15
unjustifisble. As was shown m chapter 16,
genes operate through ordmary physiologs-
cal channels, and gene~caused anomahies of
function are, at least potennally, subjeet to
trcatment just as arc all other physical dis-
orders. And where successful ereatment has
not yet been found, every inerease in knowl
edge mcreases the probabiity of findmg
such a treatment.

Second, many people feel that an heredi-
tary anomaly 1s particularly disgtaceful, and
so they conceal mformation from the m-
vestigator. They should reahize that no per-
son can wfuence the constitution of the
zygote from which he develops, nor of the
gometes which he transmuts. Recesave de-
Ieterious genes are so commion that probably
everyone carries some m the heterozygous
seate. And probably every fannly, of fol-
lowed out far enough, would show some
unfortunate segregants. There s no pcrxona}
guxlt hese. O the other hand, non-genetic
anomalies arc m many mstances caused by
the sruprdity of persons now hvimg, Hence
+f any dusgrace docs attach to an anomaly, it
should not be to those of genctic ongm.

And agam, ever-ncreasng knowledge 15 the
first sequisite for successful treatment

Smart Stze OF Bamins Expcmncnml
genetics depends upon the rasng of large
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progenies, which may approximate the
Mendelian ratios rather closely. But cven the
fargest of human families are so small thae
acadents of sampling are likely to mask any
ratio whatever, This can be compensated for
to some degree by pooling the data from
many comparable familtes, But it is often
very difficult o gain reasonable assurance
that a large series of marnages ace geno-
typically identical, even if only a single paic
of genes 15 under study. Henee it is necessary
to use complex statistical methods ro extract
a minmum of information from the smatl
samples of daca available.

Dirncurrins oF Diagnosis  Frequendy,
groups of discases which are very sunifar or
even identical clically may be very difer-
ent genetically, Thus glaucoma, a very
senous dusease of the eyes, bas been reported
m both domimant and recessive, sex-linked
and autosomal forms, In addition to alt of
these, 1t may occur m a non-hereditary
form. But all are rdentical chnically. In other
mstances, hike muscular dystrophy, 1t may
be possible to distmgsh the different heredi-
tary forms chncally, if the attending physi-
cran 1s alert o the possibilicy and 15 anter-
ested. Obwviously, a pedigree wall be mis-
Ieading unless persons labeled the same aceu-
ally carry the same gene And this 1s possible
anly 1f each case 1s dragnosed accurately, and
preferably diagnosed by the same person.
This 15 not often posuble when a pedigree
extends over several gencratons  Further,
dugnostte methods change from ame o
atnc, and different methods do not ahways
give comparable results,

Peneranc, Inoa populaton homozy -
gous for a mutant gene, sometsmes only 2
Inuted pereentage actually show the erait
Thas if a culture of Drosaphila 1y homozy -
gous for the gene for ncked wngs (tig 141},
only about 3 per cent of the fies show the
character, while he rest are phenorypreafly
normal. One says that the gene bas a pene-



Fig 144 Thisglis suffering from
Humtugtow's chorea The early age

of mexdnce an ler case leads 10 g very poor
progrosis. (Courtesy of Dr Joln J.
Reedy and Dr. Hans Maoner.)

derstood, and this of course leads to mis-
uterpretanon of pedigrecs

Aok o Incmence Not a few mhenited
characters make ther appearance rather late
nhfe Hunungton's chorea (fig 144), for
cample, 15 a disease whach begins wath loss
of muscular coordmation and control and
leads to mental detenoranion It is wnhented
2 stmple dormmant, But the discase rarely
stikes before thurty-five or forty years of
age. A carrter for thus gene mught very well
de from other causes at an carber age, and
would then appear 1 a pedigree as normal
Andby that time, he mught have had several*
dildien. Smulas consderations apply to
ances Many stodies prove that specific
9pes of cancer are hereditary m lower
mammals The same has been demonstrated
for some of the less common types of cancer
nman But the picture 15 dess clear for the
MOt common types, and the fact that they
ordimanly stke late 1n L may well be one
Tetton Many a carrier dies of a very different
avse Jong

g before he has an opportunity to
dr\dep the genetc cancer, 7

:‘r ADVANTAGES IN
UBYING HumAN cENETICS

:‘ i}:l:mof the numerous disadvantages
encounters i the study of human
“::{“:1;; l:xcr; are some advantages The
o uz ;ﬁt s the fact that man 1 the
orgamsms Whatever once

m
¥ wish 1o study he may be assured that

there is alrcady a considerable body of re~
lated hterature It may not be genencally
onented, but it 15 avatlable and helpful. 1f
one wishes to study mheritance of sus-
copubility to 2 particular discase, for ex-
ample, he may find no previous literature on
the genetic aspect of the problem, but he 1s
sure to find literature on the disease tsclf

Further, because man has long taken an
espectal mterest 1 the study of man, the
chances are always good that one can find
someone who 15 mnterested 1 other aspects
of the same problem, and thus mutual help
becomes available

The study of twins has been a very valu-
able aid 1o the progress of human genetics.
1f a particular teast 1s genetically determuned,
then 1dentical twins should be concordant
for 1t much more often than should fraternal
twins or ordimary stbs This makes possible
some separation of genetic and environ-
mentally caused vanabiity Another mter-
esting aspect of twim studies 1s provided by
case hustories of 1dentical twns reared apart.
In onc such study, both members of a paxr
of twins developed the same mental defect



turbance of nucleic acid metabolism. Uric
acid rises to an abnormally high level in the
blood and may erystalhze out in the joints,
causing the painful symproms of gout. As
measured by the latrer, the gene shows a
rather low penetrance, but it shows around
100 per cent penctrance as measused by the
inerease m blood level of uric acid.

The whole range of penctrance is known
in man, Thus the gene for leukemia shows
fess than 1 per cent penetrance. The gene for
diabetes mellitus has a penetrance of around
10 per cent, while that for mulnple exos-
toses, a bone discase, has a penctrance of
6o per cent. Finally, the blood group genes
show 100 per cent penctrance.

Exeressivity  Frequently one and the
same genotype may be expressed i different
degrees 1 different mdvaduals, or even on
oppostte sides of the same indvidual. To
such vanable expression of a single gene, the
name expressivity 15 given, The gene for
crossvemless w1 Drosophila, for example,
causes defecuve development of the cross-
vemns of the wings. But the defect may range
from 2 barely detectable mrerruption to
complete absence. This at once suggests the
possibility that muluple alleles may be m-
volved, but an appropriate series of expeti-
mental crosses shows that only one gene,
with variable cxpresstvaty 1s mvolved. In
man, brachydacryly 1s mherited on the bass
of 2 smgle dosmmant gene This 35 an ab-
normality 1 which one or more segments of
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the fingers arc abnormally short, ot even
nussing (fig. 143). The npmber of fingers
affected is variable. That it is a mateer of
expressivity eather than of multple alleles is
clear because the two hands of ene penon
may differ in this respect. Bur in other cascs,
it may not be so clear, and data involving
variable expressivicy may be extremely diffi-
cult to interpret.

Penetrance and expressivity arc often con-
fused, and so it may be well to contrast
them. Penctrance 15 a population charac-
tersstie, concerned with the propornon of
organisms with a partienlar genotype which
actually shows the trait concerned. Ex-
pressvaty 1s an idvidual eharacteristic, con-
cerned with the extent of expression of 2
gonean a smgle individual,

Purnocores  This subject was diseussed
at length m chapter 16. It need oaly be
pointed out that man, Ithe alt other organ-
wsms, 15 subject to phenocopies. Epilepsy
may be based upon hereditary factors, but
1t can also be produced by head mjuries
Cataracts may be based upon a dominant
gene, but they may occur as phenocopics
after an attack of German measles. Heart
defects may be caused genencally or by
anviety states. The starement was made in
chapter 16 that probably any gene whatever
conld be mmucked by a phenocopy if an
appropnate v:xpcnmcmal AGENCY were cho-
sen No doubt dhin 1s true for man, too, But
the phenocopying agents are not ahways un-

4 Fig 343 Brachydactyly. Note the
X great gedinion of the mudiffe
— sequunt of cach nger Compare this with

. Sigure 48 (8 rom Koman,  the
Journal of Heredity, vol, 44.)



Fig. 144 Thisgirlss sufferng from
Huntmgton's chorea The carly age

of marfence m her case leads o a very poot
prognoas. (Courtesy of Dr. Joli J.
Reedy and Dr. Hans Mawter }

dntood, and this of course leads to mus-
mterpretanion of pedigrees.

Age o Incipewce. Not a few inhenited
chanacters make their appearance rather late
nbfe Hunungton's chorea (fig 144), for
cxample, 15 2 disease whach beguns with Joss
of musculat coordmation and control and
leads to mental detenoration. It 1s inhenited
sagmple dommant. But the disease rarely
sokes before thurey-five or forty years of
i A caree for this gene might very well
de from other causes at an eather age, and
would then appear 1 2 pedigree as normal.

Andby that ime, he mght have had several*

ildren. Symilar considerations apply to
ancer, Many studies prove that speafic
Bpes of cancer are hereditary 1n lower
mammals The same has been demonstrated
forsome of the less common types of cancer
mman But the picture 15 less clear for the
moze common types, and the fact that they
ordimasly stmke Tate 1 Lfe may well be one
Teason Many a carner dies of a very different
faue long befoce he has an opportumity to
devclop the genetic cancer.

‘S‘T ADVANTAGES IN
UDYING HumaNn GENETICS

1 spre of the

disad

there 15 alrcady a considerable body of re-
lated litcrature It may not be genetically
ontented, but 1t is available and helpful. 1€
one wishes to study inhertance of sus-
ceptibility to a parncular disease, for cx-
ample, he may find no previous hterature on
the genetic aspect of the problem, but he 1
sure to find htcrature on the disease stself.

Further, because man has long taken an
especial mterest w the study of man, the
chances are always good that one can find
someone who 1s mterested m other aspects
of the same problem, and thus mutual help
becomes available

The study of twms has been a very valu-
able aid to the progress of human genetics.
1f 2 particular trait 1s genetically determined,
then 1dentical twins should be concordant
for 1t much more often than should fraternal
twins or ordinary sibs This makes possible

Which one
ncounters in the
"‘hmunce, study of human

there are
P e some advantages The
“ii(:\csc by far s the fact that man 15 the
oy ms;m of all organisms Whatever one
10 study he may be assured that

some of genetic and environ-
mentally caused vatiability. Another mter-
esung aspect of twin studies 15 provided by
case hustories of identical twins reared apart
In one such study, both members of a pair
of twimns developed the same mental defect



(schizophrenia) ar about the same time
{within 2 few weeks). As they had lived
apatt and in completcly different environ-
ments for years, there is litde room for
doubt that the genetic element in the causa-
non of the discase must have been very
strong.

65. SOME NORMS OF HUMAN
INHERITANCE

The principal methods of study in human
genetics are the collectton and analysis of
pedigrees, and the statistical analysis of the
data of the pedigrees. There is no substitute
for these, but there are some rules of thumb
which are useful. 1€ a rare tratt is recessive,
the marriage of an affected person {aq) to a
normal person will most probably be to a
homozygous normal (44), and hence none
of these cluldren will be affected. But they
will all be heterozygous. Albrusnt (fig. 145s)
may be taken as an example, as only one
pesson m 20,000 shows the rmt, As it de-
peuds upon a recessive gene, tlus corre-
sponds to a gene frequency of about 0.007.
Substituting m the Hardy-Wemberg for-
mula, we find that about onc pemson in
seventy is a carpier for the gene. Thus an
albino marrymg a normal person has one

HUMAN GENETICS

chance in seventy of marrying a carrier of
the gene for albinism, and sixty-nine chances
in seventy of marrying a homozygous nor-
mal person.

Because of the facts discussed i the pree
ceding paragraph, the dominant backcross
(da X AA) has considerable practical fm-
portance in human genctics. For a person
heterozygous for a relatively rare gene s
most likely to marry a person homozygous
for 1ts nonmal allele. As a result, none of
their children can show the recessive trait,
but half will be heterozygous carriers, In this
way, recessives may be carried, hidden and
unsuspected, untl ewo heterozygous persons
chance to marry, and then homozygous re-
cossives smay appear. As most people are
heterozygous for anc or more of the numer-
ous relatively rare recessive genes wath which
man 1s burdened, most haman marnages
are domumant backerasses for one or more
such genes.

The most usual thmg by far is that the
normal allcles are donunant, and the mu-
tanes are recessive, However, there are some
outstandmg exceptions, hke brachydactyly,
m wiich pad\olog;cal condttons, which are
obviously mutations from the normal, are
mbented on the basis of dommant genes.
Sex-hmked recessives (Itke hemoplihia) oc-
cupy an intcrmedrate position, in that they
show up m the simplex condition m males.
It has heen abseeved that of the three types
{dominant, sex-lmhed, and recessive) dom-
nant abnormalities acc generally the mildest
and recessives are generally the most severe
It is believed that cus is because a donnmant

Tig. 145, Albinism in man.



gene is subject to the full force of natural
ction . every generauion, while re-
aives are protected as long as they are
becrozygous Sex-hnked recessives agam
have an intermeduate position, because they
are protected m heterozygous females but
exposed to natural selection in the simplex
males.

Homan populations are enormously het-
etozygous Ths 15 2 result not only of lang-
connnued mutation but also of the fact that
s aad mores of most sotieties promote
oubreeding and censure inbreeding In a
bege populanon wath great genetic van-
iy, this should tend to produce marniages
sheh are random m the sense that any two
geotypes are equally bikely to be brought

Big. 146,
and Irm,

together in a marriage, This 15 called pan-
mixis or random mating. This 15 probably
never completely realized, and in some
socteties there is actually a high degree of
wbreeding {usually in small, 1solated popu~
lanons}., One then speaks of assortive mating
of nonrandom mating. In almost any socicty,
some genotypic preferences ate shown in
selecting marmage partners. People do tend
to select partners of sumlar height and of
comparabl Iigence, although great dis-
parities may occur m each, In addimon to
thus, the structure of human societics has
tended to place restrictions on panmixis. A
young man does nat have an waluwnted field
of guls to choose from (or vice versa).
Typically, he lives 1n 2 commumity of rather

Twins Victor and Aladar are sdeiical There is some doubt whether Ida
a are wdentical or fraternal, but therr resemblance s cettamly vesy eloge,



limited size, and he must choose from among
the girls who happen to be there. The prob-
lem of who marries whom and why is not
as yet the most satisfactorily solved problem
in soctology, but simple proxumity still
plays a very large role. In older societies, in
which local communities were both smaller
on the average and more 1s0lated from one
another than they now are, this factor was
undoubtedly often sufficiently strong to
make genetic dnft a significant thing m
human genetics. And m some very small and
1solated populations, such as those on small
oceanic sstands, the degree of inbreeding can
be great enough that all of the islanders look
very much alike.

But the typical thing i our hughly mobile
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and mechanized society is 2 sufficiently close
approximation to panmixis to maintain a
Iigh degree of heterozygosity, And, with
the exception of monozygotic (identical)
twins (fig. 146), it is almost certain that no
two indwiduals are ever genotypically
identical,

Studies of genetics in man have concen-
trated upon single gene differences, because
these are relatively easy to study. Hundreds
of pathological conditions are known which
depend upon smgle gene differences. But
very few normal differences between people
are sp stmply determined. The blood groups,
the ability or inability to taste phenyl-thio-
catbamide (PTC), some characteristics of
harr growth, and a few muscular charac-
tenistics comprise most of the known list, A
few others, like skin color, scem to be con-
ditioned by only a few pairs of independent
genes. But most of the differences between
persons appear to be quantitative in char-
acter, and not much progress has been made
m analyzing therr mheritance.

66. PEDIGREE NOTATION

Sympots In order to avosd chaos, it is
necessary to standardize the symbols used m
pedigrees as much as possible. A series of
such standardized symbols, used and under-
stood by all geneticists, is presented in
figure 147. At the outset, a malc 1s indicated
by a squarc and a female by a ciecle. The
conventional & and @ of general brology
arc not used becausc 1t has been found that,
in assocatton with other pedigree symbols,
they are more subject to confusion. When=
ever the sex of a person 1 a pedigree 15 not
known—a stillborn child for cxample—it
is mdicated with a damond.

Frg. 147, Standard pedigree symbols Lach
symbol 15 described on the figure



4 marnage is mdicated by 2 horizontal
e connecting the symbols of the partners,
208 thete chuldren are shown by attaching
e symbols to a horizoutal line beneath
he parents. The symbols for twins are con-
peeed to the horzontal by hmes diverging
fom 2 smgle pomnt. If they are idenncal
roms, then thete symbols are also connected
byahonzontal hine. 1€ 1t is uncertam whether
teywreadentical or fraternal, then a question
nak s wiitten berween the symbols.

The ordmary assumption that the parents
efachld are marned 1s not always justified,
a1t 5 necessary to have some way to
symbolize llegitimacy. Thas 15 done by con-
nectng the parents and child wath dotted
fines rather than the wsual solid fines. Also,
pusuts may be couss or other close refa-
ues (consanguineous). Thetr positions in
e pedigree may make this clear, but 1t 15
futomary ta make 1¢ more graphic by con-
nesting them with  doyble hine,

Aperson affected by the trart under study
s inditted by blacking m s symbol.
l’;“z“"/gmus carmers for recessive genes
zd:n nt; ,:;t be macked unless they can be

with cernty, but when s 1

2«;&:}1‘51:, e be mndicated by blacking half
e (:n“l;:‘b;l, ot by puttimg a black dot m
“m&!medn\; the symbol. An aborted chuld
- \nhﬂcy: symbol much smaller than

. premature chld 15 mdicated

by a small symbol which is underlined. A
stillborn child is mdicated by a small symbol
with a cross under 1t.

A study of a particular family commonly
begins with a speafic person who comes to
the attention of a genenast for one reason
or another, This person is cafled the pro~
positus or probandus, and is mdicated on the
pedigree chart by an arrow pointing to his
symbol.

A great deal can be done with these
standard pedigree symbols, But sometimes a
spectfic study requires addinonal, speaal
symbals. This would be true, for example,
m a study of hnkage Whenever an author
finds 1t necessary to use symbols m addition
to the standard ones, he should publish a key
to his symbols along with the pedigree. The
study of individual pedigeecs 1s still the most
basic method i human geneties, and the
pedigrees should be kept as clear and un-
equivocal as the fanulial data will permat

CHARACTIRISTICS OF A PEDIGREE FOR A
Donmvant Gene - Wo universally apphicable
rules for the mnterpretation of pedigrees can
be laid down, however, some commonly
applicable charactenstics can be pomted out
If 2 domunant gene 1s beng followed, the
most common thmg 1s that the affected
parent 15 heterozygous, and so the mating 1
actually a backcross Because any heterazy-
gous person will show the trant, a “skipped”
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generation is not possible: an affected person
always has an affected parent (uness, of
course, a new mutation has occurred). For
the same reason, if an affected person is
homozygous all of his children would have
to show the trait concerned. Obviously, re-
duced penetrance would distupt these char
acteristics. A typical pedigree for 2 dominant
gene is shown in figure 148.

CHARACTERISTICS OF A PEDIGREE FOR A
RECESSIVE GENE  In 3 recessive pedigree, on
the other hand, skipped generations arc the
rule, If an affected person marries 2 homozy-
gous normal person, all of their children will
be normal, although carricrs. When a carrier
matrics a homozygous normal person, thei
children wiltl all be normal, but half will be
carriers. By such domunant backcrosses, a
recessive gene may be cartied for many
generations, and become widely dispersed
through a population. But if two such
carrters marey, then their cluldren should be
1m a ratio of threc normals to one affected.
Naturally, this 1s more likely to happen if the
partners are closely related. Many known
recesstve genes cause pathological conditions,
and 1t 15 for this reason that cousin marrages
are gencrally regarded as biologically un-
desirable. Figure 149 shows a recessive pedi-
gree, including a cousin marnage.

p
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87. INHERITANCE OF
PATHOLOGICAL TRAITS

Many references have been made already to
the inheritance of pathological conditions,
and we may now concentrate our attention
upon this situation. The range of severity of
inherited pathology covers the entire gamue
from such trivial disorders as color blmdness
to lethal discases ke amaurotic idiocy.

Tt may be well to consider again what is
actually inherited. At the outset, no pheno-
type 1s ever inliented as such. What is in-
herited 1s a gene, which controls certain
norms of development, and so finally leads
to a speaific phenotype when the conditions
of development arc withm a certain range.
Whete one speaks of inheritance of an in-
fectious disease, it is clear thar the discase
could not be produced by the genotype
alonc: contact with the pathogemc organism
15 also necessary. But for many of the com-
moner discascs 1afection 15 5o neatly uni-
versal that the genorype becomes the major
factor m determmmg who gets the disease.
One may more properly speak of mheritance
of suscepnbihity in such cascs, A good ex-
ample 15 poliomyehtis (nfannle paralysis).
Susceptibility to thus duscase 15 inhenited on
the basis of 2 smgle recessive gene. The evi-
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Fig. 149- 4 typical recesstee pedigree. Note skips, and the reslts of & tousin marelage.



Jocemdicates that the infection is extremely
wilspread-—perhaps as common as the
ommon cold But only persons homozy-
gous for the gene for susceptibulity to polio
aeally develop the disease, The total num-
ber annually would be regarded as ansignifi~
e, were not the results of the disease so
cfien dramatic and disastrous
On the other hand, there are many con-
serunonal diseases which seer to be more
drealy selated to the genotype than just
trough a suscepbiliry. Amanrotic idiocy
{fg 150) 5 an example There are two forms
of s disease, each nhersted on the basis of
#sngle parr of recessive genes, Victims of
the infanelle form develop a progressive
Bludaess very early, and thus 35 accompanied
by detesioranion of the cells of the brain 1t
kadsta death by two years of age. No treat-
ment s yet avatfable, but there is some hio-
e information about the disease. Its
s are ungble to oxudize the bipoid
hygemyelin “The course of the juvenile
lorm of the disease 15 very sumilar, but the
S of symptomns occurs at sx to aght
¥ of age As the victims never reach
gtoductve age, af cases must result from
“5egiton of the genes of rye heterozygous
::L Tif:;?’“;rl t:::,sc :lm‘;‘ tolbe a onesto-
e e homozygous
Eenetype and the development of

a5t Furth
el Ther examples will be dyse

Ef.; 350 Juvenile amayrotte sdiocy. This
ol ¥ deceloped spptonss ap ceuens years of
'Y @ S, wihen thes pucture was taken, he
g ”u::x Zva!ly blind ad extremely low 1n
ol m:v:ﬂz:e, :nrfudmg the extension

+ 15 qte typieal, (Cog
D John g Reedy ud g Hnn(x Ma,ul::);r‘{

Exampies Of INHFRITED PATHOLOGY
Thete ate many hundreds of inherited path-
ologacal traits known in man, A few of these
will be cited here, with selection being de-
signed to llustrare diverse types both of
disease and of mhentance. Hemolytic jaun-
dice 15 2 discase m which there 15 an excessive
rate of destruction of red blood cells. Part of
the hemoglobin so released is converted into
bile salts. The resulting high concentration
of bile salts in the blood canses their depo-
siion 1 the skin and in the whutes of the
eyes, thus causing the yellow color which is
the most obvious symptom of jaundice.
‘The disease is based upon a smgle dominant
gene.

Telangiectasss 35 a disease cansed by an
wmsufficient amount of muscular and elastc
tissue around the small arterioles. The more
extremely deficient artenoles may rupture
spontancausly, thus causing hemorrhages
which, m some cases, are serious, even fatal.
The most common site of bleeding 15 under
the mucous membrane of the nose, and
hence the discase 13 often referred to as
spontancous noscbleed, but the hemocrhages
can occur from artenoles under any of the
mucous membranes Smaller hemorthages




commonly cause the appearance of red spots
under the skin and mucous membrancs. The
frequency of hemorrhages commonly in-
creases until about thirty to thirty-five years
of age, then it falls off. This trait again is
based upon a single dominant gene.

Susceptibility to tuberculosis 15 inherited
on a more complex basis, and the details are
not clear. There appear to be at least two
pairs of genes mvolved. Some evidence -
dicates that resistance is dominant and sus-
cepbility recessive, bur others belicve thar
one gene for susceptibihity 15 dominant and
another recessive.

Polycystic kidney is a structural defect in
which numerous cysts nddle the kidney,
thus reducmg the total amount of functional
kidney tissue to a mummum. While not
dangerous in itself, 1t makes 1ts victims un-
able to stand any scvere stress upon the kid-
neys, and hence a fatal outcome is common
It 15 agamn inhernited as 2 dommant.

Diabetes msipidus 1s charactenized by ab-
normally ngh activity of the kidneys. Ths
1s unrelated to sugar duabetes, and mvolves
no abnormality of carbohydrate metabohism,
As a resule of the excessive output by the
kidneys, one must also dnnk unusually large
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quantitics of water. While the disease is con-
sidered harmless, it could become dangerous
under conditions of water shortage. It is in-
herited on the basis of a dominant gene with
reduced penetrance.

Diuabetes mellitus is, of course, the well-
known disease characterized by excretion of
sugar in the urine, It is caused by failure of
the pancreatic sslets to secrete insulin, a hor-
mone which is essential to carbohydrate me-
tabolism, The pancreatic failure may, in
tun, be caused by an excess of a pituitary
secretion, alloxan, Whatever the details, the
discase generally appears to be based upona
donunant gene with penetrance reduced to
about 10 per cent.

Gastric uleers is 2 well-known affliction
which is based upon a recessive gene with
about $0 per cent penctrance. This discase
1 particularly mteresting because the non-
genetic component of penetrance is known.
Of the homozy gous recessives who are po-
tentral ulcer victims, 1t 1s those who are ex-
tremely nervous and who tend to drive
themsclves hard who actually develop the
ulcers

Xeroderma prgmentosum (fig. 151) is 2
type of sk cancer which 1s lughly mterest-
g from a genetic pomt of view. Anaffected
baby very soon shows an abnormal aversion
to hght On exposure to hght, the skin
reddens, then heavy freckles develop and
grow very large. The white shin between
the freckles undergocs degencrative changes
and frequently becomes tumorous. Death
occurs betw een five and fifteen years of age.

Fig 151 Xerodirma prgmentoaen. The
scars soere ansed by removal of tmors

(Courtesy of Dr Panl ¥ Chavangton, Jr.)



From 2 genetic point of view, there are
el interesting aspects of this disease.
i, shows a rather obvious dependence
of gene action upon ant environmental factor,
firkesons develop onfy 1 those parts of the
body exposed to hight, Second, the heterozy-~
gous carners of this gene ate recogmazable by
deir very heavy fieckhing, which, unlike
ecdmary freckhing 15 not assocrated with red
b Thes is often chavactensue of the
bedhy brathers and sisters of the discase
vinns,

The most ureresting aspect af the genetses
of erederma pigmentosum, however, is ats
mode of snheritance. Tt 15 inherited as a
tally sex-binked recessive How can a gene
bepartally sex-linked? Must 1t not be exther
@ the X chromosorme ot on an antosome?
The answver to this question requires some
aldmonal knowledoe of the sex-diffe 1

hernted on the basis of holandne genes. On
the other side of the centromere is the
homologous segment, m which the same genes
are present m both X and Y chromosomes
Such genes are, of course, sex-linked m the
sense that they are m the sex-differential
chromosomes. But they cannot show the
typical pattern of sex-hinked inheritance,
which depends upon the male being simplex.
Hence genes which may cross over beeween
homolagous parts of the X and ¥ chromo-
somes ate saud to be partially sex-linked.
Pactially sex-linked genes include those for
xeroderma prgmetitosum, total color blind-
ness {m contrast to ted-green color blnd-
ness), and retmtis pigmentosa, a degenera-
nve eye dieasc which Jeads to blindness.
Haldane's map of the X and ¥ chromosomes
of man 15 presented an figure 152, Distances

dromesomes of man In both the X chro-
mosame and the ¥ chromosome, the centro-
meie ddes the chiromosome fnto two
kg’mmu Ore of these 15 called the differen=
el segment, becanse there appeats to be no
logy berween X and Y1 this segment

The dfferentss] segment of the X chromo-
sme mchudes typeal sex-linked genes, such
ot for cglor bndness and hemophilta
: differenca] segment of the ¥ chromo-
™ wehades & number of holandric (Greek
;ﬂm‘“‘ly male) genes, which can only be
- mitted from father to son. Such char-
7328 Webbed toes and scaly sk are i

F:i 52 Amap of the sex-dyfferenpal
‘ Tomesomes of wan 4, the diferential
::f. ,mu G de X diromosome, sy
iked goves B, the differentsap segment
4l ¥ chromosome, wih, hotandric

e C, the fomologaus segmen,t, wuitls
Partially sex-lint.ef genes (Rn’imw”
from Gates.)

th typical

are caleulared from the centromere mstead
of from an end of the chromesome.
Curapitiry oF GeNenic Depects Such a
reaital of genetic maladies ought not o be
concluded without reemphasizing the fact
that genes act through ordinary physiologi-
caf channels, and therefore genetic discases
should always be subject to treatment and
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curc on the same basis that other discases are,
provided that the proper treatment is found.
For example, jaundicc may be treated by
removal of the spleen (in which red blood
cells are destroyed). Telangiectasts can be
treated by cautcrizing ot tying off the most
severely affected arterioles. Tuberculosis has
been treated successfully for many years, and
recently 1t has responded well to strepto-
mycmn. Diabetes mellitus can be very suc-
cessfully controlled by the adnumisteation of
msuln, Even psychic disorders of genetic
ongm have been treated successfully. Manic-
depressive psychosss is generally agreed to
have a strong genetic clement m 1ts causa-
tion, although psychic traumata are also m-
volved. The discase has been very success-
fully treated with clectric shock therapy.
Schizophrema, the commonest and most
serious of the prevalent mental discases, also
has a strong genenic factor i 1ts causation,
and it can often be treated suceessfully by
means of msulm shock (sublethal doses).
Thus the equatnion which so many people
(includmg many who ought to know better)
draw between hereditary and incurable 1s un-
Justified by the facts.

Factors Wiicn TIND TO INCREASE THL
Frrquencits of Patnotocica Genes  If
the frequency of pathological genes should
rse sufficiently Ingly, 1t would be disastrous
for mankind, and at any level whatever, they
present a2 serious soctal problem and a
challenge. It is therefore important to ex-
amine those factors which either rase or
lower the frequencies of pathological genes.

New mutation descrves first consideration
among the causes of mcrcasing meidence of
undesirable genes. As pomted out m chap-
ters 13 and 19, mutation 15 a random process
wath respect to the prospective values of the
mutants. Because of this the overw helming
majonty of all mutations must be undesir-
able, Henee as mutation proceeds from gen-

cration to gencration, Jt st enlarge the
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burden of undesirable genes at the expense
of the more desirable ones.

Some progress has been made in the study
of mutation rates in man. Much of what 15
known on this subject was summanzed
by Necl and Falls in 2 paper which is cited
at the end of this chapter. There are two
principal methods of study. The first is
restricted to dominant genes, and depends
upon the proportion of mutant children
to normal children bom of normal parents
m a given population during a speci-
fied mterval. The study of Neel and his
collaborators on the mutation rate of the
gene for retmoblastoma, an eye cancer, is a
good example, Because of the extremely
sertous nature of this discase, wlich is fatal in
carly childhood 1f the eyeball 1s not removed
before the tumor mvades the bram, proba-
bly all cascs are a matter of record, and most
are referred to medieal school clinics. Be-
cause it 15 mhented as a dominant, the mu-
tation from normal must have occurred in
the parents of the affected cluld, except in
those rare cases where an operated cluld has
reached matunty, married, and had clufdren.
Neel and Ins collaborators mterviewed the
families of all retmoblastomatous children
born m Michigan between 1937 and 1948
The total number of biths 1 the same
penod was obtamed from the records of the
Michigan Department of Health, This Jead
to the concluston that the mutation occurred
at the rate of 23 tmes per milflion gametes.

The second method 1s ndirect, and 1 ap-
phicable to either a dommant or a sex-liked
reeesstve mutation O"C dc((‘f""“l“ !I]C ﬁ'c’
quency of the discase and the cxtent of un-
fitess 1t cawses (ncrease over the general
death ratc) Then one can caleulate the mu-
tation rate which would be necessary to
offiet the loss of the gene through death of
its bearers Tins 1 predicated upon the
3“{“"‘7"0" lh-‘" l)".‘ gl‘"c {Y"quc"c)' 1 ore-
mamng coustant m the population. When

L oege



dr mutzvon rate for drodystrophy

doubtedly, is 1ts inheritance. Many gene-

(B 153) was aleulated by both methods,
ey gave anular results {about 45 mutations
e milion gametes), thus tendimg to venfy
fe methods The indirect method is con-
sheed not appheable to autosomal reces-
ses, bocase of the drfficulty of estimating
e effcts of heterozygosity upon survival
A second factor tendmg to merease the
fequencies of undesirable genes 15 the much
dreused one of differential reproductive
nte It x5 2 matter of frequent observation
thr, 2 population be classified by educa-
mnllevels, or by socio-economue status, or
by profession, the average famly size will be
smalt at the upper levels and largest at the
lonzrlevels Many people have been gravely
mnetrned over whether our mtelligence
e 1 being gradually lowered by this ro-
roductve diferential Basic to thus 1» the
#smpton that these classifications reflect
i dffironces m the mtelhgence of the
people at different Tevels, and that these are
ey determuned  Unguesonably,
* asumptions are only partly true—but
dc:bfg,t “t‘l?}' be 2 large one, Who will
“Hlatn::;anc ;]chgc physician 1s more m-
0“-dm - }cm average unskalled laborer:
e :‘mhu[t nd, meelhgence 15 not a
trihure, but a complex one, and so,

B 15 Chondrodyargpy,
Nt th namal stz of s an tody, and
the “bnornally short unbs iy ;: the

st conuon gype of dwarfing n man,
(Courtesy of Dr o J Reedy and

Dr Hans Mautner,)

of achondroplasia

tictsts feel that the higher mtelligence levels
can be formed by recombinanion of the
genes of sound but not supenor people.
Further, 1t nught be mentioned that therc
has been a tendency m recent years toward
larger fambes at the upper levels of society.

Another aspect of differential reproduc-
e ratcs concerns the reproductive rates of
persons with markedly undesirable genes,
such as those for mental deficiency. It has
been much pubhcazed that lugh-grade
morons sometimes are extraordmanly fer-
ale While this s teue, the more severe men-
tal deficienctes generally result 1 complete
steraliey. Many other undestrable genes seem
to depress the fernlity of their bearers Thus
aspect of the problem of differential repeo-
ductive rates has probably been overrated 1n
importance




Facrors TENDING TO DECREASE THE FRE-
QUENCIES OF UNDEsIRABLE GENEs  There are
also several factors which continually operate
to climinate undesirable genes from human
populations. The first of these is natural se-
lection. It 15 important to emphasize this,
because it has often been sad that man,
through his socual institutions, has stopped
the beneficial action of matural sclection.
Man has not yet learned to cancel out the
Taws of nature: hie can direct their action, but
he canuot destroy them. It 15 possible to
1dentify somic of the ways that natural sclec-
tion works m chmmating undesirable genes
m man today. A few of these may be re-
counted, Furst, undestrable genes often re-
duce fernlity. As an example, a genetically
cuppled man marnied 2 woman with a
munor defornuty which may or may not
have been genencally determmed. They
were extremely anxious to have cluldren,
but were unable to establish 2 pregnancy.
They then reported to an excellent stenhity
clime, where they were treated for many
years, entirely unsuccessfully. This 15 not an
unusual case hustory.

Further, vicums of severe gencuc dis-
orders may have difficulty i securing mates.
To take an example, a successful engmeer, a
brifhant man, was badly crippled by polio
He was very anxious to get married, but he
wanted a wife who would represent all of
lis unsatisfied athletic aspirations. Such girls
were not interested m him. Had he been
willing to marry a handicapped girl, he
would have had no difficulty But he 15 sull
a bachelor. Not mfrequently, severely de-
fecive people do marry others who are
sinularly handicapped But the more serious
the defect, the poorer are the chances m

general. This1s one form of natural selection

The victims of undestrable genes are also
subject to 3 higher death rate from discase
and accidents than 1s the general population
This is obvious it cases w here the phenotype

jiself 15 2 dangerous discase. But it may be
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equally effective in other cascs, like mental
deficiency. A high-grade moron may pro-
create a large number of children, but how

many of them will survive to reproductive -

age? The author 1s unable o quote seliable
statistics on this question, but doubrs very
gravely that their survival rate comes near
that of better endowed families. We fiveina
high speed, mechanized society in which
fatal accidents may strike at any moment.
Natural sclection in such a socicty must favor
the ability to think quickly and accurately,
and to mampulate high specd machinery
(mcluding the automobile) skilfully and ac-
curately. Acaidents do not just happen: every
careful study ndrcates thac chey are caused.
Thus is probably an effectve factor in natural
selection m modern socicty.

Another factor which tends to reduce the
frequency of undesirable genes 15 genetic
dnft. This sulject was discussed 1n chapter
19, and the discusston need not be repeated
here. It need only be pomted out that most
pathological genes are sufficiemly rare (for-
tunately) that accidents of sampling could
have an mportant beanng on thae fre-
quency. Measutements of mwtation fre-
quency for hemophiba (about thirty-two
mutattons per million gametes) indicate that
the new mutations within the past fow gene-
rations should account for more cases of
hemophulia than actually ewist. The only
avatlable explanation 1s that the difference is
accounted for by loss of genes through
natural sclection and genetic dnft. Thus m
large populanons genetic drift may operate
to deerease the frequencies of tare genes. In
small, solated popufations, such as com-
monly occur m backward regrons, hawever,
genetic drife may have a great effect on the
frequencics of all genes And, as that effect
1s mdependent of sclection, 1t undoubtedly
imereascs the prevalence of many pathologs-
cal genes It 1s for this reason that genctic
abnormalities are so common i small, to-
lated commumues.



Tre Evorvic Propuess 'The discussson of
fomn genetics and of man’s burden of
whitdle genes leads inevitably to the
gusoon of whether man can use s knowl-
ol of geneties to smprove himself, as he
s wel 1t 0 improve tus domestic plants
=) s, That this mught be done was
aignally proposed by Galton in she pre-
Mrdhn days He called the new science
which be envisioned engenics, and he defined
wisthe "sudy of agencies under soctal con-
e, dhat may smprove or 1mpair the racial
{newtag heredutary) qualines of futare gen-
wtors, exther physically or mentafly.”

Fugaues &5 generally approached from
wovery different angles, the negatsve and
gt psve, The objectve of negauve
aigenes 15 the ehmination of at least the
ot severely dewcisneral genes from hu-
oan popaliions ‘The objective of posttsve
ks is to promote the merease of the
v deacdle penes. Although Galton
toughe prmanly in terms of positive
s, wach 2 mentally and physically
;ﬁ:ﬁr humaniy); 25 hus goal, the actual ey~

Programs of the present century have
emphasaed the fegatwe aspect, przh:‘n‘xy

e s supetfically smpler.

' :::’WE Eucraics  The proponents of
e CUBECS point out that there are
ana ’fmvm““)’ caused deformities, such as

fmstzp?, of gross crippling, and mengal

" 926k s certam types of mental deo

Fg 1y Phenylyynvic ohgophrenta, 4
h’;;.mm ype of wental deficiency which
wdsenzed by e ability 10 oxidize
p’vﬂ!y’p‘ynlw( #td The roy tndscates
i lxile infanyle ticntality of shys oty
Q isonly 32 (Courtesy of Py,

o
Jobn g Retdy and Dy Fas Manpuer y

ficiency {fig 154) and insanuty, which ate so
disastrous in their effects thae the viettms
must always be wards of the state or in-
tolerable burdens upon their families The
birth of such a child 15 always an unrcheved
tragedy for the family, and »s fkely to be a
heavy and unproductve expense for the
state, It wsed to be urged that the state en~
force the sterstization of such persons and of
known cartiers, in the hope that such a pro-
gram, ngotously carned out, would quickly
rebeve manknd of sts gravest genetic bur-
dens. Many states have enacted such pro-
grams into law, but m most states the law
Tas been allowed to become a dead letter,
Neganive eugenscs has always been nghly
controversal, and such legishtion is not
often advacated any fonger, because of the
weight of tedhmeal and moral arguments
against 1t From a moral viewpomt, 1t 15 sad
that a person who 15 competent to live and
work 1n society has a nght to the meegnity of
s body, and that that night can be forfaircd
only 1 punshiment for enme, I he 15 not
competent, then society 15 obliged to pro-




vide institutional care. From a technical
viewpoint, the retumns to be expected from
a sterilization program depend upon the
mode of inheritance in the case of each
gene. The best success would be expected
with dominant genes having an carly inci-
dence, ke reunoblastoma. The results
would be poorer 1f a dominant gene had
late incidence, ltke Huntington’s chorca.
But the majonity of harmful genes are re-
cessive, and hence the number of undetected
heterozygous carriers far exceeds the num-
ber of idenufiable defectives. Most of the de-
fective patients results fram the segregation
of the genes of hetcrozygous parents, who
may themsclves be superior. The author 15
q d with a distingusshed professor,
who 1s histed in Who's Who and whose wile
carned a Pl Beta Kappa key, whose oldest
chuld is a genetic moron,

It is plan that the detection of heterozy-
gotes 15 an unportant problem. Some prog-
ress has been made toward s solution. Thus
persons heterozygous for the gene for
thalassenna major, a dangerous anenua, show
alterations of the red blood cells which con-
strrute the harmless thalasserma mimor Prog-
ress mn the ficld of identification of heterozy-
gous persons was summanzed up to 1948
by Neel i a paper which 1s erted at the end
of this chapter But this problem is further
complicated by the fact that human popu-
fations are so lughly heterozygous that prob-
ably most people are heterozygous for some
serously harmful genes. Muller has esu-
mated chat the average person 1s heterozy-
gous for at least cight such genes. Because of
thus, a thorough program of chmmation of
carriers of defective heredity would be pat-
ently impossible. Yet the ability to idenufy
heterozygotes would be invaluable to geneuc
counscllors: it would make 1t possible to

advise carners of the same defective gene

ace

against mareiage.
“In view of the grave problems discussed

~fhe

HUMAN GENETICS

above, it seems just as well to let the comn |
pulsory cugenics laws remam unenforced, *
On the other hand, because cach birth of 3 °
serious defective is a profound tragedy, -

known carricrs for the more serious defects
should ccrtainly be advised, preferably bes
fore marriage. Many will feel that it as
worth while to take a risk where the proba.
bility of a normal child 1s as good as three to
one. On the other hand, some will not if the
defect is sufficiently serious. Again, people
get married for many reasons, some of which
arc by no means adequate, If offered a good,
soctally acceptable excuse for backing out,
many would do so, and thus prevent an un-
fortunate and unsuccessful marriage, This is
a real service, for marriage will test the
mettle of the best, and 1t 15 only for mature
people who really want it.

Postmive Bucrnics The gencral objecs
tive of positive cugenics fs to merease the
frequencies of the most favorable genes in
human populations. But, winle 1t 13 easy to
define the gross abnormalines which are the
targets of negative cugenics, 1t 1s very diffi-
cult to define the objectves of positive
cugenics so exactly. In a general way, the
objectives are sound physical health and
superior mtclhgence. Speafic genes have
generally not been sdennfied, and ar scems
probable that thesc are mfluenced by whole
constellations of quanutative genes But the
objectives cannot be simple anyway, for di~
versity 1s as important to the welfare of man
as 15 supenonity. We must have techmcrats
as well as saienuists and physiaans, clerks as
well as Jawyers, laborers as well as execus
uves In a populanon of potenual Pl Btz
Kappa's, many of thesc essential jobs w ould
have to be done by very hnghly frustrated
and unhappy people Nevertheless, few will
wish to clam thac socrety has yet had the
services of aither as much or as good bramn
power as s desirable

A central problem for the positive cu-



geucts 16 the fact that people at the upper
fnels of our society, by whatever method
hose evels tmay be defined, generally donot
Bave famabies as Targe 25 do those at lower
ks The assumption 15 mude that the
vanows levels of society reflect the general
Tl of penetic endowment This cannat be
autely true, as educational opportumty and
ocher external factors have a great deal of
mfluence ont one’s stavon m hfe. But m a
fice, competutive socicty, 1t is very difficult
to mantain an undeserved position, and
wople from even the humblest ranks do
i to high positions, So perhaps thete is
good corrcdanion between sotio-ccononuc
sttes and mteligence 10 our soaiety. As
mentioned above, the perpetuation of the
best genotypes may depend upon repraduc-
ton by the best endowed persons, or 1t may
depend wpon recombimation of the genes of
good but not superior genotypes If the
bter 15 the ease, there 15 not much for the
posstve eugemost 1o do, but 1f the former 1

® £aie, 3t 15 ymportant to learn why the
bost endowed people do not have larger
familics, and to ke steps to remave those
Cames,

The cawse of the low reproductive ate
mong the more highly educated 15 a com-
e socwologreal problem and 15 beyond the
%ope of the presert work Some of the
problems revalve around delayed ume of
manage required by advanced education,
teduced hindo resulting from the sedentary
e, poor economic position in the early
Yoars of matrage coupled with the ‘high
::“ :g:;:::mw and housing, and the hxizh

tion for thers children

ey e s
the el o " ga ese rezsons for
bive L hm;hrsgs y educated people to
tons. may bE n‘tnu’nl (l;‘n: OY ‘hcsc suggcs_

ed. The fiest 15 perhaps
that marnage subsidhes should be gramted fo
#peTIor young couples 1o make ¢ feauble

for them to matry and have chuldren during
their college and graduate years (the best
years for child-bearng). Another chmnia&
suggestion is the establishment of a family
wage system, with substantal salary in-
creases upon marmage and wpon the birsh
of each child Because the cost of matermty
often appears as a disaster to 2 young, cnuplc
not et well estabhshed financially, low cost
matermity chnucs ate ymporsant in programs
for positive engenics, These are already avail-
able at all medical schools, but most people
do not live close enough to use them, and
the number of applicants exceeds available
facthties so much that teally needy apph-
cants must be repected. Very closely related
1s the Jugh cost of housing, which has been
heavly publicized (and attacked) 1n recent
years.

Another important aspect of the problem
1s the cast of hugher education, Many people
who really want a large family do not have
one because they feel that they must provide
maximal educational opportumty for their
children, and they realize that they cannot
do this for 2 large family. It bas thesefore
been suggested that college scholarships
should be establshed which are to be
awarded to outstandng stadents who are
members of large famaies.

A fimal aspect of postive engencs 1 the
fact that many people do not have children
because they cannac ¢stablsh a pregnancy,
Stenliey ¢ a widespread problem which is
not appreciated by the general public, A
ducussion of the causes and treatment of
stertfity docs not belong here. Haweves, it
should be emphasized that sterality 15 czu;cd
\;c); ;pc:xﬁc amatomical ot physw\cgical de-

. and these can often be treated suc-
cessfully. Sterbity clinies are now farly
common, and gynecolagists are generally
tramed in the treatment of stenihity, It 15 also
ymporant 15 emphasize the fact that stenhry
# a mutual problem of hushand and wife.



vide institutional care. From a technical
viewpoint, the returns to be expected from
a sierilization program depend upon the
mode of inheritance in the case of each
gene. The best success would be expected
with dominant genes having an early inci-
dence, like retinoblastoma. The resules
would be poorer 1f a dominant gene had
late incidence, ke Huntington’s chorca.
But the majority of harmful genes are re-
cesstve, and hence the number of undetected
heterozygous carners far exceeds the num-
ber of identifiable defectives. Most of the de-
feetive patients results from the segregation
of the genes of heterozygous parents, who
may themselves be supenor. The author is
acquatnted with a dsstmgusshed professor,
who 15 histed 10 Who's Who and whose wife
earned a Phi Beta Kappa key, whose oldest
cluld is a genetic moron,

It 18 plan that the deteetion of heterozy-
gotes 15 an important problem Some prog-
ress has been made toward ats solution. Thus
persons  heterozygous for the gene for
thalasseimia major, a dangerous anemia, show
alterations of the red blood cells which con-
strizute the harmless thalassenia nunor. Prog-
ress m the field of identsfication of heterozy-
g0u§ pL‘rSOIIS was SUl“l“Jrlsz IIP to IQJS
by Neel m a paper which 1s aited at the end
of this chapter But ths problem s further
complicated by the fact that human popu-
lations are so ughly heterozy gous that prob-
ably most people are heterozygous for some
seriously harmful genes. Muller has esti-
mated that the average person 1s heterozy-
gous for at least esght such genes, Because of
thss, a thorough program of chimmation of
carriers of defective heredity would be pat-
ently inlpmsrbk. Yet the abibty 10 sdennufy
hieterozygotes W ould bemvaluable to genetic
comsellors: 1t would make 1t possible to
2dvise carners of the same defective gene

against marnage.
In view of the grave problems discussed
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above, it scems just as well to let the come
pulsory cugenics laws remain unenforced.
On the other hand, becanse each birth of
scrious defective is a profound tragedy,
known carricrs for the more serious defects
should certainly be advised, preferably be-
forc marriage. Many will feel that it is
worth while to take a risk where the proba«
bility of a normal child is as good as three to
one. On the ather hand, some will not if the
defect 15 sufficiently scrious. Again, people
getmarried for many reasons, some of which
are by no means adequate. If offered a good,
socially acceptable excuse for backing out,
many would do so, and thus prevent an i~
fortunate and unsuccessful marriage, This 18
a real service, for marrage will test the
mettle of the best, and it 15 only for mature
people who really want st

Posttive Eucrnics The general objee-
tive of positive cugenics 15 to increase the
frequencies of the most favorable genes in
human populations But, while 1t 15 casy to
define the grass abnormahnes which are the
targets of negauve cugemcs, 1t 15 very diffis
cult to define the objectives of posinve
cugemics so exactly. In a general way, the
objectives are sound physical health and
superior mitelhigence, Speafic genes have
generally not been identified, and 1t seems
probablc that these are ifluenced by w hole
constellations of quanutative genes. But the
abjectives cannot be simple anyway, for di-
versity 15 as important to the welfare of mant
as 15 S\lp('"nn[y We must h.‘l\'(‘ lc{'l"“(‘lll“
as \\Tll as scentists Jlld ph)"lk‘lil“, C'(‘rk‘ as
well as lawyers, laborers as well as execu-
tives In a population of potental Phe Betz
Kappa's, many of these essental Jobs would
have to be done by very Inghly frustrated
and unhappy people Nevertheless, few will
wish to clam that society has yet had the
services of aither as much or as good bram
power as 15 deurable

A central peoblem for the poutve cu-



gemosts 1s the fact that people at the uppet
Yeels of our sociery, by whatever method
thove Jevels may be defined, generaily do not
fine firmtes a8 large as do those at Jower
teeds The assumption is made that the
sanous levels of socety reflect the gcncml
ey of genersc endowment, This cannot be
aerdy true, as educanional opportunury and
athee external factors have 2 great deal of
nfucnce on one’s stanon n Lfe, Bur n a2
fiee, competitive sociery, it is very dafficult
to mamain an undeserved posion, and
people from even the humblest ranks do
e to ugh positions. So perhaps there 15
200 correfanon between socio-economic
sans and mtefbgence in our society As
tenoned above, the perpetuation of the
st genotypes may depend upon reproduce
von by the best endowed persons, ot 1t may
depend upon recombimation of the genes of
good but not superior genotypes. If the
s 5 the case, there 15 pot much for the
fosave eugemcist to do, but «f the former 15
¢ €ac, 1t s ymporrant to learn why the
Yt ndowed people do not have larger
Eamdics, and 1o take steps 1o remove those
Lauses

m?:g“,}:c of t:c low yeproducuve rate
i Sonalom::; ‘g:i[y educated 15 2 com~
< of !hgc er lem and 1s beyond the
P":l‘kms m:; cicnt work Some of the
ioge m:ca a;aund delayed ume of
iy hb‘g d by advanced education,
o oo 160 resulting from the sedentary
\n'“Pd' ceonomic posimon w the early
ot of mamage caupled with the fugh
maersty and housg, and the high
““X"!‘fcdummn for therr chuldren, ¢
W;ﬁl‘;‘::“!‘:“mmi for pasiarve eugenics
Y s ;;;ml}v’;'mg these reasons fur
he Yarge fzmx)xes‘g Y eductd geogle to
Sty b Some of these sugges-
ol ecounted The first 35 pethaps
Spenor “’BL;‘:%;&X? should be granted to
Wpics 10 make 1t feasble

for them to marry and have children during
thar college and graduate years (the best
years for chdd-bearmng). Another perennial
suggestion 15 the establshment of 3 family
wage system, with substaneral salary in-
creases upon martage aod gport the bireh
of each child. Because the cost of maternity
often appears as a disaster to 2 young couple
not yet well established financially, low cast
marermity chimcs are important 1 programs
for positive engenics. These are already avail-
able at afl medical schools, but most people
do 1ot Yive dose enough to use them, 2nd
the number of appheants exceeds avatlable
facthuies so much that reafly needy apph-
cants must be rejected Very closely related
s the Ingh cost of housing, which has been
heavily publicsized (and attacked} 1 recent
yeats

Another important aspect of the problem
1s the cost of fugher education. Many people
who really want a large family do not have
one because they feel that they must provide
masimal educational opportumty for therr
children, and they realize that they cannot
do thus for 3 Jarge famuly. It has therefore
been suggested thae coflege scholarshup
should be established which are to be
awarded to outstanding students who are
mesmbers of large famibes.

A final aspect of posiive cugenics 15 the
facs that many people do not have duldren
because they cannot establish a pregnancy.
Sterthiry 15 a widespread problem which 1
not appreciated by the general public A
discussion of the causes and treatment of
stertlity does niot belong here However, 1t
shauld be emphasized that stenifity is caused
by speatfic anatommical or physiological de-
fects, and thesc can often be treated suc~
cessfully  Stenhity clinics are now fauly
cammon, and gynecologists are generally
tramed m the treatment of stenihity. 1 15 also
smportant to emphasize the fact that sterliry
5 2 mutual problem of husband and wife,




The defect which prevents conception is
found in the husband almost as often as in
his wife, And many a man who has cursed
his wife’s barrenness has remained childless
because false pride has kept him from sub-
nutang to cxamination.

In gcncmi. positive cugemes is not en-
cumbered by the moral problems which
beset negative cugenics, But 1t is besct by
practical problems wlich are as great: an
adequate program would be costly, and
could perhaps be done only through the
government. If the measures were applicd
equally to the entire public, they would not
have the desired cugemie effect. And if some
method were devised for applymg them sc-
lectively, let us say to the upper third of
cach college class, or to some stnular group
of proven superionty, then there would be
the greatest difficulty m sccuning public
consent. So 1t appears that the successful
utihization “of agencies under social control,
that may improve . . . . the racial quahices of’
future generanons” 55 still far m the future,
Meanwhile, we may take some sansfaction
m the fact that the average size of famulies of
college graduates has mcreased somewhat m
the past few years

§8. SOCIAL VALUES OF
GENETICS

Probably the majority of genenicists arc pard
as teachers, Thar job 15 to mvestigate funda-
mental problems in geneties and to transinst
the knowledge ganed, not only for the
tramng of more gencuasts, bue for the
benefit of biologssts generally, for che trame
ing of physiciams, and for 1ts value to the
general public, for which, m modemn soc-
cry, some understanding of scienee has be-
come a requirement of general calture.
Probably the sccond largest group of genen-
cists s made up of the plant and anmal
breeders, whose contribution to society was
discussed at length chapter 20
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But there arc some more specifically social
functions of genetics, sometimes pcxﬁ\mm!
by Jaboratory geneticists, sometimes by gev
netically trained physicians, and now ever
more commonly performed by men specif-
ically trained as human gencticists, and
stafling heredity clinics. Tt will be the purpoce
of the present section to discuss some of
these functions.

Marriagt Progrosts  One of the com-
monst services asked of a gencticist is pre-
diction of the probability that, if 2 young
couple should muarey, dheir children will
show some particular familial defect. For
cxample, 2 couple both of whom had just
graduated from college with high honors
were engaged to be married. The girl had 2
brother who was a moron, probably genet-
cally caused. Her fiance knew of no com-
parable affliction n his own family, nor dud
hus parents, who are living, It was necessary
to tell the gl that there is a 50 per cont
probability that she 15 a carrier, but as her
fiance was probably homozygous normal,
their cluldren would probably be normal
also. But she may transmit the gene for
mental deficiency, and 1t may show up m
later generattons. Of course, there was also
3 small probability that her flance was het-
crozypous, and they then would have a
probabihty of about onc erghth of having a
deficient child (only onc eighth because the
probability of her bemng a catrier ts one half).
Actually, this couple dearded to take the sk,
and all of therr children are normal.

In another mstance, both parttes have Ind
poliomychts, and they want to know what
is che probabiliey thae ther cluldren will
have the disease. As suscepribiliey 1s nherited
on the baus of a recessve gene, 1t 1s necessaty
to tell them that they are both homozvgous
and can only have homozygous chidren
Hence all of their chldren wall almost cer-
tamly have the disease unless adequate pre-
vennve measures intersene. in l’ll\ mstanee,
the couple were marned and had four dui-



drm, of which the first three all had polio,
e the fourth was st an snfant when the
s were st wnterviewed Today, with
qnma globlim and the Salk scrum, the
pelo gendrype may not be so sczous 2 dis~
svantage.

Somenmes advice is sought after marriage,
fecase an abnormal child has already been
torn. A couple had an anencephabie child
(ackng the bramn) which died on the day of
buth, The father recalled that his parents
bad fud two smmlar children wiuch akso
defonthe day of birth, The parents wanted
wknow the probabiliry that an additional
dild mould also be anencephalic The con-
daon has wot been stadied. extensively, but
sudes have been published winch indicate
@ bereditary bass for 1t, The occurrence
deee tmes 1 this one farmuly supports that
pwb:bxllty‘ There are two possible modes of
alenance which ate consistent with this
e (g 155). It mipht be based upon a
feesise gene, which woyld require that
Yotk patents be heterozygous (they are un
whted, and there s no record of the defectm
e wmother's family) Or 1t rughe be based
o a dominant with reduced penctrance.
m?*fuﬁ!rst ® conrect, then the probability of

Ut pregnancy leading to an anen-
phalic M woulq be 25 per cent, If the
';::"td Possibility js correct, then the proba-
I;r:/:;l:jutum child mherrang the gene for

¥ 15 50 per cent. But a child with

the gene may appear normal, like the father.
Actmally, this couple has had two more chul-
dren, both normal

CunicaL Diacnosts  Genetic jnforma-
tion may also be a conuiderable aid m diag-
nosts of disease. There is the case of a man
who was hospitalized with gastric hemor-
rhages. Gastric ulcer was suspected, but the
man's father said that he had always had
profuse nosebleeds. Therefore the possibility
was suggested that this man might also have
telangiectasss, with the prmapal distended
vessel m the stomach. An exploratory opera~
tion was performed, and the expected dilated
vessel found and removed. And thus an
“uleer” patient was released from the hos-
prtal after mmor treatment. It may be said
that any disease which can be diagnosed
after genetic nformation 15 given can be
diagnosed wathout 1t too. This 15 no doubt
true, for diagnosis depends first upon the
symptonis of the patient But m many -
stances, 3 correct diagnosts ss actually made
only after genetic mformation 15 obtamed,
and m many others genetic mformation
would no doubt shotten the road to a cot-
rect dagnosss.

PREVENTION OF Diseast  Genenic infor-
mation may be of considerable value m the
prevention of disease, because 1t provides a
basis for detecting potential victims before
they develop symptoms Mantc-depressive
psychosss, for example, 15 a very senous

Fig. 155 A pedigree Jor anencephaly



The defeet which prevents conception is
found in the husband almost as often as in
his wife. And many a man who has cursed
his wak's baceenness has remamed childless
because false pride has hept him from sub-
mittmg to examination.

In general, positve eugenies is not en-
cumbered by the moral problems which
besct negative cugenics. But 1t is beset by
practical problems which are as great: an
adequate program would be costly, and
could perhaps be done only through the
government, If the measures were applicd
cqually to the entire public, they would not
have the desired cugemic effect. And 1f some
method were devised for applymg them se-
lectively, let us say to the upper third of
each college class, or to some similar group
of proven supenionty, then there would be
the greatest dfficulty m sccuring public
consent. So 1t appears that the successful
utibizatton “*of agencies under social control,
that may 1mprove . . . . the ractal qualities of
future generations” 15 still far m the future,
Meanwlle, we may take some satisfaction
1 the fact that the average size of fammlies of
college graduates has mcreased somewhat in
the past few years,

68. SOCIAL VALUES OF
GENETICS

Probably the majority of gencticusts are pud
as teachers. Therr job 1s to mvestigate funda-
menial problems m genetics and to transtue
the knowledge gamed, not only for the
trammng of more genenasts, but for the
benefit of biologists generally, for the tram-
ing of physicians, and for s value to the
gcncml public, for which, m modern soct-
cty, some understanding of science has be-
come a requrement of general culture,
Probably the second largest group of geneti-
cists is made up of the plant and ammal
breeders, whose contribution to soctety was
discussed at length in chapter 2o.
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But there are some more speafically social
functions of genetics, sometimes performed
by ]abnr:mry geneticists, sometimes by ge-
netically trained physicmns. and now cver
more commonly performed by men specif-
ically tramed as homan gencticists, and
statfing heredity clinics. Tt will be the purpose
of the present section to discuss some of
these funcuons,

MAaRRIAGE ProGNosis  One of the com-
monest setvices asked of a geneticist 15 pre-
diction of the probatulity that, if a young
couple should marery, thar children will
show some particular familial defect. For
example, a couple both of whom had just
graduated from colfege with high honors
were engaged to be married. The girl had a
brother who was a moron, probably genen-
cally caused Her fiance knew of no com-
parable affficion m Ins own fanuly, nor did
{us parents, who are living, It was necessary
to tell the gurl that there 15 a so per cent
probability ¢hat she 1s 2 carrier, but as her
fiance was probably homozygous normal,
tharr children would probably be notmal
also. But she may transnue the gene for
mental deficiency, and 1t may show up m
later generanions. OF course, there was abo
a small probabihty that her fiance was het-
crozygous, and they then would have a
probabihity of about onc eighth of having a
deficient chnld (only one eighth because the
probability of her being a carnier 15 one half).
Actually, ths couple dearded to take the sk,
and all of their childeen ate normal

In another mstanee, both parties have had
poliomyehus, and they want to know what
1 the probability that thar chuldren will
have the discase Ay suscepilnfity 1s mhented
on [']C bJ“S 0(:& recessive g(‘"(‘, s K]C[CSSJT)'
1o tell them that they are both homozy gous
and can only have homozygous children.
Hence all of their eluldren will almost cer-
tamly have the discase unless adequate pre-
ventive measures meervene, fn this instance,
the couple were married and had four chil-



sl to the breeders They were swift to
pucqnize s value, and it probably is notan
entatement to say that the breeders have
nade more progress m the lase fifty yeats
i m all of the preceding millenma

Not the least of the achievements of ge-
st has been the growth of human
genenes The simple demonstranion that the
Mendelan faws apply to man as well as to
oer organssms 15 itself hughly significant.
But genenasts have gone far beyond that,
d have shown the exact bases of mher-
e of many speaific disorders, thus pro-
vidng the phyncian with a powerful—
though as yet madequately used—diagnostic
ad preventive tool And through eugeme
messores we may at least hope to hghten
man's burden of sorrow and 2dd some meas-
ure 1o hus competence to cope with the
problems which beset him.

All of thus has been accomplished wathin
very short span of time—wthin the life-
tme of some men now living, Every dis-
overy has, while solving one problem,
focused attention upon several more prob~
lems for research, whle providing few con-
ptsand tools for use tn therr mvesngation
Ths the scope of genctics and s potential
ftjr achievement have grown ever broader
Fwe may draw an amalogy between the
dvelopment of penetics and that of older
saences such as chemustry and physics, then
®m1y be confidently sud that the great
hievements of che past filky yeats are bt a
#rslude 1o a2 much greater future.

Ouestians and Problems
1 Define

Acofwmadence  Panmuas
Asarine matmg  Parnal sex-linkage
Cooungunneous  Pedigree
Eugenics Penetrance
Expenment Pocled data
Exprossvity Propostus
Holndne e

2 The following are pedigrees for polio.

Show how cach 15 compatible with the mode of
mhentance discussed in the text.

3 The followmng s 3 pedigree for mamc~

depressive psychosis. How would you mnterpret it

genetically.
112 3)45 67 89 1011
M 2 3 4/

4 Discuss the lmutations of the pedigree

method as compared to the experimental method

s Discuss the curabihity of genetically caused

diseases, and cite examples of such diseases winch
are subject to successful treatment at present,

6, What 1s meant by reduced penctrance?

Might your mterpretation of the pedigrec for
mame-depression m problem 3 be changed 1f you
were told that [-2 and 3 are probably of wdentical

genotype, with I-3 appeanng normal because of
reduced penetrance?

7 What are some of the advantages of the

study of nhentance m man?®

8 Why should the donunant backeross be

amportant for human genencs

9 Why should the sime disease be more
scvere when whented a3 a recesuve than when
whented as a domnant?

10 What1s meant by panmuas® To what extent
1 1¢ ordinanly achicved 1 human populanons

11 Can you think of any Amencan populations

10 which panmuas 15 notably restncted or lacking,
1 other words, m which thete 1 3 hugh deges of

inbreeding? What factors are responsble for ths?
1z Discuss the problem of the mhentance of

discase a3 such verws the mhentance

ubility of suscep-

13 Suppose that 2 person with 2 polyeysue



mental disease which has a strong hereditary
factor in its causation, But psychic traumata
are also necessary for ity climeal manifesta-
tion. If the physician knows that there is a
history of manic-depeession in a family, he
can be especially watchful of the mentat
hygiene of the chuldren, and he can be pre-
pared to refer them to a qualified specialist
if necessary. In this way, therr mental health
can be assured, when otherwise they would
be much more likely to develop the discase.

Snyder has reported a very mce example
of potential disease prevention by genctic
meats in the case of hemolytic icterus. This
15 a type of Jaundice in which the rate of de-
struction of red blood cells by the spleen is
abnormally ugh, The discase may 1un a
very rapid course to fatahty. But, fortu-
nately, preclinical signs of the disease can be
detected m the blood of a potential vietim,
and the discase can be prevented by removal
of the spleen. The discase 15 based upon a
dommant gene, In the case reported by L. H,
Snyder, a patient was operated upon m time
to save lns hfe, and his cluldren were tested
for blood signs. A son was found to show
the typical blood picturc of preclimcal hemo-
lytic icterus, and was urged to submit to the
preventive operation He refused, and some
tine later was brought mto the hospital wo
late to be saved. It would be mamifestly 1m-
possible to exatume everyone for preclmical
liemolytic 1cterus, but 1t would be practical,
as a routme matter, to CXamine the near
rclatives of known hemolytic scterus pa-
uents, Much the same applies to numerous
heredatary alls.

PareaniTy Trsts  The subject of de-
termmation of patermity 1m contested cases,
or of parentage when wore than one set of
parents claim the same child, was discussed
at length i chapter 8 Here 1t need only be
mentioned that this 1s one of the important
functions of genetics in socicty.
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Apvict on Eucrcs Procrams  Eimally,
it may be mentioned that the advice of coms
petent genericists should always be sought
before settng up any cugenic program,
whether negative ot positive, Tht scems so
obvious that it ought to be unnecessary ta
mention it yet lcgislalun‘s have been in-
adequatcly advised 1 the past,

69. RESUME AND PROSPECT

In the preceding pages, the development of
geneties has been traced from it elementary
beginmngs to 1ts present lughly complex
state, from the monohybrd cross to quanti-
tative inheritance and linkage, to the theory
of the gene and cytoplasmie inhentance.
Especially i the later chapters, some msight
has been afforded into the trends of current
tescarch m geneties: Where genetients first
sought only a carfication of the ratios of
mhentance m accordance with the Men-
delian laws, today the goab mclude an
understanding of the exact physiological
mechamsms through which genes obtan
thar cffects, and, indeed, an understandimg
of the chemustry and organizatton of the
gene self. Where the first geneticusts found
the apparent permanence of the gene to be a
stumbling block m the way of the under-
standmg of evolution, the genctictsts of to-
day have made their seience the comerstone
of evolution through studies on mutatton
and on populatton genetics

The growth of apphed geneties has been
spectacular, particularly m plant and ammal
breeding These scrences were, of course,
thousands of years old when genctics was
first wtroduced. Ther acluievements m pre-
geuctic days were great. Probably there was
not a sgle domestic plant or ammal m we
which did not differ greatly from 1ts wild
ancestors With the advent of genctics, how-
ever, a rattonal theory was for the firse aume



CHAPTER 22

Historical Retrospect

There are very few sciences for winch a
defiute date of ongin can be given. Genenies
B one of those few, for, although men had
wtested with the problems of heredity since
mmote antiquaty, no one had gamed any
wsight unl Jess than a century ago Then
one old February evening m 1865, Gregor
Mendel, & monk who hod expermented
wilh garden peas for esght years, read 2
pPper explamung bus expenments before 2
mall saentfie society And m that shor
paper {reproduced hete on pages 285-311)
weze the elements of genencs, as developed
Aehe rarly chaprers of this baok But before
\‘l\scussmg Mendel, 1£ may be well ro review
the forts of some of hus predecessors ta
understand che prnciples of herediry

0. SOME PREMENDELIAN
STUDENTS OF HEREDITY

1352 matter of common obscrvation that
gamsms are, i some measure, molded by
© evironment The best sced produces
aly 3 medsocre crep n poor sotl The sk
of man » tanned when exposed to the sun
The theory dhat shese acqured  characters
£radualhy blend o she hereditary make-
2p of orgamsms s 2 very old one, although
¥ s asocnred principally with the name of
tamareh, This French zoolognt developed 2
™ of evolunon based upon the e
tance of acquired characters However,
FXpenments set up to test such mhentance

heny

{as amputating the tarls of mice for many
successive generanons) always gave negative
results, and so the theory was discarded by
almost all biologists. It 15 unfortunate that
Lamarck is remembered primanly for thos
outmaded theory, for he wasa gifted zo0lo-
gist, with great accomphishments m com-
parative anatomy and raxonomy. He came
very close to the cell theory thirty years
before Schlerden and Schwann
In 1863 and 1864, 3 French botamst,
Naudm, published papers which ncluded
data whch were probably adequate for the
dertvation of the Mendelan laws, yer he
mussed Especsally sigmficant 15 the work of
Duerzon with bees, for 1t was probably
known o Mendel. Both men were Silesan
priests, and both were enthusastic bee
breeders. Tt was Dznerzon who first dis-
covered the fact that male bees hatch from
vnfertihzed eggs, while females hatch from
fertbized eggs He noted that the sons of
hybrd mothers were of the rwo grand-
patental types m equal numbers This may
have alerted Mendel to the smportance of
Tanos among the offspnng
Another unsuccessful attempt to under~
stand heredity was that of Darwm  Accord
g 10 his theory of pangeuests, every organy
m the body produces minute particles, the,
pangenes, which pass through the blood to]
the gametes In the embryo, each pangenc 15
m which st came. This cone
cept 1s quite harmomious with the mhenr-
ance of acquired characters, which Darwin
accepted  Yet Dacwin could not have
garded pmm -
working hypothesss, f e moie than 3
» 108 11 every editton of

the "Ongm of Speaes” he revsmed the
statement that “the lays governmng m-
hentance are for ¢

he most part unknoven,”



kadney were to suffer a kidney infecuion, How do
you think hus chances of recovery would compare
with those of a structurally normal person with
the same infection® What importance might this
have for preventuve medicine®

14. How can a gene be said to be partially sex-
linked? Give an example 1n man,

15. What are the mam factors which tend to
increase the frequencies of undesirable genes®

16 What evidence 15 there for the effectiveness
of natural selection m man today?>

17. To what extent should genetic drift favor
the elimmnation of undesirable genes®

18 'What are the objectives of negative cugenics®

19. What are the mam arguments for and
against negative cugerics?

20. What is the importance of the development
of means of dentifymg persons heterozygous for
recessive genes®

21. Formulate objectives for a potential program
of positive eugemcs.

22. How good would you consider the chances
of wnnmg public approval for an effecuve pro-
gram of positive eugenics?
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these, too, were very dufficule years, and his
health was frail In hss avtobtography,* he
wiowe that he “fele that it would not be
possble for him to endure such exertions
sull further, and he saw himself forced there~

garded, he could not be given a permanent
appointment, because he lacked the neces-
sary teaching credentials. He was therefore
urged to take the examination for teachers of
natural science. This he did i the spring of

fore after the complenon of his phiosophi- _48se5-but-he fuled. That he failed 15 hardly

aal studes to enter 2 profession m which he
would be freed of the bitter necessites of
\fe His aircumstances determined his choice
of profession He applied and was recerved
the Augsimian monastery of St, Thomas
n Altbrunn” And so in September 1843,
be entered the monastery of St. Thomas,
where e took the name Gregor, with which
be aheays signed himself,

Betause of the above statement m lus
autobiography, some have doubted the sin-
cerity of Mendel's religrous profession Yet
heappears 1o have been an exemplary mem-

t of the monastic communuty. Later, as
abbot, he shdwed more than ordinary con-
cemn for the spiovtaat hife of the community,
nd s assoctates have all attested the practi-
il character of hus farth Tt 13 known that the
possibility of hus entenng the priesthood had
long been under discussion 1 the Mendel
fimly, and, 1 selling tus farm, s father

d even made provisions m the sales con~
tr3ct for some help toward the educatton of
Johann “of the latter a5 he now designg
hould enter the priesthood "4 Thus 1t ap~
pears, while his arcumstances determimed
bis final chotce, that he veas already much
tterested in the pricsthood Had the famuly

Ml more prosperous, he might have bee
come 3 pans\]\ Ppriest rather than a mank

After s ordmation, Mendel was soon
3ugned to duty as 3 temporary teacher of
mathemanes and Greck m a neacby high
school Although his service was Tughly re.

* Mender's autobrography was wrtten 1 the
Burd peryon,

253 part of hus application for admys,
om0 the examinstion for hugh school teachers
LN LECY

£ The Lite of Mendel Translited by Edeyy
5 Ledar Paul W W Noston Ca , New. York,

surprising, for the examinaton was ordi-
nanly taken on the basis of umversity tram-
mg, and Mendel was entirely self-taught in
science. However, onc of the examiners
persuaded the abbot to send Mendel to the
Unwversity of Vienna for further traming
He attended the unversity for two years
(1851-1833), and in 1854 he was appointed
substitute teacher of natural sacnce m the
Britnn Modern School (an advanced tech
mical hugh school). In May 1856, he again
took the exammation for the teaching cre-
dentual, and agam he faled, There is no re-
hable mformation availble on why he
faled this ame, but it seems unlikely that
this gifted candidate was not adequately
prepared Some have thought that ani-
clencalsm  prcjudiced some of the ex.
aminers, while others believe that he showed
unusual mdependence of thought, and that
hus avid defense of theores contrary to those
of the exammers aromsed their antipathy,
At any rate, he failed, and he never again
applied for hus credentials, hence durmg the
enure fourteen years of his
Brunn Modern School hus
substitute teacher,
lar, full-time du
ments with peas s
and a school in

Service at the
title wag merely
although he was on Tegu-
ty He began his eXperi-
oon after his second failure,
spector has expressed the

board for fatling »
Mendel's teachun, i
8 years were his happiese,
Through the recollections of g stsg:x:ts
L 7€ APPCars a man of reseqye and humily,
g hsnll 3 warm and humay man, with gcm;
enthusiasm for s boys and for the sqences



One more “pre-Mendelian™ student of
heredity whose work was published after
Mendel's, but in ignorance of the latter, was
August Weismann, He became professor of
zoology at Freiburg in 1867, and for forty
years exercised a profound influence on bio-
logical thinking n relation to heredity and
evolution, He reasoned that the chromo-
somes must be the bearers of heredity, be-
cause only the chromosomes behaved in an
orderly, predictable fashion at cell division,
Because each embryo begins wath the fusion
of two gametes, he predicted that reduction
divisions would be found in the formation
of gametes Otherwise, the hereditary ma-
terial would be doubled at every generanen.
Embryonic differentianion he believed to
result from the progressve loss of heredi-
tary material duning the embryonie mitoses.
This required the dea that germ cells were
set aside m the carliest embryome stages as
reservoirs of completely undifferentiated—
and therefore genctically complete—cells.
These latter ideas have been completely dis-
proved, as was shown it chapter 16. As the
germ cclls are the only bridge betwoen gen-
crations, and as he beheved them to be at all
stages dustinet from all somatic cells, he
spoke of “the contmwity of the germplasm”
or the “immortality of the germplasm”
from the Adam of a specics to 1ts last mem-
ber This he contrasted wath the differen-
tiated and mortal body or soma,

71. GREGOR JOHANN
MENDEL: BIOGRAPHICAL
SKETCH

These, then, are some of the brilhant prede-
cessors of the modest monk, who, on
February 22, 1865 read to the Brimn Society
for the Study of Natural Saicnee a paper on
“Experiments in Plant Hybridization " In
thas paper, he st forth the fundamental laws
of heredity, yet no questions were asked,
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and 1o discusston followed his paper. Tt was
published in the following year m the Pro-
ceedings of the socicty, where it remained
almost unnoticed wnnl 1900, Yet the re-
discovery of this paper produced an effeet
comparable to that of the “Origin of
Species,”” Who pos this man who, un-
recognized in his own time, has had so
great an cffect upon our time?

Johann Mendel was borm in 1822 in the,
willage of Hemzendorf in Sifesia, His parents,
were peasants, and his father, although a:,
small landholder, was sull bound by the old '
feudal law of corvee to work three days a
week for the Countess Waldburg. Mendel
attended the willage school, in which natural
scienee was taught, an unusual thing at the
ume. Further, Father Schreiber, the village
priest, spent much time wmstructing the
peasants m the graftng of fruit teces, and fn
other techniques of saienufic farming, The
clder Mendel was one of his most cager
students, and heuce 1t appears that Johann
was, from cathest cluldhood, mfuenced m
the direction of botanical and agneultural
pursuits

The school master recogmzed Johann's
gemus, and urged Tus parents to send him
away for further schooling This was done
at the cost of much saenfice for the family
and genwmne privation for Johann In 1838,
tus father was struck by a rofling log WhilE
workmg on the estate of the countess His
chest was crushed, and he was never agam
able to work hus farm. Further help from
home was out of the quesuon, but joh\.um
was able to continue fus schooling becatise
Ius younger sister, Theresia, very generously
gave lum her dowry, and because he was
able to carn a frugal hving by prvate
teachmg.

MENDEL As A Monk AND Teacuee  After
graduaung from the gymnasium, Mendel
attended the Plulosophical Instiuce ac ol
mutz, where he distngushed Tumsclf. But



fought st wntil Tus death ten years Tater. To
ore naised in the American tradinon, the
whole controversy is difficult to understand.
It seems self-evadent that a prompt court
bearing should have settled the constitutional
queston, as Mendel wished. But the Im=
yrval Austsfan government took the view-
poms that 1t was teneath the dignity of the
govemment to discuss the valdwy of its
Laws with indendual ctizens. Afrer Mendel's
death, His successor obtamed # sextlement by
scknowledging the law and then applying
for cernptions to such an extent that ltele
ornone of the tax was payable.

Eicitng's INTerviEw  WitH  MENDEL
One of the best glimpses of Mendel's person~
aliy comes from this period. [n 1942 Mr. C.
W, Exchling, a flower and seed dealer of New
Orleanss, published in the Journal of Heredity
his recallections of a visic with Mendel
1878, when Mr Exchling had been a young
mn of 22 years, Mr. Eichhng wrote as
follows: “In the summer of 1878 1 was
traveling representauve for Laws Roempler,
one of the large novelty plant-and-sced
frms of Nancy, France. .. .

“Net one of the leaders i the horncul-
tuel ndustry jnterviewed that summer
mentioned the name of Mendel. Not until I
seached Erfuet and called on Ernest Benary,
the Nestor of European seed growers and
breeders, did 1 hear Mendcl's name men-
toned ., Benary mentoned Mendel . . . .
and b expenments with garden peas,
Poum gatiwnon. 1 told Benary that Brunn
%35 0n my juncrary and he suggested
that 1 try to meet the Abbot if possible.

"“On my armval at Briinn 1 called on the
only cystomer 1 had m the quamt old aity of
sbout 70,000 mhabstants. After our busincss
%3t concluded, T asked about the Abbot
Mendel My customer stared at me 1n some
stonsshment and dmild
A my inquiry. 1 was told that, while der
Herr At way one of the best beloved clerics

m Briinn, not 4 soul belteved his experi-
ments were anything more than a pastime,
and Ius theories anything more than the
maunderings of 2 charming putterer. . . .

“My first impression was a genuine and

pleasant surprisc. My customer’s account
had built i my ramd 3 picture of an old,
wankled, spooky, monk. Coming toward
me was a fine looking, spectacled pricst,
smuilmg and extending a welcoming hand.
His countenance expressed both determina~
won and kindlmess. 1 judged him to be
about fifty years old . .. - having been told
that German was the Abbot's favorste lan~
guage we were soon in a lively conversation

“I told Mendel that Emest Benary had
requested me to call on hum and 1 discovered
then that Mendel knew of nearly all the
important men in the plant and seed line. ...

“We then perused my catalogue together,
and Mendel displayed great interest in the
rare plonts I had to offer and asked many
questions about their propagation. . .

“It was now mid-day and the monastery
bell called to dinner to which the Abbor
mviced me. A substannal mea), served m
the Abbor's study, consusted of soup, home-
grown vegetables, home made bread, ex-
quisite ham and beer. After a hutle chat, the
Abbot invited me to walk with him through
his extensive gardens The grounds wete
kept as clean as a pm. I was shown beds of
well grown vegetables and fruit trees of
many vartettes, each tree with a label. Men-
del pointed with pride 1o a pair of espaliers
agamnst a wall, well loaded with frur. .

“I repeat here that at the tme I met Men-
det 1 knew practically nothing of hus dis-
covettes and experiments and he forbote to
enhighten me on the subject. He did show
me several beds of green pess m full beanng,
which he sad he had teshaped m height as
wellas 1n 6y pe of frurt to serve his establish-
ment fo betrer advantage 1asked him how
be did it and he rephed: ‘It is just 2 hitle



which he taught them (fig. 156). He was
skilled in making difficult material clear,
The boys were frequent visitors to the
monastery, where he showed them hus
microscope and his telescope, his bees and
his tamed animals, but especially his garden
plants. Yet he never hinted that he was him-
sclf carrymng out ongmal investigations.
MEnDEL As ABroT In March 1868, the
abbot dicd, and on March 30, Mendel's
brother monks unnnimm him to
that Ingh office, thus conferring upon lum
that honor which the rest of the world had
withheld. He wrote to the botanist Nigel
that “on March 30 my ummportant self was
elected hife-long head, by the chapter of the
monastery to which I belong. From the
very modest position of teacher of experi-
mental physics I thus find mysclf moved into
a sphere 1n which much appears strange to

HISTORICAL RETROSPECT

mie, and it will take some time and cffort
before I feel at home in it. This shall not
prevent me from continuing the hybridiza-
tion experiments of which I have become so
fond; I even hope to be able to devote
more time and attention to them, once 1
have become famnhar with my new posi
tion "™ This was to be an unrcalized hope,
however, for Mendel found that the sym-
pathetic direction of his staff, the fostering
of the rehigous Iife of the monastic com-
mumty, and the care and restoration of the
monastery took ever more and more of his
time. But most of all, Ins e and encrgy
were consurned by a bitter dispute wath the
state over taxauon, In 1874, a law for tax-
ation of the monasteries was passed. Mendel
regarded the law as unconstitutional, and

* Supplement to Geneties, vol. 35, “Durth of
Genetics.”

Fig 156. Statue of Mendel at
Brun, by Charlenont (Trom
Hns, Life of Mendch, W W
Norton Co )



fucht st wnnl bus death ten yeats later, To
stz msed ' the American teadition, the
akole controversy 1s dfficult to understand

It seems self-evident that a prompt court
bearing should have scttled the constitutional
quston, a8 Mendel wished. But the Tm-
pera) Austrian government sook the view-
pornt that at was beneath the dignity of the
povermment to discuss the vahdity of its
Laswith ndsvidaat ctzens, After Mendel's
death, s successor obtained 2 settl by

in Broimn, not a soul believed his exper-
ments were anything more than a pastime,
and his theoties anything more than the
mannderings of a chatming putterer. . . «
“My first impression was 2 genuine and
pleasant surprise. My customer’s account
Tad bude m my mind a picture of an old,
wrinkled, spooky, monk Commg toward
me was a fine looking, spectacled priest,
smiling and extending a welcommng hand,

His ¢ e d both determina~

knowledging the Jaw and then applying
for exemptions to such an extent that little
ornone of the tax was payable.

Bamwe's Intevisw  wimt Mesoee
Oreofthe best glimpses of Mendel's person=
ity comes from this perod. In 1942 Mr. C.
W. Eichling, a flower and seed dealer of New
Otlears, published in the Journal of Heredity
ks recoffections of a visic with Mendel 1
1378, when Mr. Exchling had been a young
min of 22 yeats. Mr. Eichling wrote as
follows: “fn the summer of 1878 1 was
tvehing eepresentative for Louis Roempler,
¢ of the large novelty plant-and-seed
fiems o(chy, France. ..,

"Not onc of the leaders 1 the horticul-
il imdustry nterviewed that summer
meationed the name of Mendel Not until {
seached Erfort and called on Ernest Benary,
the Nestor of European sced growers and
broeders, did 1 hear Mendel’s name men-
toned. . Benary mennotied Mendel .
and fug expenments with garden peas,
Bam sativum 1 told Benary that Brunn
B0 my juncrary . and he suggested

1 try to mect the Abbot f posuble.

“On my arnival at Drunn 1 called on the
only eustomer [ had tn the quamt old cuty of
sbout 70,000 whabutarws. After our business
%35 concluded, 1 asked about the Abbet
Mendd My customer stared at me 1n some
Htonn and d mild
3 my inqury I was told that, while der
Hort b was onc of the best beloved dengcs

non and kindlmess. 1 judged him to be
about fifty years old . . . . having been told
that German was the Abbot’s favorite lan-
g\ngc We WeTE sQOT 111 al\vely CQ“VC[S@&Q“‘

“1 told Mendel that Ernest Benary had
requested me to call on bim and 1 discovered
then that Mendel knew of nearly all the
important men 1n the plant and seed lme. . ..

“We then perused my catalogue together,
and Mendel displayed great interest in the
rage plants I had to offer and asked many
about their p

S =) e
now mid-day and the monastery
bell called to dinner to which the Abbor
mvited me A substantial meal, served
the Abbot's study, consisted of soup, home-
grown vegetables, home made bread, ex-
quisite ham and beer After a littde char, the
Abbot mvited me to walk with him through
his extensive gardens. ‘The grounds were
kept as clean as a pun. I was shown beds of
well grown vegetsbles and frust trees of
many vaneues, each tree with a label Men-
del pomnted with pnde 10 2 pair of espaters
aganst a wall, well loaded with fruie. . .

“T repeat heee that at the time I met Men-
del 1 knew practically nothing of hys dis-
coveries and experiments and he forhore to
enlighten me on the subject. He did show
me several beds of green peasin fiull bearin,
which he said he had reshaped 1 s

’ heght as
well 2¢ ta type of frur 1o serve his csszhsh-
:mz to beteer advantage, | asked him how

© did it and he replied. ‘It 15 just a hule

i\
“It was



trick, but there is a long story connected
with it which would take too long to tell’. . ..

“T told Mendel that T had promised to
make a report to Benary regarding these
experiments, but Mendel changed the sub-
ject and asked me to mspect hus hothouse, . . .

“Mendel asked me about my school
days. . . . He was of the opinon that 1
should have gone through Heidelberg Uni-
versity, He became enthusiastic when he
spoke of hus own student years in Vienna
and we even recalled some of our favorite
student songs such as *Gaudeamus sgitur’—
‘Vom Hol'n Olymp'—Edute, bibite collegi-
ales,’ ctc. ...

“My time to leave had arnved, and 1
thanked the Abbot for lus grear kinduess to
me, a young stranger. 1 knew from lus
hearty handshake and Ius blessing that T had
made 1 friend. He accompanted me to the
gate and made me pronuse to call on lim
agan This was not to be, because other
plans prevented my returning,

“It 15 strange that when I asked Mendel
about hus work with the peas, he deliberately
changed the subject. It could not have been
that hie had any desire to wathhold the facts
from me, for he had published the two 1m-
mortal papers on Ins discoveries a dozen
years before. It would seem that a direct m-
witation to talk about what must have been a
very important episode m lus hife would
have been eagerly seized upon Could 1t be
that tlus reticence was duc to the complete
oblivion lis publicanons had achieved: Ac-
tually to have found the key to the nddle of
heredity, and to have lis discovery com-
pletely ignored both by s friends and by
the scienuific public must have been a tragie
blow. . . But the patromzmg letter from
Nigeli, advising bum to spend his ome more
profitably, would have been cnough to

Fig. 157, Higo de Pries.
(Front Geneties, rol. 4.)
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quench the enthusiasm of a very hardy soul
indeed. Be that as it may, by falig to draw
the master out with a sympathetic question
I missed a priceless chance, m that garden
sixty-four summers ago, to hear from the
lips of the foutider of Gentetics how he made
the discovery which today is recogmzed as
marking an cpoch in the study of hfe,”
luinrss aND Dratit After several years
of poor health, Mendel became acutely il
on January 4, 1884, and he dicd two days
later of heart failure and Bught's disease.
After a funcral mass on January 9, the
founder of genctics was buried in the mon-
astery cemetery. His funcral was attended by
the digmtaries of church and state, and by a
great throng which included students who
honored the memory of an inspung teacher,
poor people who mourned, as Iftis has said,
“a true discrple of Chrse, who kuew how to
give almsand not to humibate the receiver,™
but there were none present who suspected
that they were buryng a great scientist,

* {itss, m Genctics i the 2oth Century, 19§51,
The Macnullan Co., New York,




Fe 158, Carl Correns,
(Fom Genens, vol 12

2. THE REDISCOVERY OF
MENDEL AND MENDELISM

Ont of Mendel's successors has quoted um
& ayng, with regard to hs cxpenments m

ctedity, “My time will surely come” It
&d come 1y the spring of 1900, and the
vory ofhis rediscovery and hus loug overdue
feopnition, achieved through the mde-
Pondens efforts of three men, 15 one of lugh
dram, seldam cqualid m the hustory of
K’Imcc. These three men were Hugo de
Z‘HE, Carl Correns, and Ench von Tscher~

K.

De Vrigs (g 157) was a dustinguished
Durch botanist, whose swudics m evolution
bad Ted om0 ke Mendchan crosses 1n

Tig 159 Lndh von Tachrpmgg,
(From Genetics, vol, 27y

ten genera of plants, upon which he pub-
fished first in the Procecdings of the French
Academy of Sciences, then more fully in the
March 1900 1ssue of the Reports of the
German Botanical Society. In the second
paper, he acknowledged the puonty of
Mendel. Meanwhile, Carl Correns {fig. 158),
a young German botanust, was writing up
the results of similar expenments on com
and peas, and he published his paper i the
Apnl 1ssue of the Reports of the German
Botanical Society. He included the state-
ment that, “I thought that I had found some-
thing new. But then I convinced myself that
the Abbot Gregor Mendel 1 Briinn, had,
durmg, the sixties, not only obtamed the
same results through extensive experiments
with peas, which lasted for many years, as
did de Vries and I, but had also given exactly
the same explanavion, as far as that was
possible n the sixtes*

Ench von Tschermak (fig. 159) was 2
Viennese plant breeder, who inJanuary 1900
had submitted a post-doctoral thesis in which
e had also deseribed the results of two years

* 1950, The Breth of Genenes Supplement ta
Genencs, vol 35




trick, but there is a long story connected
with 1t which would take too long to tell'. . .,

“I told Mendel that T had promised to
make a report to Benary regarding these
cxpernments, but Mendel changed the sub-
Jject and asked me to mspect s hathouse. . ..,

“Mendel asked me about my school
days. . . . He was of the opmion that I
should have gone through Heidelberg Uni-
versity, He became enthusiastic when he
spoke of his own student years in Vienma
and we even recalled some of our favornite
student songs such as ‘Gaudeamus igitur'—
“Vom Hol'n Olymp’~"Edite, bibite collegi-
ales,” ete. . ..

“My time to Jeave had arrived, and I
thanked the Abbot for lus great kindness to
me, a young stranger. 1 knew from Ins
hearty handshake and s blessing that I had
made a friend He accompanied me to the
gate and made me promuse ¢o call on him
agan This was not to be, because other
Plflns PXCVC“[Cd lny l‘clurl!mg.

“It 1s strange that wlhen I asked Mendel
about hus work with the peas, he deliberately
changed the subject. It could not have beeu
that he had any desire to withhold the facts
from me, for he had published the two 1m-
mortal papers on lis discoveries a dozen
years before. It would secm that a dieect m-
vitatton to talk about what must have been a
very mnportant cpisode m lus hfe would
lhave been eagerly serzed upon. Could 1t be
that tlus reticence was due to the complete
oblivion his publications had achieved: Ac-
tually to have found the key to the nddle of
heredity, and to have lus discovery com-
pletely 1gnored both by s friends and by
the scientific public must have been a tragic
blow. . . . But the patromzmg letter from
Nigcly, adwising lim to spend lus tume more
profitably, would have been enough to

Fig. 157. Hugo de Vrries
(From Genetics, vol. 4.}
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quench the enchusiasm of 2 very hardy soui
indeed. Be that as it may, by failing to draw
the master out with a sympathetic question
I missed a priceless chance, in that gardes
sixty-four summers ago, to hear from the
lips of the founder of Geneties how he made
the discovery which today is recognized as
marking an epoch in the study of hfe.”
Iuiness anp Deatnn After several years
of poor health, Mendel became acutely il
on January 4, 1884, and he died ewo days
later of heart falure and Bright’s discase.
After a funcral mass on January 9, the
founder of geneties was buried in the mon-
astery cemetery, His funcral was attended by
the dignitaries of chiurch and state, and by
great throng which included students who
honored the memory of an inspiring teacher,
poor peaple who mourned, as llus has said,
“a true discaple of Chinst, who knew how to
give alms and not to humiliate the recerver,™
but there were none present who suspected
that they were buryng a gicat scientist.

* us, n Genetics 1 the 20th Century, 1951,
The Macnullan Co, New York,




|
|
f

£ of sy discrveries of compantle 2z
ok bave beem s compieeely fomored F
e zze of the dacovercr, Mendel's paper
s cd, bowever, - WL 0. Fecke's com-
ehmsve Besichy o plane hybridi-
zzen, which was pebishad i 1881, It was
troegh s mieremce that the three re-
dscoverees foemd that Mended bad prerity
over them by durry-five years, But Menddd
bled that “my drme will surely come™:
&4 come in the spring of 1900, and it will
beaskonyas markind bonors is benefactors.

Govencs, & Yorse Samxae  In con-
dulmg dhis historical survey, it may be
profuble 10 emphasize the fact that these
T are recent ones. At the time of this
wnitng, there 15 sall bving at least one man
*ho bas wlked with Mendel (Mr. C. W.
bicthng, who was quoted above). And one
of the three rediscoverers, von Tschermak,
5 5l lvng, OF those men who Jomed the
ks of the new science at the tuen of the
iy, 2 goodly company are sall with us,
w that there are today many lving binks
with the fing days of genetics.

. some NOTES ON THE
LATER HISTORY OF
GENETICS

Much of the subsequent hustory of geneties
B2t alrcady been recounted in the preceding
Suprer, However, a bricf summary may
bem order here, The firse major task of the
erly genetsests was to demonsteate the unm.
‘erubiy of the Mendclian laws, by explor-
2 the sunplest types of mhentance in a
wide vanety of plants and ammals Correns
®ataleader in this work 1 Germany, with
b studies an corn and other plants Bateson
d Punnere dud the proncer work in Eng.

nd, working espectally with chickens and
eet peas. Cuénot i France and William
Cutle 1 the United States ook the lead i
mMmmalun genetics Smm}uncously_

some
f the more complex problems were

baing

araacked. Correns quickly turned to prob-
lems of oytoplismic inheritance, Barcfm\
and Punnete led the way in the investigation
of collaberation of factors, and Johannsen
developed the pure line concept, which
proved to be the key to the old nature-
nurture problem. As early as 1906, Nilsson-
Ehle published 2 paper Which established
genetics as the rational basis of plant breed-
;n«:, and the role of genetics in both plant
and animal breeding has grown steadily
since that time.
In 1910, Thomas Hunt Morgan intro-
duced the use of the fruit fly, Drosophila
melanogaster, into genetic rescarch, The pages
which precede attest how potent 2 catalyst
for the development of genetics this proved
to be. But even more important than so
fortunate a choice of experimental organ-
sms was the group of collaborators which
Morgan attracted, first at Columbia Uni-
veruty and later at California Tnstitute of
Technology. These meluded such men as
H J. Muller, who, ke Morgan himsclf,
later became a Nobel laurcate; A, 1.
Sturtevant; and Calvin Bridges. The com-
bmaton led not only to the most thorough
understanding of a smgle organism that has
yet been aclueved, but more specifically it
Ied 1 the followmg fiftcen years to the full
vindication of the chromosome theory of
mhentance, the understanding of sex lnkage,
linkage and chromosomie mapping, and
finally to the theory of the gene, as published
by Morgan m 1926, During this same period,
Goldschmde, 1n Gcmuny, and Bridges, in
Morgan’s hbnmory. careed on experi-
ments which are the foundation of today's
undcm:ndmg of the dct:m\ination of sex.
r":: :::ss t{m duning this period that ghe
Ps were taken toward the develop-

- About 190, G, g,



of study upon mheritance fu peas. Publica-
tion of the entire thesis was planned, but
when the papers of de Vries and Correns ap-
peared, he felt that a summary of i thesis
should be published promptly, and so he
prepated a brief note for the June issuc of the
Reports of the German Botameal Socicty.
In commenting upon these cvents, von
Tschermak wrote . . . | The three redis-
coverers were fully aware of the fact that the
mndependent discovery of the laws of hered-
ity in 1000 was far from bemg the accom-
plishment that it had been in Mendel's time
sitice 16 was made considerably casier by the
work which had appcared 1n the interval. . ..
Consequently the three rediscoverers were
less mterested 1 being celebrated as redis-
coverers of rules they themselves designated
‘Mendel’s laws”, than m the suceessful utilt-
zation of these laws for the development of
their varous fields: de Vries for the muration
theory, Cotrens for fundamental rescarch m
inheritance, and 1 for practical plant breed-
mg.”™*

Of this famous triumwirate, only von
Tschermak 1s sull living at this wriong. He
lias fulfilled the high promise of his youth,
for he has been one of the most productive
of the Mendchan plant breeders.

73. WHY WAS MENDEL'S
RECOGNITION SO LONG
DELAYED?

The question of why Mendcl's recognition
was so long delayed has vexed the hustorians
of science It 15 known that the Proceedings
of the Brinn Society were m the libraries of
most of the umversities of Europe and
Amenca. Yet busy saentsts may not have
opened a Journal 1 which they did not ex~
pect to find anything of importance.
MenpEL'S CORRESPONDENCE wiTil NG
. Mendel sent a reprmt of his paper to at
Jeast onc botanist who ought to have recog-

* Journal of Hereduey, 1951,
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nized its value* Carl Nageli, a specaalist in
plant hybridization, who was often regarded
as the most distinguished botanist of his time.
But Nigeli replicd in condescending tone,
saymg with respect to the pea experiments,
that they “arc not completed but that they
should really yust begm,” a severe stricture
considering that Mendel's paper was based
on over 10,000 plants. Nigeh expressed
willingness to repear the eaperiments if
Mendel would send him sced. Mendel sent
him no less than 140 packages of sceds with
complete dircetions, but no experiments
werc cver carried to completion. Mendel and
Nageli remamed 1 correspondence unul
1873, mostly m regard to experiments with
the hawkweed, Hieracinm, m which Nigeh
was much interested In spite of this, Nigeh
did not constder Mendel worthy of mention
in a book on heredity which hie published
1884.

MENDEL AND DARwIN - Bateson has sug-
gosted that Mendel would have achieved the
recogton which he descrved durmg Ins
life tne had Darwin read hus paper Darwin
was fanuhar with the hierature on hybrids
zanon, and he realized that the weakest
aspect of his theory of the ongmn of species
lay m the lack of rehable mformanon on
heredity,  Bateson behieved  that Darwm
would have recogmzed and publicrzed the
vatue of Mendel's work. That Darwm did
not have Mendel's paper 15 certain, for his
Iibrary has been thoroughly scarched. Bate-
son may well be right, but the dhiesss 1s an-
provable, and 1t may well be wrong, for
surcly the <ame thing would have been said
of Nagel were not the fustory of hus rela-
tionshtp to Mendel hnown

Another factor may fave been the mathe-
matcal treatment of hus data. Although this
was an important feature m Mendel's suc-
cess, quantitacive brology was then unheard
of, and 1t must have scemed strange and -
compreheusible to biologists accustomsed to
thinkng only m quahtatve terms

Whatcver the real cawe may have been,



& of any duscoveries of comparable mag-
sende have been so completely ignored in
L ume of the discoverer, Mendel's paper
s ted, however, in W, O. Focke's com-
prebeasne bibhography of plant hybridi-
aon, which was published in 1881, Tt was
trough ths reference that the three re~
dxconerers found that Mendel had prionty
overthern by tharty-five yeass But Mendel
bad sad dhat “my time wall surely come”’:
wdid come in the spring of 1900, and 1t will
Jand honors 1ts benefs

Gevtmics, A Younc Science o con-
dudng this hustorical survey, it may be
pofiuble 10 emphasize the fact that these
&ients are recent ones. At the time of this
wang, there 15 seill hving at least one man
who has nafked with Mendel (Mr. €. WL
fuhling, who was quoted sbove). And one
of the three rediscoverers, von Tschermak,
tsall hving, Of those men Wwho jomed the
ks of the new science at the tum of the
fmtury, a goodly company ate sull wath us,
1o dhat dhese are today many bving bk
with the first days of geneucs

[
benlong:

7. SOME NOTES ON THE
LATER HISTORY OF
GENETICS

Much of the subscquent fustory of genetics
atdlready been d m the precedmg

artacked. Correns quickly turned to prob-
jems of cytoplsmic inheritance. Bateson
and Punnert led the way in the investigauon
of collaboranon of factors, and Johannsen
developed the pure fme concept, which
proved to be the key to the old nature-
nutture problem. As eatly a5 1906, Nalsson-
Ehle published a paper which established
genetics as the rational basis of plant breed-
1ng, and the role of geneties in both plant
and animal breeding has grown steaddly
since that ame.

In 1910, Thomas Hunt Morgan intro~
duced the use of the fruit fly, Drosophila
melanogaster, into genenc research. The pages
which precede attest how potent a catalyst
for the development of genencs this proved
to be But even more ymportant than so
fortunate a choice of expermental organ~
1sms was the group of collaborators which
Morgan ateracted, first at Columbia Umi-
versity and later at Califorma Institute of
Technology. These mcluded such men as
B Muller, who, bke Morgan himself,
later became a Nobel laureate; A H.
Sturtevant; and Calvin Bridges The com-
bination fed not only 1o the most thorough

4 ding of 2 single that has
yet been aclueved, but more speafically it
ted 1 the followmg fifteen years to the full
vindication of the chromosome theory of

dupeers However, a boef summary ma
b order here The first major task of the
tarly genenteasts was to demonsteate the un-
“eraity of the Mendelian laws, by cxplot-
g the smplest types of inhenitance 1 2
#ide vanety of plants and animals Correns
®a1a leader in this wark 1 Germany, with
Bt studics on corn and other plants Bateson
14 Pusners dd the promee work m Eng-
lind, working especnally with chickens and
et peas: Cuénot in France and William
Cavde i the United States taok the lead m

lun genctics Stmul 1y, some
of the more complex problems were beng

henttance, the und ding of sex lirkage,
bnkage and chromosome mapping, and
finally to the theory of the gene, as published
by Morgann 1926, Dunng this same period,
Goldschrmude, 1n Germany, and Bridges, ix;
Morsgan's labomory, carried on expert~
ments which are the foundation of today's
understanding of the determination of sex,
It was abo during this period that the
first steps were taken toward the develo,
went of hybdd com, About 1905, G. g
Shall began his investigations ofinb;cd lm ;
of corn, and hus msight mto the rela hics
between the detenoranon of e
P of inbred lines and
yord vigor led to ¢he production of sy.



pertot hybrids. But these were not com-
mercially practical because of the poor seed
sct of the mbred parents. D. E. Jones over-
came this difficulty in 1917 by the imtro-
duction of the double-cross method. From
that point on, hybrid corn became simply a
matter of the exploration of the most de-
sirable double-crosses, and this has been a
major occupation of maize breeders since
that time. N .
Muller discovered the mduction of muga-
tions by x~rays in 1929, and this has been a
powerful stimulus not only to studies on
mutation, but also to studies on the nature
of the gene. This was followed in 1933 by
the discovery of the saltvary gland chromo-
somes by the German cytologusts, Hetz and
Bauer, and by their use mn cytogenetics by
the American, T. S. Pamter. Brdges, how-
cver, mote than anyonc clse, was responsible
for the cxploiation of the salivary gland
chromosomes. The study of the salwvary
gland chromosomes showed that the posi-
tion effects, which had been discovered 1n
1925 by Sturtevant and Morgan, were much
more frequent and important than had been
supposed. Parallelng this were the extensive
and balliant studies of A F Blakeslee and
lus many collaborators at Smith College on
the chromosomal mutants of Datura, the
Jumson weed. Goldschndt then made the
various facts assoctated with posiion effects
the basis for a concerted attack upon the
idea of genes as discrete particles. Another
very tmportant factor m the development of
the theory of the gene was the nise of bio-
chemical genetics. Some experiments m this
field had been carned out even dunng the
first two decades of the present century,
especnally by the English geneticusts, but st
rccclvcd ins grcntcst mpetus much more
recently. Beadle and Ephrussi, durng the
carly thirties, mvestigated the biochenucal
genetics of cye pigments 1 Drosophtla and
some other insects While they produced

some valuable results, the most important

282

HiSTORICAL RETROSFECT

outcome of this work was the scarch for an
orgamsm more readily adapted to the study
of genetic problems from a biochemical
point of view, and the resulting investiga-
uons of the mold Nenrospora by Beadle and
many collaborators.

The biochemical genetics of Newrospora is
also one of the most important recent de-
velopments in physiological genetics, which
15, however, a much older field of mvesti
gation. Goldschmidt began s work in this
field catly m the present century, while
Sewall Wright, of the University of Chica-
g0, has been active m this ficld smee 1916,

Some mention should be made of the
saddest chapter m the history of genetcs.
Duning the twentics, Russia achieved a posi-
tion of dustinction in genctics, under the
feadership of such men as N. K. Koltzoff, a
world leader in ammal genetics and cytol-
ogy, and N. 1. Vavilov, a plant breeder and
plant geographer of the greatest magmitude.
But a young plant breeder, named T. D.
Lysenko, tcamed up in the carly thirues
with a Marxist philosopher, named ] J
Prezent. The result has been disastrous for
the development of genetics. In 1936,
Lysenko challenged Vavilov, not on the
grounds that he had repeated the basic
Mendehan expeniments and found them
erroncous, but rather on the grounds that
tlus was foreign science, that 1t was an evil
thing born i a monastery at the hands of a
priest and nurtured by Morgan withmn the
shadow of Wall Strect, and that 1t was
idealistic and so mcompatible with dialecti-
cal materialism. As Goldschrudt has pownted
out, such nonsensc may be raised by char-
[atans or fanatics w any country, but m a
frec country the sense of humor of their
colleagues has free reign and prevents any
dssastrous  effects of such aberrations. fn
Russia, however, tlus was not possible, for
Lysenko convinced the poltical authonities
that the gencuicists were actually enenues of
the state, and so the power of the state



$acked hum up and prevented the free dis-
ausson which is the necessacy condution for
weellectual progress. By the beginning of
World War 11, Koltzoff, who was a very
od man, had been forced to close his Jabo-
utory, and Vavilov had been sent to a
forced labor camp mn Sibetta. There he died,
probably m 1942.

n the place of the fine science of genetics
which these martyrs for science had de~
vloped 1 Russia, Lysenko established 2
form of Lsmarckism which he called Mi-
churnsm, after an earhier Russian plant
breeder. All Russian geneticrsts then had to
gwve at Jeast Lp service to Michurinism.
Nonetheless, some bold men still contined
topublish papers in the fine tradinon of their
predecessors. Then in 1948, Lysenko an-
nounced that the Central Commuttee of the
Communsst Party had examined his posinon
and had appraved it. henceforth, no devi-
sion from Michurnin-Lysenko  biology
would be permitted. Simce the death of
Stalin, there have been some indicanons
that there may be a retum to a sounder
policy with regard to genenics n Russia
Saentists throughout the world wall watch
these developments wath hopeful mterest

One of the most active aspects of genencs
today 15 the applicanion of gencucs to prob-
Tems of evolution. At the turn of the cen-
tury, the siew saience of genenics seemed to
be a stumbling block in the way of cvolu.
tion, The apparent permanence of the gene
scemed to preclude any evolution which
might go beyond a mere reshuffling of a few
alleles Bt mercasng knowledge of muta.
tori removed that difficulty, and, when
Dobzhansky published the first edition of
“Genetics and the Ongmn of Speaies,” the
majority of biologsts weree quickly con-
vinced that the dynamics of evolution layin
the field of population genetics. No one has
been more active than Dabzhansky hmself
m the explortation of this field, buy mention
should alio be made of R, A. Fysher and
Sewall Wnght, Who have taken the Yoad in

the mathematical analysis of population ge-
netscs, and of Goldschaidr, who hias played
an ymporrant role by protesung too easy an
acceptance of mcompletely anatyzed idess,
and by proposing alternatives to the more
fistuonable hypotheses.

Certamly the genetic research of the near
futare will continue to emphasize the physi-
ology of the gene and the application of ge-
netics to problems of evolution. Human
genetics will continue to be studied msen-
sively, and its applications will become ever
more important, For the more dutant de-
velopments, some of the students of today
will be responsible.
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APPENDIX A

Experiments in
Plant-Hybridisation™

By Gregor Mendel

I"YRODUCTORY REMARKS

Ererence of aruficnl fernhisation, such as
seffected with omamental plants n order to
obuin new Vamations i colour, has led to
te experiments which will here be dis—
“sed The striking regulanty wath which
B ume hybnd forms always reappeared
*henever ferutisation took place between
tenme species indured further expertments
tabe undertzken, the objeet of which was to
fllow up the developments of the hybnds
athar progeny

Toths obycet numerous careful observers,
#uch 35 Kolveurer, Garener, Hetbert,
Wichura and others, have devoted a part of
St lves with snexhaustble perscverance

irmer espeaally, 1 s work “Dic Bas-
'*'dfmugung wm Planzenreiche”  (The
Production of Hybnds m the Vegeuble
ngdom), has tecorded very valuable ob-
*Tations; and quite recently Wichura pub.

Lecog,

* Reprinted by permusuon of the
T lihed 1 the Verh naturf Ver yn
Ty way taken from the transbay
Lriverury Prew, Cambodge, Maw, 1n n
shanges suggented by Professor W, By

Brunn,

hon of

Royal Hortewrunaf so

Ahandlungen, vy,
3 which 3

the orgul s . PPeared i 1866,

ch
759 Tt transition includeg i BY the Harvara
eon, enclosed wtly, .

lished the results of some profound investi-
gations into the hybrids of the Willow.
That, so far, no generally appheable law
governing the formation and development
of hybrids has been successfully formulated
can hardly be wondered at by anyone who
is acquainted with the extent of the task, and
can appreciate the difficultics with which ex-
periments of this class have to contend. A
final decision can only be arrived at when
we shall have before us the results of detailed
expenments made on plants belonging to
the most diverse orders

Those who survey the work done in this
department will arrive at the conviction thae
among all the numcrous experiments made,
not one has been carried out to such an ex-
tent and in such a way as to make 1t possible
to determine the number of different forms
under which the offipring of hybrids ap-
pear, or to arrange these forms with cer-
tamnty according to their separate genera-

nons, or definitely to ascertam their statistical
relations.!

It s to the dear conception of these three
ptimary necessines that the whole success of
Mendel's work is due So far a3 I know this con-
ception ws absolusely new 1 his day.]

Iz reguires mdeed somy
take a labour of such

this appeats, however, to be the only nght
way by which we can finally reach the soly.
10n of 2 question the
cannot be overestimaty
the history
form,

¢ courage to under~
far-rczching extent;

ed in connection with
of the evolunon of organic

ity of London, The

" vtas, original paper way

o uded foatnotey added and myner



EXPERIMENTS IN PLANT-HYBRIDIZATION--Mendel

‘The paper now presented records the re
sults of such a detailed experiment, This ex~
periment was practically confined to a small
plant group, and 1s now, after aght years'
pursuit, concluded in all essentials. Whether
the plan upon which the separate experi-
ments were conducted and carried out was
the best suited to attain the desired end is
Ieft to the friendly decision of the reader,

SELECTION OF THE
EXPERIMENTAL PLANTS

The value and unlity of any experiment are
determined by the fitness of the maternal to
the purpose for which 1t 15 used, and thus
the case before us it cannot be immaterial
what plants arc subjected to experiment and
in what manner such experiments arc con-
ducted.

The sclection of the plant group which
shall serve for experiments of ths kind must
be made with all possible care 1f 1t be desired
to avord from the outsct cvery nisk of ques-
tionable results.

The expenimental plants must necessanly—

1. Possess constant differentiating char-
acters

2. The hybnds of such plants must, during
the flowering pertod, be protected from the
influence of all foragn pollen, or be canly
capable of such protection.

The hybnids and ther offspring should
suffer no marked disturbance m their fertiliry
in the successtve generations

Accidental smpregnation by foreign pol-
len, 1f it occurred during the experiments
and were not recogmized, would fead to en-
tircly erroncous conclustons. Reduced fer-

ulity or entire stenhity of certaw forms, such
as oceurs in the offsprmg of many hybrids,
would render the experments very difficult
or entircly frustrate them. Tu order to dis-
cover the relations m wluch the hybnd
forms stand towards cach other and also
towards their progenitors 1t appeass to be

286

necessary that all members of the series de-
veloped in each successive generation should
be, without exception, subjected to observa-
tion.

At the very outset special attention was
devoted to the Lequminosae on account of
their peculiar floral strucrure, Experiments
which were made with several members of
this family led to the result that the genus
Pisum was found to possess the necessary
qualifications.

Some thoroughly distince forms of this
genus possess characters which are constant,
and canily and cettainly recognizable, and
when their hybrids are mutwally crossed
they yield perfectly fernle progeny. Further-
more, a disturbance through foreign pollen
cannot casily occur, smee the ferulising or-
gans are closely packed nside the keel and
the anther bursts withm the bud, so that the
stigma becomes covered with pollen even
before the flower opens. Ths circumstance
15 of espectal importance. As addinonal ad-
vantages worth mentionmg, there may be
cited the casy culture of these plants m the
open ground and i pots, and also therr re-
lauvely short penod of growth. Artificial
ferulsation 15 certainly a somewhat clabo-
rate process, but nearly always succeeds. For
this purpose the bud 1s opened before 1t 1s
perfecdy developed, the keel 15 removed,
and cach stamen carcfully extracted by
means of forceps, after which the sagima can
at once be dusted over wath the foreign
pollen

In all, thirty-four more or loss distinet
vanicties of Peas were obtamned from several
scedsmen and subjected to a two years' traal.
In the case of one varicty there were noticed,
among a larger number of plants all alike, a
few forms which were markedly different.
These, however, did not vary i the follow-
mg year, and agreed enurely with another
variety obtamed from the same scedsman;
the sceds were therefore doubtless mescly
acaidentally muxed. All the other varicties



sitlded perfectly constant and similar off-
sprng, at any Fate, ™o essential dsffesence
s observed dunng two sl yeats. For
frtisadion twenty-two of these were se-
hod and cokvated duting the whole
petied of the experiments They remamed
comnnt without any exception.

The systematic classificaron is difficult
and umcertaw. 1 we adope the striceest defi-
wution of a specics, accordmg to which only
those indraduals belong to 2 specres which
under precisely the same circumstances dis~
play precisely slar chavacters, no two of
these vanenes could be referred o one spe~
o, Aerording to the opimon of experts,
however, the majonty belong to the species
Pum satresnr; while the rest are regarded
andclassed, some as sub-species of P. sanvaen,
and some as independent speaics, such as P
quadratim, P, saccharatm, and P, smbellatum
The posinons, however, which may be a5~
signed 1o them 1 2 classficatory system are
quute smmateriad for the purposes of the ex~
feriments n question It has so far been
found 1o be yust a5 impossible to draw a
sharp fine between the hybnds of species and

VACHes as bc!\\CCn speaes and vanetics
themselves

DIVISION AND ARRANGEMENT
OF THE EXPERIMENTS

IFtwo plans whueh differ constandy m one
deseveral charactetsbe crosed, numerow ex-
periments have demonstrated that the com-
@on chavaciers ate tansowtied unchanged
0 the hybnids and thexe progeny, but cach
v of dferentaung chatacters, on the
oeher hand, unite w the hybnd to form 3
mew chanacter, whack w die progeny of the
hybid v usually varable The object of the
EXPOMMET w3t to wbwrve these varanons
m the cae of cach pawr of dxﬂ'mnmunq
characters, and o deduce the iy :ccor&m‘g
w which thev appeat m the suceesve gene
cranom The expenismentresolbves stself there.

fore into just as many separate cxpcrimcms
as there are constantly differentiating chas-
acters presented in the experimental plants.
The vorious forms of Peas selected fox
crossing showed differences in the length and
colour of the stem; in the size and form of the
{eaves; m the position, colour, and size of the
flowers; in the length of the flower statk; i
the colour, form, and size of the pods; in the
form and size of the sceds; and m the colour
of the seed-coats and of the albumen {coty~
Iedons}. Some of the characters noted do not
perue of 2 sharp and cectain separauion,
since the difference is of 2 “more or less”
nature, which is ofien difficult to define.
Such characters conld not be utihised for the
separate experiments, these could only be
apphed to characters which stand out clearly
and definttely m the plants. Lastly, the resalt
must show whether they, in their entirery,
observe a regular behavious sn their hybnd
uwntons, and whether from these facts any
concluston can be come to regarding those
characters which possess a subordmate sig~
mificance m the rype.

The characters which were selected for ex-
periment relate.

1. To the diffeserce in the Jorns of the vipe
seeds. These are exther tound of roundish, the
depressions, ¥ any, occor on the surface,
being atways only shallow; or they are ie~
regutaly angolar and deeply wrnkled P
gutadratum),

2. Yo the difference in the colony of the seed
':"':’"5:3‘5‘"‘30;1??““).1 The albumen of the
anpd oﬂﬂsI: ::!: : P:ik Yo, bright ellow
or less mtense oo b o Sesss 3 mote

green tm. Ths difference of

colovr 1 easly seen in the seeds o5 (=11
their costs are wanspatent.

3. To the difference 1 rhe calour of the seed-
oat. Thus 15 either white, with which char-
;::c; white flowers gre constavaly corre.

o .
ped. OF 18 15 greyy grey-brown, leather.

Z\m, with or withaut vioker SpoIDng, m

3
which case the calour of the standards i
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violet, that of the wings purple, and the
stem in the axils of the leaves is of a reddish
tint. The grey sced-coats become dark
brown 1 boiling water.

4. To the difference in the form of the ripe
pods. These are either simply inflated, not
contracted in places; or they are deeply con-
stricted between the seeds and more or less
wrinkled (P. saccharatin).

5. To the difference in the colonr of the un-
ripe pods. They are cither light to datk green,
or vividly yellow, in which colouring the
stalks, leaf-veins, and calyx participate.2

1 [Mendel uses the terms “albumen” and
“endosperm™  somewhat loosely to denote the
cotyledons, contaming food-material, within the
sced.]

2 One species possesses a beautifully brownish-
red coloured pod, which when ripentng turns to
violet and blue, Trals with this character were
only begun last year. [Of these further expen-
ments 1t seems no account was published Correns
has since worked with such a variety.]

6. To the difference in the position of the
Sflowers, They are etther axial, that 15, dis=
tributed along the main stem; or they are
termnal, that is, bunched at the top of the
stemt and arranged almost in a false umbel;
m this ease the upper part of the stem 15
more or less widened m section (P numbel-
latum) 3

3 [Thus 1s often called the Mummy Pea, It shows
shght fasctation. The form I know has white
standard and salmon-red wings.]

7. To the difference in the length of the stem
The length of the stem# 1s very various

4{In my account of these experiments (RHS
Journal, vol, xxv. p s4) 1 misunderstood this
paragraph and took “axis” to mean the floral axas,
mstead of the mam axis of the plant The ume of
measurement, beng indicated 1n the ongmal by
a dash {?), 1 catelessly took to have been an mich,
but the transtanon here given 1s evidently correct |

some forms; it 15, however, a constant char-
acter for cach, in so far that healthy plants,

grown in the same sol, are only subject to
wmportant variations i this character,

In experiments with this character, m
order to be able to discriminate with cer-
tainty, the long axis of 6 to 7 ft. was always
crossed with the short one of s fr o
112 ft.

Each two of the differentiating characters
cnumerated above were united by cross-
fertilisation. There were made for the

15t trial 6o fertilisatrons on 1§ plants

and 8 " “ 10

d 38 . o
sth 4o * "o ¢
sth 23 “ s
6th " 3 “ “ie o ®
7th 37 “ “1w v

From a larger number of plants of the
same varety only the most vigorous were
chosen for fertilisanon, Weakly plauts al-
ways afford uncertam results, because even
m the first generation of hybrids, and sull
more so m the subsequent ones, many of the
offspring etther entitely fail to flower or
only form a few and mfertor sceds.

Furthermore, m all the experiments re-
ciprocal crossugs were cffected 1 such a
way that cach of the two varietics which in
one set of fernlisation served as sced-bearer
m the other set was used as the pollen plant.

The plants were grown m garden bcds.'a
few also 1n pots, and were maintained in
their naturally upright position by means of
sticks, branches of trees, and strings stretched
between. For cach experiment a number of
pot plants were placed durmg the blooming
period m a greenhousc, to serve as control
plants for the mamn expeniment m the open
as regards possible disturbance by msects,
Among the msectst which visit Peas the

1 (It 1 somewhat surprismg that no mention ¢
made of Thaps, which swanm m Pea flowers. |
had come to the conclusio that this 1s 2 real source
of error and I see Laxton held the same opmion |



S Bruchus pisi mught be detrimental to
& xpenuments should it appear in num-
fen. The female of s species is known to
Ly de cpgs 1 the flower, and in sa domg
q"ﬂ the keel, upon the tarsi of one speci~
o, which was caught in a flower, some
s grams could clearly be scen under a
ks Menton must also be made of 3 cir-
exmstance which possibly might lead to the
rrodurtion of foreign pollen. t oceurs, for
wunee, m some rare cases that certain parts
of @ otherwase quite normally developed
Emer wither, fesulting in 2 partial exposure
eftheferalsing organs. A defective develop-
et of the keel has also been observed,
2423 10 which the stigma and anthers re-
exoed partially uncovered? It also some-

H{Ths also happens n Sweet Peas |

et happens that the pollen does ot reach
3 perfection, Tn this event there occurs a
#tdu engthenng of the pistil dunng the
Hhomug penod, vl the sugmane tp
Fottudes at the pot of the keel. This ze-
rakable appeatance has also been observed
Bbybrds of Phaseots and Lathyms

The nsk of false smpregnation by foraign

Flm i, however, 2 very shight one with
Aoum, and 15 quure pable of disturh,

Experiments which in previous years were
made with oramental plants have aleady
afforded evidence that the hybrids, asa rule,
ate not exactly intermediate between the
parental speaies. With some of the more
striking characters, those, for mstance, which
relate to the form and size of the leaves, the
pubescence of the several pasts, &, the
intermeduate, indeed, is nearly always to be
seeny 1n other cases, however, one of the
two parental characters is so preponderant
that 1t 15 difficult, or quite impossible, to
detect the othet 1 the hybrid.

This is precusely the case with the Pea
hybnds In the case of each of the seven
crosses the hybrid-character resembles? that

3 [Note that Mendel, with true penetrahon,
avoids speaking of the hybrid-character as “‘trans-
mateed”™ by esther parent, thus escaping the error
pervading the older views of heredity,]
of one of the parental forms so closely that
the other either escapes observanon com-
pletely or cannot be detected with certaincy.
Ths aircumstance i3 of great importance
the determination and classification of the
forms under which the offspring of the hy-
bods appear Henceforth m thus paper those
characters which are transmitted enuire, or

E

‘L'tgmm] fesalt. Among more than 10,000
s which were carefully cxanuned there
o2 only 3 very few cases whete an tn-
dduble false mpregnanon had occurred
$ace inthe preenhouse such a case was never
Tuked, ® may well be supposed that
Eruchus gy, and possibly also the descnbed
‘E!me\\\m m the flora) structure, were 1o
fame

] THE YORMS OF THE
KYsrips:

HMendel throughow speaks of his crombred
Pras a4 “hybeads ™ a term which many restries o
e ofipnng of o diunet spenes Ve, 3 he
£17hirs, held thus to be andy 2 question of degree |

almost unchanged s the hybrdisation, and
therefore an themselves constisute the char-
acters of the hybrid, are termed the doymnant,
and those which become fatent in the process
recessive. The expression “recessive” has
[:ccn rhos’cn b:czusc the characters thereby

g draw or entirely disappear n
che hybads, but nevertheless Teappear un-

changed m their Pprogeny, as will be demon-
steated later on.

Tt was furthermore shown by the whole of
the expenments that it is perfeety imma-
tenal whether the domuane character be-

This interesting fact

was ako emphasised by Glrmer, with the

28a
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remark that even the most practised expert
is not in a position to determine in a hybrid
which of the two parental specics was the
seed or the pollen plant.?

1 [Gartner, p. 223.]

Of the differentiating characters which
were used in the experiments the following
are dominant:

1. The round or roundish form of the
seed with or without shallow depressions.

2. The yellow colouring of the sced albu-
men [cotyledons].

3. The grey, grey-brown, or leather-
brown colour of the seedcoat, m assoctation
with violet-red blossoms and reddish spots
m the leaf axils.

4. The simply mflated form of the pod

5. The green colouring of the unripe pod
n associatton with the same colour in the
stems, the leaf-vemns and the calyx.

6. The distnbution of the flowers along
the stem.

7. The greater length of stem,

‘With regard to this last character 1t must
be stated that the longer of the two parental
stems 15 usually exceeded by the hybnd, a
fact which 15 possibly only attributable to
the greater Juxunance which appears 1n all
parts of plants when stems of very different
length are crossed Thus, for mstance,

repeated expermments, stems of 1 ft. and 6 ft.
1 length yiclded without cxception hybrids
which varied m length between 6 ft. and
71f2 fr

The hybrid seeds m the experiments with
sced-coat are often more spotted, and the
spots sometimes coalesce into small bluish-
violet patches. The spotung also frequently
appeats cven when 1t 15 absent as a parcntal
character.?

1 [This refers to the coats of the sceds borne by
F, plants.}

The hybrid forms of the seed-shape and of
the albumen [colour] are developed 1m-

mediately after the attificial fertibisanon by
the mere influence of the foreign pollen,
They can, therefore, be observed even in the
first year of experiment, whilst all the other
characters naturally only appear in the fol-
lowing year in such plants as have been
raised from the crossed seed,

[F2] THE GENERATION [BRED]
FROM THE HYBRIDS

In this gencration there reappear, together
swith the dominant characters, also the re~
cessive ones with ther pecularities fully
developed, and this oceurs m the definitely
expressed average proportion of three to
one, so that among cach four plants of this
generation three display the dominant char-
acter and one the recessive. This relates with-
out exception to all the characters which
were anvestigated n the expenments. The
angular wrinkled form of the seed, the green
colour of the albumen, the white colour
of the sced-coats and the flowers, the con~
strictions of the pods, the yellow colour of
the unripe pod, of the stalk, of the calyx, and
of the leaf venation, the umbel-like form of
the mforescence, and the dwarfed stem, afl
reappcar mn thC numcrlcal Propcl’!lol\ gl\'(,‘“,
without any esscntial alteration. Transitional
forms were ot observed 1 any experiment.

Since the hybnids resultmg from recipro-
cal crosses are formed alike and present no
apprecable difference m their subsequent
devclopment, consequently the resules {of
the reciprocal crosses] can be reckoned to-
gether m cach expenment The eclatve
numbers which were obtamed for each pair
of differenttaung characters arc as follows:

Expt. 1. Form of sced —From 253 hy-
brids 7,324 sceds werc obtamed m the sccond
trial year Among them werce 5,474 round
or roundish ones and 1,850 angular wrinkled
ones Therefrom the rano 2.6 to 1 is
deduced.

Expt. 2. Colour of albumen.—258 plants



welded 8,023 seeds, 6,022 yellow, and 2,001
green, thest 13tio, therefore, is a5 3 01 t0 1.

ta these two experiments cach pod yielded
ally both kinds of seeds. In wellode~
scloped pods which contained on the aves~
1gesix o mine seeds, it often happened that
1 the seods were round (Expt 1) or all
sellow {Expr, 2); on the other hand there
sere nover observed more than five wrn~
ted or five green anes in one pod. It appears
o make no difference whether the pods are
dadoped carly or later in the hybnd or
sbether they spring from the main axs ot
from 2 lateral one. In some few plants only a
frw sceds developed i the first formed pods,
and these possessed exclusively one of the
taa characters, but w the subsequently de-
seloped pods the normal proportions were
rauwined nevertheless.

Asinseparate pods, so did the distnbution
of the characters vary m separate plants. By
%3y of dllustravion the first ten mdinduals
from both series of experiments may serve.

EXPERNMENT 3

EXPERIMINT 2
Form of Seed Color of Albumen
Pt Round Angular Yellow Green

$ 43 12 25 "

LR 4 ] 32 7

3 24 7 4 3

LI} 10 70 27

3 32 ] 24 13

LIS 6 20 6

7 24 32 1

LI ) 0 a4 9

9 5 50 1

1o 38 7 44 1’

Mextremes i the distribution of the two
weod churacters 1 one plant, there were ob-
wnedin EXpt 1aninstance of 43 round and
4 2angular, and another of 14 round and
13 angolar seeds Iy Expt 2 there was a case
32 ylow and only & green sced, but alo
e of 20 yeliow and 19 green
'ﬂ'rvc w0 expenmenty are important for
7 Cetermumation of the average ravros, be-
3¢ wath 3 smaller number of experimiental

3
Yoty they
Faet they show  that very consderable

fluctmsnons way occur. In counting the
seeds, also, especially in Expt. 2, some care is
requistte, since m some of the seeds of many
plants the green colour of the albumen is Jess
developed, and at first may be eauly over-
looked. The casse of thus parnal disappear-
ance of the green colourmg has no connec-
tion with the hybrid-character of the plants,
as it Likewsse occurs in the parental variety.
This peculiarity [bleaching] 15 also confined
to the mdividual and is not inherited by the
offspring. In luxuriant plants ths appeatance
was frequently noted. Seeds which are dam-
aged by insects during their development
often vary in colour and form, but, with 2
hetle practice m sorting, crrors are easily
avorded. It 5 almost superflaous to mention
that the pods must reman on the plants
unt] they are thoroughly nipened and have
become dned, since st 55 only then that the
shape and colour of the seed are fully de-
veloped.

Expt. 3. Colour of the seed-coats.—
Among, 929 plants 705 bore violer-red flow-
ers and grey-brown seed—coats; 224 had
white flowers and white seed-coats, giving
the proportion 3.5 to 1.

Expt. 4. Form of pods.—Of 1,181 plants
882 had them simply mflated, and in agg
they were constnicted. Resulting ratio, 2.95
1wl

Expt 5 Colour of the unnipe pods.—The
number of twal plants was 580, of which 428
had green pods and 152 yellow ones. Con-
sequently these stand 1 the rano 2,82 w1,

Expe. 6. Posttion of fowers—~Among 858
cases 651 had mRorescences axia) and 207
ternunal, Ratio, 3 14 to 1.

Expt. 7. Length of stem.—Quy of 1,064
plants, tn 787 cases the stem was dong, and in
iy e e of

nent the dw:
carcfully bfied and mns‘;’:;(:j ‘thl\lz “‘ﬂ:l
bed. This precavtion wa poa
3] HCCCSSQW\ as Qd\c(—
wise they would have perished heough

bewng overgrown by their wal] relatives, Ever

84101,

291
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remark that even the most practised expert
1s ot in a position to determine m a hybrid
which of the two parental species was the
sced or the pollen plant.

1 [Gartner, p. 223.)

Of the differentiating characters which
were used in the experiments the following
are dominant:

1. The round or roundish form of the
seed with or without shallow depressions.

2. The yellow colouring of the sced albu-
men [cotyledons].

3. The grey, grey-brown, or leather-
brown colour of the scedcoat, 1 association
with violet-red blossoms and reddish spots
in the leaf axils.

4. The smply inflated form of the pod.

5. The green colourmg of the unripe pod
m association with the same colour m the
stems, the leaf-vems and the calyx

6 The distribution of the flowers along
the stem.

7. The greater length of stem

With regard to this last character 1t must
be stated that the longer of the two parental
stems 15 usually excceded by the hybnd, a
fact which 15 possibly only attributable to
the greater luxurance which appears m alf
parts of plants when stems of very different
length arc crossed. Thus, for nstance, in
repeated experiments, stems of 1 ft. and 6 ft.
m length yrelded without exception hybnds
which varied m Iength between 6 ft. and
71f2 ft.

The hybnd seeds 1n the expeniments with
seed-coat are often more spotted, and the
spots sometimes coalesce into small blush-
wiolet patches. The spotung also frequenty
appears even when it 1s absent as a parental
character.!

1 {Ths refers to the coats of the seeds borne by
F, plants ]

The hybrid forms of the seed-shape and of
the albumen [colour] are developed 1m~
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medtately after the artificial fertilsation by
the mere influence of the forcign pollen.
They can, therefore, be observed even in the
first year of expertment, whilst all the other
characters naturally only appear in the fol-
lowing year 1 such plants as have been
raised from the crossed seed.

[F2] THE GENERATION [BRED]
FROM THE HYBRIDS

In this gencration there reappear, together
with the dominant characters, also the re-
cesstve ones with ther peculianties fully
developed, and this occurs m the definitely
exptessed average proportion of three to
ong, so that among each four plants of this
generation three display the dominant char-
acter and one the recessive. This relates with-
out exception to all the characters which
were mvestigated m the experiments, The
angular wrinkled form of the sced, the green
colour of the albumen, the white colour
of the sced-coats and the flowers, the con-
strictions of the pods, the yellow colour of
the unripe pod, of the stalk, of the calyx, and
of the leaf venation, the umbel-like form of
the mflorescence, and the dwarfed stem, all
reappear m the numencal proportion green,
without any essential alteration, Transitional
forms swere not obscrved 1w any eperiment.

Since the hybnds resultng from recipro-
cal crosses are formed alike and present no
appreciable difference m ther subsequent
development, conscquently the results {of
the reaiprocal crosses] can be reckoned to-
gether i each expenment The relanve
numbers which were obtamned for cach pair
of differentiating characters arc as follows:

Expt 1. Form of sced.~From 253 hy-
brids 7,324 seeds were obtamed i the second
trial year, Among them were 5,474 round
or roundish ones and 1,850 angular \vriuklc‘d
ones. Therefrom the rato 296 to 1.8
deduced

Expt. 2. Colour of albumen.—28 plants



ciekded 8,021 seeds, 6,022 yellow, and 2,001
imm, their tatio, therefore, s 28 301 10 L

Jnhese tw o experiments each pod yickled
wually both Jmds of seeds. I well-de-
wloped pods which contained on the aver-
as¢ 3¢ 10 nine seeds, 11 often happened that
all the secds were round {Expr. 1) or sl
yellow (Expt. 2); on the other hand there
were fiever observed mere that fue wins
Kled or five greeen oncs in onc pod Tappests
to make no difference whether the pods ate
deseloped carly or later m the hybrid or
whether they spring from the main avs or
from a lateral one, In some fow plants ouly 2
fow sceds dev cloped 1n the first formed podds,
and these posessed excluavely one of the
o characers, but m the subsequently de-
dloped pods the narmal proportions were
mamuined nesertheless.

As 1 separate pods, so did the distribution
of the chaacters vary m separate plants By
way of dlustation the first ten mdviduals
from both sertes of cxpenments may serve.

IXPERIMENT 1 EXPIRIMINT 3
Form of Sced Color of Alburen
Flants Round  Angilar Yellow Green
I 4 12 25 "
2 27 8 17 7
3 £ 7 " 5
4 19 0 o 27
3 »n 11 24 13
6 26 6 o0 6
7 & 24 n a
L) 2 1 “ 5
9 28 6 30 4
o 25 7 44 18

Asextremes i the distnbution of the two
secd characters m one plant, these were obe
served i Bxpt 1aninstance of 43 round and
only 2 angular, and another of 14 round and
15 angufar sceds In Expt. 2 there wag case
of 32 yellow and only greeat seed, bue al
one of 20 yellow and 19 green ' ©

These two expenments ae Impoctant for

the determmation of the average ratios, by
cawse with a smaller number of, :xpmm' L\l
planes they show thay vety con;,dQ::}:?C

fuctustions puy ocer, I counmmg the
soeds, abey, “Ni;\l}- in Expt, 2, s0me qare is
Tequite, since in some of the seeds of many
phants the green colour of the albuten 1s less
developed, and at fint sy be cauly over-
Toohed. The cavte of thus partaal drappear~
ance of the green colounng has no connees
ton with the hybridecharacter of the flants,
25 3t Bhewise occurs in the pnmul varnety.
Thas peeulianty {bleaching] is ko confined
to the mdvidust and 1w not inherited by the
offipring tn axunant plan this appeatance
w3s frequently noted. Scods shich ave dam-
aged by wsects dunng ther devlopment
affen vary i colour and form, bu, with a
Title practice in sorunp, et are eauly
avorded. It is almet superflunus to mennon
that the pods must remam on the plan
wisesd they ate thoroughly nipened and have
TBecome dried, nnce it is only then thay she
shape and colour of the seed are fully de-
veloped.

Expt. 3. Colour of the sced-coats —
Among, 915 plants 705 bore violet-red flaw-
ors and prey-brown sced-coats; 234 had
white flovers and white seed-coans, givng
the propottion 3 15 to 1.

Expt 4. Foem of pods.—~Of 1,181 plants
882 had them smply inflaeed, and 1n 399
they were constrcted. Resulung atio, 293
(LA

Txpt. s Colour of the unnpe pods,—~The
number of tna plants was 580, of which 423
had green pods and 152 yellow oncs, Con-
sequently these stand in the ratio 2 832 ¢o 1,

Expt. 6 Fosion ofﬂm\cn,—Amnng 548
cases 651 had nflorescences axial and 207
termmal Rano, 3.14t0 1.

Expt 7 Lengih of stem —Qut of 1,064
plants, 1n 787 cases the stem was Jong, and in
277 short Hence a mutual rato of 2R410 1.
b o b e s v

nsferred to 2 specual

bed. This precaution was necessary, as other.
mirc)g:i‘vcc);g::\{:dh h‘}:"' penshed through
¥ therr tall relatives. Even



EXPERIMENTS IN PLANT-HYBRIDIZATION—Mendel

in their quite young state they can be easily
picked out by their compact growth and
thick dark-green foliage.!

1 [This is true also of the dwarf or “Cupid”
Sweet Peas ]

If now the results of the whole of the ex-
periments be brought together, there is
found, as between the number of forms with
the dominant and recessive characters, an
averageratioof 2.908 to T, 0r 3 to 1.

The dominant character can have here a
double signification—viz. that of 2 parental
character, or a hybrd-character.2 In which

2 {This paragraph presents the view of the
hybrid—character as somethmg inadental to the
hybrid, and not “transmutted” to st—a true and
fundamental conception here expressed probably
for the first ime.]

of the two significations it appears in each
separate case can only be determined by the
following gencration As a parental char-
acter 1t must pass over unchanged to the
whole of the offspring; as a hybrid-character,
on the other hand, 1t must mamntain the
same behaviour as in the first generation
[R]

|Fs] THE SECOND
GENERATION [BRED] FROM
THE HYBRIDS

Those forms which in the first generation
[F;] exhibit the recessive character do not
further vary m the second gencration [F] as
regards this character, they remam constant
in their offspring.

It 15 otherwise with those which possess
the dominant character mn the first generation
[bred from the hybrids]. Of these «wo-thirds
yield offspring which display the domunant
and recessive characters n the proportion of
3 to 1, and thereby show exactly the same
ratio as the hybnd forms, while only one-
third remains with the dominane character

constant. .
The separate experiments yielded the fol-

lowing results:
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Expt. 1. Among 565 plants which were
raised from round sceds of the first genera-
tion, 193 yiclded round sceds only, and re-
mained therefore constant in this character;
372, however, gave both round and wrinkled
seeds, in the proportion of 3 to 1. The num-
ber of the hybrids, therefore, as compared
with the constants is 1.93 to 1.

Expt. 2. Of 519 plants which were raised
from sceds whose albumen was of yellow
colour in the first gencration, 166 yiclded
exclusively yellow, while 353 yielded yellow
and green sceds mn the proportion of 3 to 1.
There resulted, thercfore, a diviston into
hybnd and constant forms in the proportion
of2.13t0 1.

For cach scparate tral in the followmg
expertments 100 plants were selected which
displayed the domumant character in the first
generation, and in order to ascertamn the sig-
nificance of this, ten seeds of each were
cultivated.

Expt. 3. The offspring of 36 plants yielded
exclustvely grey-brown seed—coats, while of
the offspring of 64 plants some had grey-
brown and some had whate.

Expt. 4. The offspring of 29 plants had
only stmply mflated pods, of the offsprng
of 71, on the other hand, some had inflated
and some constricted

Expt. 5. The offipning of 40 plants had
only green pods; of the offipnng of 60
plants some had green, some yellow ones.

Expt. 6. The offspnng of 33 plants had
only axal flowers; of the offspring of 67, on
the other hand, some had axnal and some
termmal flowers

Expt. 7. The offspring of 28 plants in-
hertted the long axis, and those of 92 plants
some the long and some the shore axis. )

In each of thesc expenniments a certain
number of the plants came constant with
the dommant character. For the determma-
ton of the proportion in which the sepa-
ration of the forms with the constantly
persistent character resuls, the two first ex-

periments are of especial importance, since



1 dese 3 larger number of plants can be
cnpared The Tatios 193 103 and 23t
e wgether almost exactly the average
woof 2 10 1. The sixth expetiment gave
e toncordant yesults @ the others the
ato varics more of less, as was only to be
apected in view of the smaller number of
ol plans Expecitnent §, which shows
de raatest departure, was repeated, and
ten, 1 Liew of the ratio of 6o and 4o, that
of 65 and 3 rosulted. The average ratio of
201 agpeass, therefore, as fixed with certamty.
Its therefore demonstrated that, of those
foray which possess the dominant character
mdhe first generation, two-thurds have the
fybndcharacter, while one-third remains
fraant with the domunant character.

The rato of 3 to 1, 1n accordance with
shich the diserbution of the dommant and
resne characters results i the first gen-
eron, resolves wsclf therefore i all ex-
poaments 1o the tatis of 2 ¢ - ¢ 1f the
dominart characeer be diferentiated accord-
P31 symificance 3s a hybnd-character
%83 paental one Since the members of
&ﬁm gencration {Fa] spring direetly from
m‘;:d;f t‘ht hybnds {F)), 1 15 now dear
y mi i hybrids form seeds having one or other

1w diflreniating characters, and of these
l"j‘;']f :‘le‘p agan the hybrid form, while
o vr:i 'd% peld plares which semam constant
o [,: the dorunant or the recessive char-
spectively} i equal mombers

;;‘:::asmu:u'r
ATIONS \BRED
THE R yapons \BRED) FROM

“:‘ }frgpomons m which the descendants of
o Yoruds develop and splie up in the first
?,Oudkfmnd generations presumably hold
— or 2l subsequent progeny Expen-
U T and 2 have aleady been carned
ﬁy"”gh SIX gencrations, 3 and 7 through
% 30d 3, 5, 202 6 chrough four, these ex-
;::mmrs being continued from the third
Fraton with 2 small number of plants,

and no departure from the rule hay been
peccepuble. The offipring of the hybrids
separated in cach generation in the rato of
21111 into hybrids and constant forms,

1f A be taken as denoting one of the two
constant characters, for imuance the domi-
nant, g, the recessine, and Aa the bybnd form
in which both are conjomed, the exproman

At 2Ads+ o

shows the tesms in the senes for the progeny
of the hybnds of two differentuating char-
actets.

The observation made by Girtner, Kol-
reuter, and others, that hybrids are inchned
10 revert to the parental forms, 3 aho con-
firmed by the cxpenments desenbed. Tt 18
seen that the number of the hybnds which
amse from one fesnlsavon, as compared
with the number of forms which become
constant, and thewr progeny from generation
© g " fly diminishing,
but that nevertheless they could not entirely
diappear. If an average equaliry of fernhity
m all plants i all gencravons be assumed,
and i, furthermore, cach hybnd forms seed
of which one-half yiclds hybnds again, while
the other half 1 constant to both characters
m cqual proportons, the ratio of numbers
for the offipnng w rach generanon 1 soen
by the following sumnary, i which A and
a denote agam the two parental characters,
and Aa the hybad forms. For brevity's sake
1t may be assumed that cach plant 1n cach
generation furmshes only 4 seeds,

®ATIOS

Genetaion . A Aa @ AzAs: o

1 1 2 t 1.2 1

3 6 4 6 Ji2:3

3 #8 a 702: 9

F 120 16 120 1312 135

s 495 32 496 Mz

» Ferran oo

In the tenth generatron, for mstance, 27 -
1 = 1023. There rescls, thetefore, m each
2,084 plants which arisc jn this generation
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in their quitc young state they can be easily
picked out by their compact growth and
thick dark-green fohage.?

1 [This is truc also of the dwatf or “Cupid”
Sweet Peas.]

If now the results of the whole of the ex-
periments be brought together, there is
found, as between the number of forms with
the dominant and recessive characters, an
average ratio of 2.98 to 1, 0r 3 to 1.

The donunant character can have here 2
double signification—viz, that of a parental
character, ot a fybrid-character. in which

2 [This paragraph presents the view of the
hybrid-character as something naidental to the
hybnd, and not “transmitted” to 1t—a true and
fundamental conception here expressed probably
for the first ime.]

of the two significations 1t appears in cach
separate case can only be determined by the
following generation. As a parental char-
acter 1t must pass over unchanged to the
whole of the offspring; as a hybrid-character,
on the other hand, 1t must mamtain the
same behaviour as m the first generation

[Fa].

{Fs] THE SECOND
GENERATION {BRED] FROM
THE HYBRIDS

Those forms which n the first generanion
[F2) exhibit the tecessive character do not
further vary m the sccond generation [Fy] as
regards this character; they remaim constant
1 their offspring.

It 15 otherwsse with those which possess
the dominant character 1n the first generation
[bred from the hybrids). Of these swo-thirds
yicld offspring which display the dommnant
and recessive characters 1n the proportion of
3 to 1, and thereby show exactly the same
ratio as the hybrid forms, while only one-
third remams with the dommant character
constant.

The separate expeniments yielded the fol-
lowing results:

Expt. 1. Among s65 plants which wer
raised from round sceds of the first genera
tion, 193 yiclded round sceds only, and rc
mained therefore constant in this character
372, however, gave both round and wrinkle
seeds, in the proportion of 3 to 1. The num
ber of the hybrids, therefore, as compare
with the constants is 1.93 to 1.

Expt. 2. Of 519 plants which were raise
from seods whose albumen was of yellov
colour in the first generation, 166 yiclde
exclusively yellow, while 353 yiclded yellov
and green sceds m the proportion of 3 to 1
There resulted, therefore, a division intc
hybnd and constant forms in the proportior
of 213 t0 1.

For cach scparate trial in the followm
experiments 100 plants were sclected whicl
displayed the dommant character in the firs
generation, and in order to ascertain the sig:
mficance of this, ten seeds of cach wen
cultivated.

Expt. 3, The offipring of 36 plants yicldec
exclusively grey-brown sced-coats, while ol
the offspring of 64 plants some had grey-
brown and some lrad white.

Expt. 4. The offspring of 29 plants had
only sumply mflated pods; of the offspring
of 71, on the other hand, some had inflated
and some constricted.

Expt. 5. The offipring of 40 plants had
only green pods; of the offspring of 60
plants some had green, some yellow ones.

Expt. 6. The offspring of 33 plants had
only axia} flowers; of the offspring of 67, on
the other hand, some had axial and some
termmnal flowers. .

Expt. 7. The offspring of 28 plants in-
hented the Jong axis, and those of 72 plants
some the long and some the shortaxss.

In each of thesc experiments a certain
number of the plants came constant \)’"h
the dommant character. For the determina-
tion of the proportion in which the sepa-
ration of the forms with the constantly
persistent character results, the two ﬁrst‘c'(-
perments arc of cspecial importance, snce



athee 8 lrger number of plants cn be

wepied The ratios 193 to 1 and 2.13t0 1

e together almost exactly the average

ool 210 1. The sixth experiment gave 3

gt toncordant result; in the others the

atis vartes mace ot less, as was only to be

aprced ;m view of the smaller number of
somalplints Experiment §, which shows

the greatest departure, was repeated, and
ten, 1 hew of the ratio of 60 and 40, that
45 md 35 sesuleed, The average ratio of
20 tappears, thevefore, as fixed with ceetainty,
It therefore demonstrated that, of those
firms which possess the dontinsnt character
e first generation, two~thirds have the
bybndharacter, while one-third remains
onzae with the domunant character.

The ratro of 3 to 1, i accardance with
wheh the distribution of the dominant and
v characters results in the first gen-
etaton, resolves rself therefore m all ex~
fuments into the ravo of 2. 1.1 1f the
domnant chaczcter be dfesentiated accord-
"L 10 ts sigmificance as 2 hybrid-character
%2 parental one Sthce the members of
Yefirst coreration [F] spring directly from
de seed of the hybads {Fi], 1t 12 now clear
tat the fgbed Jors seeds having one or other
ofthe fwo differentiating characters, and of these
“elalf develop agams the hybnd form, while
the oghey half yeld plants wineh remain constant
W recerve the dominant or the recessive char-
tdierg (rlxpemve(y} s equual numbers.

gn: SUBSEQUENT
ENERATIONS [BRED] FROM
THE HYBRIDS

The proportions m whach the descendants of 1

the hybnds develop and spht up m the firse
#d sccond generations presumably hold
good for all subsequent progeny. Experi-
Ments 1 and 2 have already been carned
through six generattons, 3 and 7 through
five, 2nd 4, 5, and 6 through four, these ex.
feenments bewg, continued from the third
generation with 2 small number of planss,

and no departure from the sule bas been
perceptible, The offspring of the hy?ti\l\
separated in each gencration in the ratio of
2111 13mo hybrids and canstant forms.

1€ A be taken as denoting one of the two
constant characters, for instance the domi~
pant, a, the recesnive, and Aa the hybnd form
in which both are conjoined, the expression

A+ z2data

shows the tesms in the seties for the progeny
of the hybrids of o differentiating char-
acters,

The obscrvation made by Gartner, Kal-
scuter, and others, that hybrids are inclined
to revert to the parental forms, it abo con-
fitmed by the expenments desenbed, & ds
seen that the number of the hybrids which
arise from one fertilwation, as compated
with the number of forms which become
constant, and thair progeny from generation
o g mually dumnishing,
but that nevertheless dhey could not entirely
disappear. If an average cqualiry of fertlity
in all plants in all generations be assumed,
and of, furthermore, cach hybrid forms seed
of which one-half yiclds hy brids again, while
the other half 1 constant 1o both characters
m equal proportions, the ratia of numbers
for the offipring m cach gencration 15 secn
by the following summaty, m which A and
@ denote agam the two parencsl characters,
and Aa the hybnd forms For brevity's sake
1t may be assumed that each plant in each
generation furmishes only 4 seeds,

RATIOS
Generation 4 As 4 Azda: g
I 2 I 1131
2 6 4 6 31213
3 % 3 23 71217
4 120 16 120 3512 513
5 496 32 496 3z 3
s :
121 ey
In the tenth generaton, for instance, 57

1= 1023. There resule,

therefore, in
2,084 phants whach arrse ok

in this generation
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1,023 with the constant dominant character,
1,023 with the recessive character, and only
two hybrids.

THE OFFSPRING OF HYBRIDS
IN WHICH SEVERAL
DIFFERENTIATING
CHARACTERS ARE
ASSOCIATED

In the expeniments above described plants
were used which differed only 1 one essen-
t1al character.! The next task consisted in

1[This statement of Mendel’s m the hight of
present knowledge 1s open to some nusconception,
Though his work makes it evident that such
vaneties may exist, 1t 15 very unhkely that Mendel
could have had seven pairs of varieties such that
the members of each pair differed from each other
m only one derable character (u lich
Metkmal). The pont 1s probably of little theoretical
or practical consequence, but a rather heavy stress
15 thrown on “wesentheh.”']

ascertammg whether the law of develop-
ment discovered 1n thesc apphed to each pair
of differentiating characters when several di-
verse characters are umted 1n the hybrid by
crossing, As regards the form of the hybnds
in thesc cases, the experiments showed
throughout that this invariably more nearly
approaches to that one of the two parental
plants which possesses the greater number of
domunant characters. If, for mstance, the
seed plant has a short stem, termunal white
flowers, and simply inflated pods; the pollen
plant, on the other hand, a long stem, violet-
red flowers distributed along the stem, and
constricted pods; the hybnd resembles the
seed parent only n the form of the pod,
the other characters it agrees with the pollen
parent. Should one of the two parental types
possess only dominant characters, then the
hybrid s scarcely or not at all distmguishable
from 1t.

Two experiments were made with a con-
siderable number of plants. In the first ex-

204

periment the parental plants differed in the
form of the seed and in the colour of the
albumen; in the second 1n the form of the
seed, in the colour of the albumen, and in the
colour of ¢he sced-coats. Experiments with
seed characters give the result in the simplest
and most certan way.

In order to facilitate study of the data m
thesc expertments, the different characters of
the seed plant will be indicated by 4, B, C,
those of the pollen plant by 4, b, ¢, and the
hybrid forms of the characters by Aa, BY,
and Ce.

Expt. 1 —
AB, sced parents,
A, form round;
B, albumen yellow.

ab, pollen parents;
g, form wrinkled;
b, albumen green.

The fertilised seeds appeared round and yel-
low like those of the sced parents The plants
raised therefrom yiclded seeds of four sorts,
which frequently presented themselves m
one pod. In all, §56 sceds were yiclded by
15 plants, and of these there were:

315 round and yellow,
101 wrmnkled and yellow,
108 round and green,

32 wrinkled and green.

All were sown the following year. Eleven
of the round yellow sceds did not yield
plants, and three plants did not form sceds.
Among the rest:

AB

38 had round yellow sceds
ABb

65 round yellow and green seeds
60 round yellow and wrmkled yel-
low sceds
138 round yellow and green, wrin-
kled yellow and green seeds

AaB
AaBb

From the wrinkled yellow sceds 96 resulting
plants bore sced, of which.

28 had only wrmkled ycllow seeds aB
68 wrinkled yellow and green seeds alib.



From 108 sound green seeds 102 tesulting
plants frudted, of which:

35 had only round green seeds Ab
67 round and wankled green seeds Aab.

The wrinkled green seeds yielded 30 plants
which bore seeds all of ke character; they
semaned constant ab.

The offsprng of the hybrds appeared
therefore under nine different forms, some
of them 1w very unequal numbers. When
dhese are collected and co-ordmated we find:

38 plams with the sign AB

35 4b
W on e e v
30 - oo ab
ﬂs " . .o ABb
6 %ttt ab
o * e« A
RN ¥}
[T N )

The whole of the forms may be dlassed
wo three essennally different groups The
first ncludes those wath the signs AB, b,
aB,and ab they possess only constant chat-
acters and do not vary agam in the next
generaton Each of these forms 1 tepre-
sented on the average thinty-three tumes.
The second group includes the signs ABb,
aBb, AaB, Ach these are constant in one
character and hybud 1 another, and vary s
the next generanon only 25 regards the hy-
brid-character Each of these appears on an
average suty-five tmes The form AaBb
occurs 138 times 1t 1s hybnd m both chare
acters, and behaves exactly as do the hybrids
from which 10 15 denved,

I the nurmbers im which the forms belong.
wg, 10 these classes sppear be compared, the
ratos of 1, 2, 4 are nnmstakably evident,
The numbers 32, 65, 138 present very far
approxumations to the ratia wembers of
33,66, 132

The developmental senes consists, there.
fore, of e classes, of which four appesr

therein always once and sre cotistant (@ batk
characters; the forms AB, ab, rescmble the
parcnml forms, the two other present com-
binations between the conjomed charattess
A, a, B, b, which combmauans are hkewise
possibly constant. Four classes appeat al-
ways twice, and are constant i ane char-
acter and hybrid in the other. One elass
apprars four tmes, and i hybrid in both
cb Consequently the offspring of the
hybids, if twa kinds of differentiating char~
acters are combined therein, are rey d
by the cxpression

AB 4+ Ab 4 oB 4 ab 4 2ABb 4 2aBb +
2408 4 2Ach 4 gdaBb.

Tins expression »s indisputably 2 combi-
nation sertes w which the two expressions
for the chatacters A and a, Band b are com-
bimed We arrve at the full number of the

classes of the serwes by the combination of the
CXP!‘"SS[OHSZ

A+42404 4
B3 2Bb 4 b
Expt. 2.
ABC, seed pacents;  abe, pollen parents;

4, form round; a, form wrinkled;

B, albomen yellow; &, stbumen green;
., seed~coat grey-

¢, seed-coat white,
brown,

Thus experiment was made in preciscly
the same way as the previous one, Among
'.\!l the experiments 1t demanded the most
time 2nd trouble. From 24 hybrids 687 seeds
wete obtamed in alf: these were all etther
spotted, greg-brown or grey-green, tound
or wrnkled.t From these in the following

without openiny ar pecling the seeds }

Year 639 plants fraited, 20d, as further in.
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vestigation showed, there werc among them:

8plants ABC 22 plants ABCe 45 plants ABbCe
14 % ABe 17 M AWCe 36 " aBbCe
9 Y AC 25 “ aBCc 38 " AaBCe
o * Abe 20 " abCe 40 " AdbCe
8 " aBC 15 “ ABC 49 “ AsBIC
1w " eBe 18 Y ABbe 48 ** AaBbc
10 " C 19 “ aBC
7 % abc 24 " allbc

14 AaBC 78 * AaBbCe

18 " AaBe

20 “ AabC

16 Adbe

The whole expression contains 27 terms.
Of these § arc constant in all characters, and
cach appears on the average 10 tines; 12 are
constant in two characters, and hybnd in the
third; each appears on the average 19 tmes;
6 arc constant m one character and hybrid
m the other two; cach appears on the
average 43 times. One form appears 78
times and 15 hybnd in all of the characters.
The rat10s Io, 19, 43, 78 agree so closcly with
the ratios 10, 20, 40, 80, or 1, 2, 4, 8, that
this last undoubtedly represents the truc
value.

The development of the hybrids when the
oniginal parents differ m three characters re~
sults therefore according to the followsng
cxpression:

ABC + ABc + AhC + Abc + aBC +
aBc + abC 4 abc + 2 ABCe + 2 AbCe
+ 2aBCe + 2 abCe + 2 ABHC + 2 ABbc
4+ 2aBbC 4 2 aBbc + 2 AaBC + 2 AaBe
+ 2 AabC + 2 Aabc + 4 ABVCe + 4
aBbCe + 4 AaBCc + 4 AabCe + 4 AaBIC
+ 4 AaBbr 4 8 AaBbCr

Here also 1s mvolved 2 combination series
1n which the expressions for the characters 4
and a, Band b, C and ¢, are umted. The ex-
pressions

A+ 24ata
B+ 2Bb+ b
C+42Cc+¢

give all the classes of the serics. The constant

combinations which occur therem agree
with all combinations which are posstble
between the characters A, B, C, a, b, ¢; two
thereof, ABC and abe, resemble the two
original parcneal stocks.

In addition, further experiments were
made with a smaller number of experi-
mental plants in which the remaining char-
acters by twos and threes werc united as
hybuds: all yielded approximately the same
results, There is therefore no doub that for
the whole of the characters mvolved in the
experiments the prnciple applies that the
offspring of the hybrids in which several essen-
tially different characters are combined exhibat the
terms of a series of combinations, in which the
developmental series for each pair of differentiat-
ing characters are united. 1t is demonstrated at
the same titne that the relation of cachs pair of
differcnt charatters in hybrid union is mdependent
of the other differences in the two original
parental stocks.

If » represents the number of the differ-
entatng characters m the two origmal
stocks, 3* gives the number of terms of the
combination sertes, 4" the number of indi-
viduals which belong to the seres, and 2"
the aumber of untons winch remam con-
stant. The series therefore contams, if the
ongmal stocks differ w four chacaceers,
3% = 81 classes, 4% = 256 mdividuals, and
2% = 16 constant forms, or, which 15 the
same, among cach 256 offspring of the by~
brids there are 81 different combmations,
16 of which are constant,

All constant combinations which m Peas
are possible by the combmation of the sud
seven differennanng  characters were ac-
tually obtamed by repeated crossmg Therr
number 15 given by 27 = 128 Thereby 18
stmultancously given the practical proof
that the constant characters which appear s the
several varicties of a group of plants may be ob~
tamed 1t all the associatons which are possible
accordimg to the [mathematical] s of com-
bination, by means of repeated artificial Jertih=
sation.



As tegards the flowcring tme of the by~
brids, the cxpenments ate not yet concluded.
Tt can, howevee, already be stated that the
e stands almost exactly between those of
the seed and polen pasents, and that the
constitution of the hybrids with respect to
this chatacter probably folows the rute as-
certamed m the case of the other characters.
The forms which are selected for experi-
ments of this elass must have a difference of
ateast twventy days from the muddie flower-
my perind of one to that of the ather;
forthermore, the seeds when sown nust alt
be placed at the same depth i the earth, so
that they may germumate simulcancously.
&lso, during the whole fowermg penod,
the tmore important varations m tempera-
ture must be taken into account, and the
partial hasterung, or delaymg, of the Aower-
ing which may result therefrom. It 1s clear
that this expenment presents mony diffe
ades to be overcome and necessitates
great 2uenuon,

1 we endeavour to collate 1 a brief form
the rewles arrved ar, we find that those
differentianng characters, which admic of
exsy and certan recogmtion mn the oxpert
mental plants, all behave exactly alke
thexe hybnd associations The offspring of
the hybnds of each purr of differentating,
characters are, one-half, hybnd agam, while
the other alf are constans 1 equal propor-
tions having the characters of the seed and
pollen parents respecuvely € severad differ-
ennatng characters ave combined by eross-
ferulisstion i a hybnd, the resuling off-
spring form the terms of a combmnation
senies m which the combmation senes for
each par of differenuatmg characters ace
unated

The vruformty of behaviour shown by
the whole of the characters submutred to ex-
pertment pesmus, and fully jusofies, the
acceptance of the prnciple that 2 smylar re..
laon exists 1 the other characters which
appear fess sharply defined m plants, ang
therefore could not be mcluded \n the sepa-

fate experiments, An experiment with pe-
dundes of different Yengths gave on the
whole a fairly ssusfactory sesule, although
the differcntiation and senal arrangement of
the forms could not be cffected with that
certamty which is induspensable for correet
cxperiment.

THE REPRODUCTIVE CELLS
OF THE HYBRIDS

The results of the previoudy deseribed ex-
peniments fed to fusther expenments, the
Tesults of which appeat fitted to afford some
conclusions as regards the composition of
the egg and pollen cells of hybrids, An im-
portant clue 15 afforded in Pisum by the o=
cumstance that among the progeny of the
hybrids constant forms appear, and that this
oceurs, too, in respect of all combinations of
the associated characters. So far as experience
goes, we find it in every case confirmed thar
conswant progeny can onty be formed when
the egg cells and the fervlising pollen are of
ke chatacter, so that both are provided with
the matenal for ereaung quite sumlar indi-
viduals, as 15 the case with the normal ferti-
lisauon of pure speaies. We muse therefare
regard 1t as certamn that exactly similar face
taes must be at work alio in the production
of the constant forms 1 the hybnd plants.
Swee the varions constant forms are pro-
duced 1 one plantt, or even 11 gre flower of 2
plang, the conclusion appears logical that in
the ovanies of the hybrids there are formed
as many sorts of ;gg cells, and i the anthers
as many sorts of pol
poss)\:lcy constant ic’zx::lzn::t;l ’»; e e
that these egg and polten cell ot m‘d
mteral composition with 3\ . 381’; on it
rate forms ose of the sepa-
In point of fact 1t 15 possible to demon-
strate theoretically fhar ghys hypathesi
would filly suffce co 5 Y chcsis
ccount for the de-
velopmene of the hy
generanons,
assume that

! brds In the separate
i we might at the same time
the vanous kmds of egp and
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polten cells were formed in the hybrids on
the average in equal numbers.!

1 [This and the preceding parageaph contain the
essence of the Mendelian principles of heredity.]

In order to bring these assumptions to an
experimental proof, the following experi-
ments were designed, Two forms which
were constantly different in the form of the
sced and the colour of the albumen were
umited by fertihsation,

If the differentating characters are again
indicated as 4, B, a, b, we have:

ab, pollen parent;
a, form wrnkled,
b, albumen green.

AB, sced parent;
A, form round;
B, albumen ycllow

The artificially fertilised seeds were sown
together with several sceds of both ortgmnal
stocks, and the most vigorous examples were
chosen for the rectprocal crossing. There
were fertihised:

1. The hybnds with the pollen of AB,
. The hybnds with the polien of ab

3. AB with the pollen of the hybrids
4. ab with the pollen of the hybrds.

3

For cach of these four experiments the
whale of the flowers on three plants were
fertilised I the above theory be correct,
there must be developed on the hybnds egg
and pollen cells of the forms AB, Ab, aB, ab,
and there would be combrned,

1. The cgg cclls AB, Ab, aB, ab with the
pollen cclls AB.

2. The egg cells AB, Ab, af, ab with the
pollen cells ab.

3. The cgg cells AB with the pollen cells
AB, Ab, aB, ab.

4. The egg celis ab with the pollen cclls
AB, Ab, aB, ab

From cach of these experiments there
could then result only the followmg forms:

1. AB, ABb, AaB, AaBb.
2. AaBb, Aab, aBb, ab.
3. AB, ABb, AaB, AuBb.
4. AaBbh, Aab, aBb, ab,

If, furthcrmore, the several forms of the
egg and pollen cells of the hybrids were pro-
duced on an average i equal sumbers, chen
in cach experiment the said four combina-
tions should stand in the same ratio to cach
other. A perfect agreement in the numerical
relations was, however, not to be expected,
sice i cach fertilisation, even m normal
cases, some egg cells remain undeveloped or
subsequently die, and many even of the
well-formed seeds fail to germinate when
sown. The above assumption 1s also lnmted
mso far that, while it demands the formation
of an cqual number of the various sorts of
cggr and pollen cells, 1t does not requre that
this should apply to cach separate hybrid
with mathematical exactness.

The first and second expernments had pri-
manly the object of proving the composition
of the hybrid cgg cells, while the third and
fourth cxpertiments were to decde that of
the pollen cells.t As 1s shown by the above

1 [To prove, namely, that both were silarly
differentiated, and not one or other only. ]

demonstration the first and third experi=
ments and the sccond and fourth experi-
ments should produce preccely the same
combmations, and cven m the sccond yeat
the resule should be partially visible m the
form aud colour of the arufically fernhsed
seed. In the first and third expernments the
dommant characters of form and colour, A
and B, appear m cach umon, and are abwo
partly constant and partly m hybnd union
with the recessive characters a and b, for
which reason they must nmpress thei pe-
cultanity upon the whole of the sceds All
seeds should therefore appear round and ycl-
low, if the theory be Jusufied In the seeond
and fourth experuncnts, on the other hand,



e onon 15 hybrad m form and in colour,
d consequently the seeds are round and
selow; another 15 hybrid in form, but con-
st m the recessive character of colour,
hence the seeds are round and green; the
thed 1s constant n the recessive character of
form but hybnd in colour, consequently the
weds e wrinkled and yellows the fourth 15
constant in both recessive chatacters, so that
the seeds are wrnkled and green. In both
tese expernments thete were consequently
foursorts of seed to be expected—viz. round
adyellow, round and green, wrnkled and
yelow, wrmkled and green.

The crop fulfilled these expectations per-
fealy There were obtained 1n the

15t Experiment, 98 exclusively round yel-
Tow seeds,

3rd Experiment, 04 exclustvely round yel-
low seeds,

Inthe 2d Experiment, 31 round and yel-
Yow, 26 round and geeen, 27 wnnkled and
yellow, 26 wrirkled and geeen seeds

b the 4th Expenment, 24 round and
yllow, 25 round and green, 22 wrinkled
adyellow, 26 wrnkled and green seeds.

There could scarcely be now any doubt of
the suceess of the expeniment, the next gen-
cration must afford the final proof From the
#ed sowm there resulted for the first experi-
oot 9o plants, and for the third 87 plants
which fruited  these yielded for the

i
5, e
20 25 yound yellow seeds .AB
4 19 round yellow and green seeds ABb
2 22 round and wrinkled yellow sceds  AaB

21 round and wainkled green and

yellow seeds AaBb

In the second and fourth expersments the
found and yellow seeds yielded plants with

found and wrinkled yellow and green seeds,
Aabb ’

From the round green seeds, planes re.

sulted with round and wrmnkled green sceds,
Aab.

The wrnkled ycllow sceds gave plants
with wonkled yellow and green seeds, aBh.

From the wrinkled green sceds plants were
raised which yiclded again only wrinkled
and green sceds, ab

Although i these two expetiments ke~
wise some sceds did not germinate, the
figures arrived at already in the previous
year were not affccted thereby, since each
kind of sced gave plants which, as regards
their seed, were like each other and different
from the others. There sesulted therefore
from the

IDEXP,  4THEXE
3T 24 plants of the form AaBb
26 23 “ o * Aab
. 22 “ owonw
6 2 W oww e

T all the expesiments, therefore, there ap-
peared all the forms which the proposed
theory demands, and they came in nearly
equal numbers.

In a further experiment the characters of
flower-colour and length of stem were cx-
penmented upon, and sclection was so made
that m the third year of the experiment each
character ought to appear in half of all the
plants of the above theory were correct. A,

B, 4, b serve agam as mdxcaung the various
characters

4, violet-red flowers. 4, white fowers
B, axis Jong, b, axus short.

The form Ab was fertilised with ab, which
produced the hybnd Aab, Furthermore aB
was also fertibsed wath ab, whence the ,h -
brd aBb, In the second year, for funh)e,r
ferulisation, the hybrid Aah “was used as
seed parent, and hybrid aBb as pollen parent

Seed parent, Aqb,
Possible egg cells, Ab,ab,
Pollen parent, qpp,
Pollen cells, aB,qp,
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From the fertilisation between the possible
cgg and pollen cells four combinations
should result, viz.,

AaBb + aBb + Aab + ab.

From this it is perceived that, according to
the above theory, in the third year of the ex-
periment out of all the plants

Halfshould have violet-red flowers (A4q)
Classes 1, 3

Half should have white flowers (a)
Classes 2, 4

Half should have a long axis (Bb)
Classes 1, 2

Half should have a short axis (b)
Classes 3, 4

From 45 fertilisations of the sccond year
187 seeds resulted, of which only 166 reached
the flowcring stage inn the third year. Among
these the scparate classes appeared n the
numbers following:

CLASS ~ COLOR OF FLOWER  STEM
1 violet-red long 47umes
2 white lang 40
3 violet-red short 8 "
4 white short 4r "

There subsequently appearcd

The violet-red flower-colour (Aq) mn 85
plants.

The white Bower-colour {a) m 81 plants.

The long stem (Bb) m 87 plans.

The short stem (b) m 70 plants,

The theory adduced 1s therefore satisfac-
torily confirmed m this expeniment also.
For the characters of form of pod, colour
of pod, and pasitton of flowers, experiments
were also made on a small scale, and resules
obtained in petfect agreement. All combi-
nations which were possible through the
umon of the differentiating characters duly
appcarcd, and 1n nearly equal numbers,
Expcrimcntally. therefore, the theory 1s
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confirmed that the pea hybrids form g and
pollen cells which, in their constinution, represent
in equal mimbers all constant forms which result
Sfrom the combination of the characters wnited in
Sfertilisation,

The difference of the forms among the
progeny of the hybrids, as well as the re-
spective ratios of the numbers in which they
are observed, find a sufficient explanation in
the principle above deduced. The simplest
case is afforded by the developmental series
of cach pair of differentiating characters. This
series is represcnted by the expression A +
24a -+ a,in which 4 and a sigmfy the forms
with constant differentiating characters, and
Aa the hybrid form of both. It includes in
three different classes four mdividuals. In the
formation of these, pollen and egg cells of
the form A and a take part on the average
equally m the ferulisation; hence cach form
[occurs] twice, since four mdividuals are
formed. There parnicipate consequently in
the fertilisation

The pollen cells A + A4 a4 +a
Theeggeells A+ A+ata

It remains, thercfore, purely a matter of
chance which of the two sorts of pollen will
become umited with each separate cgg cell.
According, however, to the law of proba-
bility, 1t wall always happen, on the average
of many cases, that each pollen form, A and
a, will unite cqually often with cach egg cell
form, A and 4, consequently one of the two
pollen cells A m the fertihsation will meet
with the egg cell A and the other with an
egg cell 4, and so likewsse one pollen ecll 2
will umte with an egg cell 4, and the other
with egg cell 2

Pollen cells A A a a
i X i
Egg cells A A a a

The result of the fertiisanon may be made



dear by putting the signs for the conjoined
egg and pollen cells 1n the form of fractions,
those far the pollen cells above and those for
the egg cclls below the line, We then have

A A a «
itavaty

In the first and fourth term the egg and
pollen cells are of like kind, consequently the
product of their union must be constant,
viz Aand g, in the sccond and third, on the
other hand, there again tesults a umion of the
two differentiating characters of the stocks,
consequently the forms resulting from these
fertlisatrons are adentical wath those of the
bybud from which they sprang, There ocqurs
atordingly a repeated hybridisation. This cx~
plamns the stking fact that the hybnds are
e to produce, besdes the two paremal
forms, offspring which are like themsel

1 [Whether scgtegation by such units it more
than purely foramtous may pethaps be determined
by serauon.)

the fact that the numbers in which both sorts
of egg cells occur in the sced vessels can only
be regarded as equal on the average, it re~
mains purely a matter of chance which of
the two sorts of pollen may ferulise each
separate egg cell. For this reason the separate
values must necessanly be subject to fluctu-
ations, and there arc cven extreme cases
possible, as were described earlier in connec-
tion with the experiments on the form of the
seed and the colour of the albumen, The truc
ratios of the numbers can only be ascertained
by an average deduced from the sum of as
many single values as passible, the greater
the number, the mote are merely chance
effects chiminated.

A a
S and 1 both give the same umon Aa, since,

s already remarked above, 1t makes no df-
fesence in the result of fertibisation to which
of the two characters the pollen or ey cells
belong We may write then

A AR 4paa
atargt s Ak

This represents the average result of the
selffertdisation. of the hybuds when two
diferentating characters are untted 1 them
In mdwideal flowers and m ndividual
plants, however, the ratios 1 which the
Forms of the seres are produced may suffer
not mconsiderable fluctuations.! Apart from

The develop ! series for hybrids in
which two kinds of differentiating char-
actery ate united contins, among tixteen
mdwiduals, nme different forms, viz.,

AB+ Ab-aB 4+ ab4- 24Bb 4.
2aBb + 244aB 4 2Aab 4+ 4 AaBb,

Between the differentiating characters of the
ongnal stocks, Aa and Bb, four constant
combinations are passible, and consequently
the hybnds produce the cortesponding four
forms of egg and pollen cells AB, Ab, aB, ab,
and each of these will on the average figure
four tumes 1n the fertilisation, since sixteen
mdividuals are included 1n the series, ‘There-

fore the participators in the fertihisation are
(as shown below):

Pollen cells AB 4+ AB + AB -+ AB+ Ab 4 Ab 4 Ab 4 4

+aB+aR+aa+¢B+n|,+ b
b
Egg colls AB+AB+AB+AB+AB+Ab+Ab+Ab ab - ab 4 gb.

+ B+ aB 4 aB 4 4R 1.

ab - ab 4 ab 4 g,



EXPERIMENTS

In the process of fertitisation each pollen
form unites on an average equally often with
each egg cell form, so that each of the four
pollen cells AB unites once with one of the
forms of egg ccll AB, Ab, 4B, sb. In precisely
the same way the rest of the pollen cells of
the forms Ab, aB, ab unite with all the other
egg cells. We obtam therefore the results
indicated at the bottom of this page.

In precisely simalar fashion is the develop-
mental scrics of hybrids cxhibited when
three kinds of differentiating characters are
conjoined in them. The hybrids form eight
various kinds of egg and pollen cells—ABC,
ABc, AbC, Abc, aBC, aBe, abC, abe—and
cach pollen form unites itsclf again on the
average once with cach form of egg ccll.

The Jaw of combmnation of different char-
acters, which governs the development of
the hybrids, finds therefore its foundation
and explanation 1 the principle enunciated,
that the hybrids produce egg cells and pollen
cells which in equal numbers represent all
constant forms which result from the com-~
binations of the characters brought together
m fernlsation.

EXPERIMENTS WITH
HYBRIDS OF OTHER SPECIES
OF PLANTS

It must be the object of further experiments
to ascertawn whether the law of development
discovered for Pisum applics also to the hy-

AB AB AB AB  Ab Ab Ab

atata
aB

+;F+;i_é+;lz+:z—8+

iN PLANT-HYBRIDIZATION—Mend

brids of other plants. "To this end several ¢
periments were recently commenced. Tw
minor cxperiments with species of Phaseol
have been completed, and may be he
mentioned.

An cxperiment with Phascolns pulgaris at
Phaseolus nanus gave results m perfect agre
ment. Ph. nanus had, together with o
dwarf axis, smply inflated, green pods. P
vulgaris had, on the other hand, an axis
feet to 12 feet high, and yellow-colour
pods, constricted when nipe. The ratios «
the numbcrs in which the different forn
appeared 1n the scparate gencrations we:
the same as with Pisum Also the develoy
ment of the coustant combinations restlte
accordmg to the law of stmple combinatic
of characters, exactly as m the casc of Pisur
There were obtamed

CONSTANT AXIS COLOURQE  TORM Of
COMBINATIONS THE UNRIPE  THE RIS
PODS roDS

1 long green flated

2 " " constricte

3 * yellow inflated

4 - - constncte

5 short green inflated

6 " - constricte

7 * yellow flated

8 “ “ constricte

The green colour of the pod, the inflatec
forms, and the long axis were, as in Pisum
domumnant characters.

Another experiment with two very differ.

Ab
ab

aB ab

B aB ab ab  ab

aB B b Y
+tatatatatmtatasT

or

AB 4 ABb4- AaB -+ AaBb + ABb + Ab + AaBb + Aab + AaB
+ AaBb + aB + aBb + AaBb 4+ Aab 4 aBb + ab = AB

+ Ab 4 aB + ab +

2ABh 4 2aBh + 2AaB + 24ab + sAaBb!

t [In the ongmal the ugn of equality (=) 1s herc represented by +, evidently 3 pusprint.]



atgeacs of Phaseolus had only a parrial

e, Phaseolus manus, L., served as seed

peet, 4 perfecdy constant species, with

whee fowers m short racemes and small
sbre sweds m sueaight, wflated, smooth

s, 35 pollen parent was used Ph. mufti-
fios, W., vach tall winding stem, purple-
«d flowers m very long racemes, rough,
scklshaped crooked pods, and large seeds
sheh bore black flecks and splashes on a2
fechblood-red ground.

The hybrids had the greatest similarity to
de pollon parent, but the Aowers appeared
s mensely coloured, Therr fertility was
1 brted, from seventeen plants, which
Ugether developed many hundreds of fow-
o only forry-nine seeds s all were ob-
tated These were of mediam size, and were
Etedand slached simtarly to those of Ph.
waliforus, e the ground colour was not
sterlly different, The next year forty~

t plants were rassed from these seeds, of
Rachionly thirty-one reached the flowering
:jgﬂ The characters of Ph. tanns, which had

2 akogether latent n the hybrads, re-
#eed m vanges combmations, their
;‘“ﬂ, bowever, with relanon to the domi-
n:; P8t was necessanly very fluctuating
W\d\g t0 the small number of ertal planes
- ;ﬂ’um characters, as m those of the
: nd the form of pod 1t was, however, as

€ case of Pussan, almost exactly 1 3
bigmaficant as the results of ths expen-

;:nx may be as regards the dete of

and the sced-colour of Ph. namts appeared, 1t
15 true, at once in the first generation { from
the hybrids] mn onc fauly ferule example,
but the remaining thirty plants developed
flower-colours which were of various grades
of purple-ted to pale violet. The colouring
of the secd-coar was 10 Jess varied than that
of the flowers No plant could rank as fully
fertile; many produced no fruit at all; others
only ysclded frunts from the flowers last pro-
duced, which did not ripen. From fiftcen
plants only were welldeveloped seeds ob-
tained. The greatest disposiion to infertiliy
was seen in the forms with preponderantly
red flow ers, since out of sixteen of these only
four yiclded tipe sced, Three of these had a
stmlae sced pattern to Ph, muferflorus, but
with a more or less pale ground colour; the
fourth plant yrelded only one seed of plan
brown tmt. The forms with preponderanty
violet-coloured flowers had dark brown,
black-brown, and quute black seeds.

The experiment was continued throngh
two more generations under sinmlar un-
favorable csrcumstances, since even among
the offspring of fascly ferale plants there
came agam some which were less feruile or
even quite sterite, Other flower- and seed-
colours than those cited did not subsequently
present themsclves The forms wlich in the
first generation [bred from the hybrids] con-
tamed one or more of the recessive char-
acters remamed, as regards these, constant

rehnve numbers m which the vatiaus
"5 appeared, 1t presents, on the other
rh;n‘ the phenomenen of a tematkable

g of colour 1n the flowers and seed of
h bbrids Tn Piswm 1t 15 known that the

factets of the flower- and seed~colour
fstnt themsetves unchanged m the frse
d further gencranons, and that the off-
g of the hybrds duplay exclusively the
o or the other of the characters of the
rginal stocks 1t 15 otherwsse m the expen-
ment we are considerng The white fowers

without . Also of those plants
which passessed violet flowers and brown or
Black sced, some did not vary agan 1n these
respecrs i the next generation; the majority,
however, yielded, together with offsprn, .
exactly lke themselves, some which dxg
played white flowers and whste scgd{m:s_
’irh; red flowermg plants remamed so shght:
y ferule that nothing can be smd with ¢
tainty 1s vegards thete fyrther devclc?ﬁmc:v—

Despite che many disturbing factors wi h
ich the observanons had 1o contend, y
nevescheless seen by this eXpenment (h;t‘:):;

W,
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development of the hybrids, with regard to
thase characters which concem the form of
the plants, follows the same laws as in Prstins.
With regard to the colour characters, it cer-
wainly appears difficult to perceive a sub-
stantial agreement. Apart from the fact that
from the union of a white and a purple-red
colouring a whole series of colours results
[in R}, from purple to pale violet and white,
the circumstance is a striking onc that among
thirty-one flowering plants only onc re-
ccived the recessive characrer of the white
colour, while in Pisum this occurs on the
average in every fourth plant.

Even these emgmancal results, however,
mught probably be explained by the law
governing Pistnt if we might assume that the
colour of the flowers and sceds of Ph. multi~
florns 15 a combmation of two or more en~
tirely independent colours, which mdivid-
ually act like any other constant character in
the plant. If the flower~colour A were a
combination of the individual characters A,
4 A2+ . . . which produce the total 1m-
pression of a purple coloration, then by
fertilisation with the differentiating char-
acter, white colour, a, there would be pro-
duced the hybnd unions Aja + Aza + .
and so would it be with the correspondmg
colourng of the sced-coats.! According to

1 [As it fails to take account of factors mtroduced
by the albino this representation 15 imperfect. It i
however mteresting to know that Mendel realized
the fact of the of compound ¢h
and that the ranty of the white recesuves was a

consequence of this resolution.]

the above assumption, cach of these hybnid
colour unions would be independent, and
would consequently develop quite inde-
pendently from the others. Tt 15 then canily
scen that from the combination of the sepa-
rate developmental series a complete colour-
series must result. If, for mstance, A=A+
As, then the hybrids Aia and Aga form the
developmental seres—

A+ 24iata, At 2data

The members of this series can enter into
nine different combinations, and cach of
these denotes another colour—

1Ay 2 Audx 1 Ay
2diAae 4 Avadae 2 Aja
1 Ay 2 Ajaa 1 da,

The figures prescribed for the separate
combinations also mdicate how many plants
with the corresponding colourmg belong to
the serics. Stiice the total is sixteen, the whole
of the colours arc on the average distributed
over cach stxteen plants, but, as the senes
1tself indicates, 1 unequal proportions.

Should the colour development really
happen 1 this way, we could offer an ex-
planation of the case above described, viz.
that the white flowers and seed~coat colour
only appeared once among thirty-one plants
of the first generation, This colouring ap-
pears only once in the scries, and could theres
fore also only be developed once m the
average m each sistcen, and with theee
colour characters only once cven m sisty-
four plants.

It must, nevertheless, not be forgotten
that the explanation here attempted is based
on a merc hypothesis, only supported by the
very imperfect result of the experiment just
deserbed It would, however, be well worth
wlile to follow up the development of
colour m hybrids by smmlar experiments,
sice 1t 15 probable that m this way we nught
learn the sigmficance of the extraordmary
variety m the colourmg of our ornamental
flowers.

So far, little at present 15 known with cer-
tamty beyond the fact that the colour of the
flowers 1n most ornamental plants is an ¢x=
tremely varble character, The opinton has
often been expressed that the stabahty of the
species 15 greatly disturbed or entirely upset
by cultwvation, and consequently there 1s an
mehmation to regard the development of
cultvated forms as a matter of chance devord
of rules; the colourmg of ormamental plants
15 mdeed usually caeed 2s an example of great



mstibility. Tt s, however, not cleat why the
snple wansference ints garden soil should
resulein such a thorough and persistent revo=
Jution 1 the plant organism, No one will
seriously mamtain that in the open country
the development of plants is ruled by other
Laws than 1n the garden bed. Here, as there,
changes of type must take place of the condi-
wons of hfe be altered, and the species pos-
sesses the capacity of Rrting wself 2 its new
environment, 1t is willingly granted that
by enlivanon the ongmaton of new vati-
enes 15 favoured, and that by man’s labour
many varieties are acquired which, under
natural conditions, would be lost; but oth-
g justifies the assumption that the tendency
to the formation of varienes 15 50 extraor-
dinarily mcreased that the spectes speedily
fose aif stability, and their offspring diverge
mto an endless scrres of extremely variable
forms Were the change 1n the condians
the sofe cause of variabifiry we rghs expect
that thase cultvated planes which are growm
for centunies under almost 1dennical condi-
wons would again attan constancy That, as
15 well known, 1s niot the case, since st 1s pre-
asely under such arcumstances that not
only the most varted but also the most van-
able forms are found 1t is only the Legumi-
nosae, like Pisum, Phaseofus,t Lens, whose ot-

¥ {Phiaseolus nevertheless s msect-fertihsed ]

gans of fertitsation are protected by the
keel, which comstimie 2 noteworthy ex-
ception Even hete thete have ansen numer-
ous vanienies during a cultural penod of more
than 1000 years under most various condy.
tions, these mantam, however, under un~
changing enviconments a stabiliry as grear
as that of species growimg wild,

Tt 1s more than probable that a5 regards the
varabiity of cultivated plants there exises 2
factor which so far has receved Yptle atten
non Vanous expenments force us to the
conclusion that cur cultvated plants, wathy
flew exCepUONS, ate wembers of varons hybnd
senies, whose further development m con.

focmity with law is varied and interrupted
by frequent crossings infer se. The arcum-
stance must not be overlooked that culti-
vated plants are mostly grown in great num-~
bers and close together, affording the most
favourable conditions for reaprocal feruli-
sation between the varieties present and the
species itself. The probabulity of this is sup~
ported by the fact that among the great
array of variable forms solitary examples are
always found, which in one character or
another remain constany, if only foregn in-
fluence be catefully excluded, ‘These forms
behave precisdly a3 do those which are
known to be members of the compound hy-
brid series Also with the most susceptible of
all characters, that of colour, it cannot escape
the careful observer that in the scparate
forms the mchnation 1o vary s duplayed in
very different degrees Among plants which
aruse from one spontancous fentilisation shrre
are often some whose offspring vary widely
m the conshtunon and atrangement of the
colours, while that of others shows kedle
deviation, and among 3 greater number
solitary examples occur which transmit the
colour of the flowers unchanged to their
offiprng. The culavated species of Dianfhus
afford an instructive example of this, A
white-flowered example of Dianthus caryo-
phiyltis, which wself was denved from a2
white-flowered vartety, was shut vp dunng
1s blooming petiod n 3 greenhouse; the
numerous seeds Obtained therefrom Yielded
Plants entcely white-flowered ke itself, A
sindar sesply was obtaned from 2 yub-
species, with red Aowers somewhat flushed
with wiolet, and one with flowers white,
serped w“}“ red. Many othess, on the qther
. y which were more or less
variously cofoured and marked,

Whoever studies the coloration which re-
;uks, 0 ormamental planyy froy, stmilar
;l:nl!}sx:uon, car hardly escape the conviegion
:l ft cre also Lh.: development. follows 3
efinte law, which powibly finds iy exe
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development of the hybrids, with regard to
those characters which concern the form of
the plants, follows the same laws as in Pisum,
With regard to the colour characters, it cer
tainly appears difficult to perceive a sub~
stantial agreement. Apart from the fact that
from the union of a white and a purple-red
colouring a whole series of colours results
[in Fy], from purple to pale violet and white,
the circumstance is a striking one that among
thirty-one flowering plants only one re-
ceived the recessive character of the white
colour, while in Pisum this occurs on the
average in every fourth plant.

Even these enigmatical results, however,
might probably be explained by the law
governing Pistim if we might assume that the
eolour of the flowers and sceds of Ph. mnlti-
florus 15 a combination of twe or more cin-
tirely mdependent colours, which individ-
ually act like any other constant character m
the plant. If the flower-colour A were a
combination of the individual characters Ay
+ A+ . . . which produce the total 1~
pression of 2 purple coloraton, then by
fertthsaton with the differentiating char-
acter, white colour, a, there would be pro-
duced the hybnid umons Aya -+ Az +
and so would 1t be with the corresponding
colourmng of the seed-coats.! According to

1 {As 1t farls to take account of factors introduced
by the albino this representanon 15 imperfect o 15
however mteresting to know that Mendel realized
the fact of the existence of compound characters,
and that the ranty of the white recessives was 2
consequence of this resolution.

the above assumption, cach of these hybrid
colour untons would be independent, and
would consequently develop quite mnde-
pendently from the others. It is then castly
scen that from the combmation of the scpa-
rate developmental series 3 complete colour-
series must result. If, for mstance, A = A+
Ay, then the hybrids A and Aja form the

developmental series—

At 2dieta Ayt 2Anata

The members of this scrics can enter mto
nine different combinations, and cach of
these denotes another colour—

14idy 2 A 14
2 A1dye 4 Aadaa 3 Ay
1 A 2 Agaa I aa.

The figures prescribed for the scparate
combinations also indicate how many planies
with the cotresponding colouring belong 1o
the series. Since the total is sixteen, the whole
of the colours are on the average distnbuted
over cach sixteen plants, but, as the series
wself indicates, in unequal poportions,

Should the colour development really
happen in this way, we could offer an ex-
planation of the casc above deseribed, viz.
that the white fowers and seed-coat colour
anly appeared once among thirty-one plants
of the first generation. This colourng ap-
pears only once 1 the series, and could there-
fore also only be developed once m the
average in cach sixteen, and with three
colour characters only once even in sixty-
four plants,

It must, nevertheless, not be forgotten
that the explanation here attempted is based
on a mere hypothesis, only supported by the
very smperfect result of the experiment juse
deseribed. It would, however, be well worth
while to follow up the development of
colour 1 hybnds by siytlar cxperiments,
swce 1615 probable that m this way we nught
learn the sygnificance of che etraordmary
vaniety m the colouring of our ornamental
flowers

So far, little at present 1s hnown with cer-
tamry beyond the fact that the colour of the
Aowers 1 most ornamental plants 1 an ex-
tremely vatsable character, The opmiton has
often been expressed that the stabibity of the
species 1s greatly disturbed or entirely upset
by cultivation, and conscquently there 15 ant
melmation to regard the development of
culuvated forms as a matter of chance devord
of rules; the coloutng of omamental plants
is ndeed wsually cited as an example of great



which dhree kinds of differentrating char-
sers were concerned, all the dominant
dhaacters belonged to the seed paent, Al~
though he terms of the scres in their in-
ermal composinion approach both ongmal
picents equally, yet m this experiment the
type of the seed parcot obtamed so great a
preponderance that out of each sixty-four
s of the fisst generaon fifty-four ex-
aclly resembled it, or only differed m one
chacacter. I¢ 16 seen how rash 1t must be un-
der such arcumstances to draw from the
weetal seserablances of hybrds conclusions
ssto therr interrial nature.

Garmer mennons that i those cases where
the devclopment was regular, among the
offipring of the hybrids, the two ongmal
pectes were not reproduced, but only a few
ndwidudls winch approached them. Wath
sery estended developmental series 1t could
a0t m face be otherwse, For seven differ-
mirting characters, for mstance, among
more than 16,000 mdividuals—offspring of
the hybrids—each of the two ongual speeies
would occur onty once, Tess therefore hardly
posble that these should appear at all
smong 2 small number of expenimental
flants, with same probabihity, however, we
sught reckon upon the appearance 1 the
sries of a few forms which approach them.

We meet with an essenial difference in
those hybrds which remam constant m
heit progeny and propagate themselves as
wily 2 the pure specres  According to
Gartner, to s class belong the remarkably
forde ybnds, Aqulegia atropurpuires cara-
s, Lavateed pseudoling thuringiaca, Geum
whato-rigale, and some Diantlus hybuds,
and, according to Wichura, the hybnds of
the Willow famly For the hustory of the
#volution of plants this arcumstance 15 of
¥peaial importance, since constant hybeids
quire the status of new species. The cor-
fectiiess of the facts 15 guaranteed by emynens
obsetvers, and cannot be doubted Girtner

had an opportunity of! following up Diandhus
Ammerin deltoides to the tonth generation,
since it regularly propagated itself in the
garden.

With Pisum it was shown by experiment
that the hybrids form egg and pofien cells of
different kinds, and that herein lies the reason
of the variabiliry of thesr offspring. In other
hybrids, likewise, whosc offspring behave
similarly we may assume a like cause; for
those, on the other hand, which remain con~
stant, the assumpnion appears justifiable that
theur reproductive cells are all alike aud agree
with the foundation~cell {fertilised ovum] of
the hybed, In the opmion of senowned
physiologists, for the purpose of propagation
one pollen ¢l and one egg ecll unite in
Phanerogams® into 3 single cell, which is

I Prsum 1635 placed beyond doubt that for the
formation of the new embryo a perfect union of
the elements of both reproductrve cells must take
place How could we otherwise explam that among
the offspring of the hybnds both onginal types re~
appear 1 equal nambers and with al) thewr peculi-
andey? I the mfucnce of the egg cell upon the
pollen cell wete onfy external, of & fulfilled the
réle of 2 ntzrse ondy, then the result of each aztificisl
ferrlisshon could be no other than that the
developed hybrid showld rxactly resemble the
polien parent, or at any rare do so very closely
Thus the experments 10 far have 1 no wise canw
firmed. An evident proof of the complere untan
of the contents of both cells 18 afforded by the
cxperunce guned on all sdes that 1t is immatena),
35 segetds the form af the bybrid, whach of fhy

ongns! speaes 15 the seed Parent or which the
pollen parent

capable by awimifaton and formation of
new cells to become an mde;
sm Ths development follows a constant
taw, which js founded on the matenal conye
posmon and arangement of the elements
which mect 1n the cell in 2 vivifying nmon,
¥ he reproductive cells be of the ssme kind

and agree with the foundation celf {fers
ovum} of the mother e dlacd

plant, then the ¢
velopment of the new ndividual wil) fo)ln:'

pendent organ-
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pression in the combination of several inde-
pendent colour characters.

CONCLUDING REMARKS

It can hardly fail to be of interest to compare
the observations made regarding Pisitus with
the results arrived at by the two authoritics
in this branch of knowledge, Kélrcuter and
Giirtner, in their mvesngations. According
to the opmion of both, the hybrids mn out-
ward appearance present either a form inter-
mediate between the original specics, or they
closely resemble either the one or the other
type, and sometimes can hardly be discrimi-
nated from 1t. From their seeds usually arse,
if the fertilisation was effected by their own
pollen, various forms which dffer from the
normal type. As a rule, the majority of mdi-
viduals obtained by onc fertilisation main-
tam the hybrid form, while some few others
come morc like the seed parent, and onc or
other mdividual approaches the pollen pat-
ent. This, however, 15 not the case with all
hybrids without exception. Sometimes the
offspring have more nearly approached,
some the one and some the other of the
two ongmal stocks, or they all mcline more
to one or the other side; while i other cases
they remain perfecly like the hybnd and
contmue constant m their offsprmg  The
hybrids of varieties behave like hybnds of
species, but they possess greater vanabiliy
of form and a more pronounced tendency
ta revert to the ongmal types
With regard to the form of the hybrids
and their development, as a rule an agree-
ment with the observations made m Pisinn s
unmistakable. It 1s otherwise wath the ex-
ceptional cases ated. Girmer confesses cven
that the exact determmation whether a form
bears a greater resemblance to one or to the
ather of the two ongmal species often m-
volved great difficuley, so much depending
upon the subjective point of view of the ob-
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server, Another circumstance could, how-
ever, contribute to render the results fluctu-
ating and uncertain, despate the most careful
observation and differentiation. For the ex-
periments, plants were mostly used which
rank as good specics and are differentiated by
a large number of characters In addinon to
the sharply defined characters, where 1t is a
question of greater or less similarity, those
chatacters must also be taken into account
which are often difficult to define in words,
but yet suffice, as every plant specialist
knows, to give the forms a peculiar appear-
ance. If it be aceepted that the development
of hybrids follows the law which is valid for
Pustim, the serics in each scparate experiment
must contam very many forms, simce the
number of the terms, as is known, increascs,
with the number of the differcntiating char-
acters, as the powers of three. With a rel-
attvely small number of experimental plants
the resule therefore could only be approxi-
mately right, and i sigle cases might fluc-
tuate considerably. If, for instance, the two
ongmal stocks differ m seven characters, and
100 or 200 plants werc rassed from the sceds
of their hybnids to determme the grade of
relationship of the offspring, we can casily
see how uncertam the decision must become,
smce for seven differentiating characters the
combmation scrics contam 16,384 divid-
uals under 2187 vartous forms, now onc and
then another relaonship could assert s
predommance, just according as chance pre-
sented thus or that form to the abserver ina
majorety of cascs.

If, furthermore, there appear among the
differentiating characters at the same time
dommant characters, which are transmiteed
entire or nearly unchanged co the hybruds,
then in the terms of the developmental serics
that onc of the two ongmal parents which
possesses the majonity of domunant clar-
acters must always be predonunant. In xl‘xc
expenment desenbed relauve to Pustm, in

e



ert 1o the lmnsfayma'mu of one species i:fro
awiher by artficial fertshsation metit special
meption  Parculfar importance has been
atached to these experiments and Girtner
reckons them among “the most difficule of
ll w hybudisation.”
Tfa species A is to be transformed into 3

species B, both must be unsted by fertfisa~
ton and the resuling hybrids then be feral-
sed with the pollen of Bi then, out of the
vanous offspring resultng, that form would
Be selected which stood in nearest relation to
Band once mote be fernlised with B pollen,
and 5o continuously e finally a form 1
amved at which is hke B and constant in 1ts
progeny By thus process the speaies A would
change into the speces B. Girtnet alone has
effected thinry such expenimaents with plants
of genera Aguilegia, Dianthus, Gewm, Lava-
terd, Lythnis, Molva, Nicotiana, and Oeno-
thers The pertod of transformation was not
e for afl species. While with some 2
wnple ferthisation sufficed, with others this
fadtobe repeated five or sex imes, and even
i the same spectes fluctmations were ob-
served n various experiments Garner as~
aatbes ths difference to the execumstance that
“the specific {iyprsche} power by which a
spectes, durng reproduction, effects the
change and transformation. of the maternal
type varies considerably mn different plants,
ad thay, consequently, the periods within
which the one species 15 changed mnto the
other must also vary, as also the number of
genetations, so that the transformation m
fome species 1s perfecred m more, and
others 1 fewer generations” Further, the
same observer remarks ““thar i these trans-
formation experiments a good deal depends
upen whuch type and which mdwidual be
chosen for further transformation,”

1 1t may be assurned that in these expen-
ments the consutution of the forms resulted
2 sirlar way to that of Pisun, the entire
process of transformation would find 3 £

el
smple explanation. The hybod forms :;

many Xinds of egg cells as there ate constant
combinations possible of the characters con-
joined therein, and one of these is always of
the same kind as that of the fertilising pollen
cells. Consequendly there always exists the
possibility with all such experiments that
even from the sccond ferihisation there may
result a constant form idenuical with that of
the pollen parent. Whether this really be
obtained depends in cach sepatate case upon

the number of the experimental plants, as
well as upon the number of differentiating

chatacters which are united by the fertilisa

don. Let us, for instance, assume that the

plants selected for experiment differed in

three characters, and the species ABCistobe

transformed ngo the other species abe by

repeated fernliation with the pollen of the

Tatter; the hybrids resulting from the first

ctoss form eight different kinds of epg cells,

viz,

ABC, ABc, AbC, aBC, Abc, aBe, abC, abe.

These in the second year of experiment
are united again with the pollen cells abe, and
we obtamn the scies

AaBbCe 4+ AaBbe 4- AabCe+ ~
aBbCe 4 Aabc + aBbe 4 abCe 4- abe,

Since the form abe oceurs once in the
senes of eight cerms, 1t 15 consequently hitle
Bkely that it would be missing among the
expennmental plants, even were these rajsed
2 smaller nugmber, and the transformation
would be pecfected already by a second
fervlisanion, 1f by chance it did not appear,
then the fernhisation must be repeated Will;
one of those forms nearest akin, Aabe, Bl
@bCe. Itis perecived thae suchan cxpc;m\en;
mustextend the farther fhe smafler she ntencher
of experimental plants and the larger the nuber
of diferentiating characters 1 the two original
species; and thay, furthermore, in the fzm
spectes there can eastly oecyr 5 delay of ont
of even of two generations such as Gi\'rmc:
observed. The fransformanon of widely di-
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the same law which rules the mother plant.
If it chance that an egg cell unites with a
dissimilar pollen cell, we must then assume
that between those clements of both cells,
which determing opposite characters, some
sort of compromisc is effected. The resulting
compound cell becomes the foundation of
the hybrid organism, the development of
which necessanily follows a different scheme
from that obtaiming in each of the two ongi-
nal specics. If the compromuse be taken to
be a complete one, in the sense, namely, that
the hybrid embryo is formed from two
similar eells, in which the differences are
entirely and permanently accommodated to-
gether, the further result follows that the
hybrids, hike any other stable plant speeics,
reproduce themselves truly n their offsprng.
The reproductive cells which are formed
their sced vessels and anthers are of one kind,
and agree with the fundamental compound
cell [fertihised ovam).

With regard to those hybrids whose prog-
eny 15 variable we may perhaps assume that
between the differentlatng clements of the
cgg and pollen eclls there also occurs a com-
promise, 1 so far that the formation of a cell
as foundation of the hybnd becomes possi-
ble; but, nevertheless, the arrangement be-
tween the conflicting clements 15 only tem-
porary and does not endure throughout the
life of the hybnid plant. Since, mn the habit of
the plant, no changes are perceptible during
the whole pertod of vegetation, we must
further assume that 1t 15 only possible for the
differentiating elements to hberate them-
selves from the enforced umon when the
feruhising cells are developed. In the for-
mation of these cells all existng clements
participate, m an cnurely free and cqual
arrangement, by which 1t 1s only the differ-
entiatng ones which mutually scparate
themselves. In this way the production
would be rendered possible of as many sorts
of egg and pollen cells as there are combi-
nations possible of the formative clements.
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The attribution attempted here of the es-
sential difference in the development of hy-
brids to a permanent or temporary union of the
differing ccll elements can, of course, only
claim the value of an hypothesis for which
the lack of defimte data offers a wide scope.
Some justification of the opinion expressed
lies m the evidence afforded by Pisum that
the behaviour of cach pair of differentiating
characters in hybrid union is independent of
the other differences between the two ongi-
nal plants, and, further, that the hybrid pro-
duces just so many kinds of egg and pollen
cells as there are possible constant combina-
tion forms, The differentiatmg characters of
two plants can finally, however, only de
pend upon differences m the composition
and grouping of the clements which exist in
the foundation—cells [fertilised ova] of the
same 1 vital mteraction. ?

1*Weelehe i den Grundzellen dersclben i leben=
diger Weehsehwirkung stehen.”

Even the vahidity of the law formulated
for Pistun requres sull to be confirmed, and
a repetition of the more important expert-
ments 15 consequently much to be desired,
that, for mstance, relating to the composition
of the hybed fertilisng cells. A differential
[element] may casily escape the single ob-
server,2 which although at the outsce may

2Dem emzelnen Beobachter kann lescht em

Dufferenziale entgchen ™

appear to be ummportant, may yet accumu-
late to such an extent that it must not be
ignored 1 the total result Whether the
vanable hybrids of other plant species ob-
scrve an entire agreement must also be first
deasded expermmentally. In the meantime we
may assumc that i matenial points an cssch-
tal difference ean scarcely occur, since the
umty m the developmental plan of organic
Iife 1s beyond question.

In concluston, the expenments carned out
by Kolreuter, Garmer, and others with re-



on species into another an indubitable proot
that species are fixed withun humits beyond
shich they cannot change. Although this
opmon cannot be unconditionally aceepted,
we find on the other hand m Garmer's ex-
periments 2 noteworthy confirmation of
that supposinion regarding vanabihity of
alirvated plants which has already been ex-
prossed

Among the experimental species there
were cultrvated plants, such as Aquilegia atro-
pwrpurea and canadensis, Diauthus earyophyl-
lus, chwnensis, and japonsens, Nicotiana rustica
and pamenlata, and hybrids between these
spectes Jost none of their stability after four
or five generanons.
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vergent species could generally only be com-
pleted in five or six years of experiment,
since the number of different egg cells which
ace formed in the hybrid increases, as the
powers of two, with the number of differ-
entiating characters.

Girmer found by repeated experiments
that the respective period of transformation
varies in many specics, so that frequently a
species A can be transformed into a species B
a generation sooner than can species B mto
species A. He deduces therefrom that Kél-
reuter’s opinion can hardly be mamtaned
that “the two natures in hybrds are per-
feetly in equilibrium.” It appears, however,
that Kolreuter does not merit this criticism,
but that Girtner rather has overlooked a ma-
terial pomt, to which he himself elsewhere
draws attention, viz. that “it depends which
individual 1s chosen for further transforma-
tion ”* Experiments which in this connection
were carried out with two specics of Prsum
demonstrated that as regards the choice of
the fittest mdividuals for the purpose of
further fertiisation 1t may make a great
difference wlich of two spectes 1s trans-
formed mto the other. The two cxper-
mental plants differed 1 five characters,
while at the same ume those of species A
were all domnant and those of species B all
recessive. For mutual transformation A was
ferulised wath pollen of B, and B with pollen
of A, and this was repeated with both hy-
brids the following year. With the first ex-

B
peniment there were cighty-scven plants

avatlable in the third year of expeniment for
sclection of the indviduals for further cross-
g, and these wee of the possible thirey-

A
two forms; with the sccond experiment B

seventy-three plants resulted, which agreed
throughout perfectly w habit wath the pollen
parent; in their internal composttion, how-
cver, they must have been just as varied as
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the forms in the other experiment, A definne
sclection was consequently only possible
with the first experiment; with the second
the sclection had to be made at random,
merely. Of the latter only a portion of the
flowers were crossed with the A pollen, the
others were left to fertilise themselves.
Awmong cach five plants which were sclocted
in both experiments for fernlisation there
agreed, as the following year's culture
showed, with the pollen parent:

st 2nND
EXPLRIMENT IXPERIMINT
2 plants - in all characters
3 o _ Wy
—_ 2 plants 3 -
- aom P
- 1 plant * 1 character

In the first experiment, thercfore, the
transformation was completed; m the see-
ond, which was not contimued further, tso
or more fernlisations would probably have
been required.

Although the case may not frequently oc-
cur i which the donunant characters belong
exclustvely to one or the other of the origi-
nal parent plants, 1t will always make 2
difference which of the two possesses the
majonty of dommants. 1f the pollen parent
has the majonty, then the selection of forms
for further crossmg will afford a less degree
of certamty than in the reverse case, which
must tmply a delay m the penod of trans-
formation, provxdcd that the expeniment 1
only considered as completed when form
1s arnved at which not only exactly e~
sembles the pollen plant n form, but abso
remams as constant in its progeny.

Gartner, by the results of these trans-
formation cxpernments, was led to opposc
the opuion of those naturalists who dn;:u(c
the stability of plant species and believe in 2
contmuous evolution of vegetation. He per
cewvest i the complete transformation of

1 {“Es siche™ m the enginal 1t clearly a mnprat
for “Ee sicht ']



75. DRDSOPHILA
EXPERIMENTS

Ceareze o Drosophifa The flies are ordi-
mrdy grown w halfpine milk bottes
soppered with - cotton plugs which are
siapped m gavze. In the borom of the
bottle there should be a layer of agar medi-
smabout an inch huck, The flies do not feed
upon this, but upon yeast which grows upon
s medium. 16 15 necessary to add 2 mold
mhbitor to the medium, as atherwise mold
may destroy the cuftuses. For this purpose,
Maldex (sodwsm para-hydroxybenzoic aad)
5 WOk by used, but 1 lab

whih are heavly mfested with molds,
Oowaade A is wore sstsfactary. Many
good formulas for culture media have been
publiched. The followmng medm (modi-
fied from McDonough, Science, 118. 288)
soutently 1n wse 1w the author's laboratory.

15 grams agar-agar, shreds or powder

Water, 500 cc.

3/4 gram Dowsade A m 16 cc 95%,
ethy} alcokiol

125 cc molasses.

110 grams com meal 1o 250 cc of water.

Haat the 500 cc of water, and dissolve agar~
3gar in hot water. Add the remaming -
gredients in the order stated Mix well Pour
wto culture bottles and allow to caol Shp 2
warow stmp of suff paper into each botde to
provide a good surface for pupaton Stopper
the bottlos and store 1n a refgerator after
they ave cooled A few hours before they
are 10 be wsed, the coltare bowdes should be
noculated with brewer’s yeast and allowed
10 Warm up to room temperature.

While cultures can be grown at room
femperature, mase refuble resulis are ob-
aned by growing them  an meubstor at
25°C 1f a few pars of fes ace PUL WO 3
fiesh cultare boxdle, there should be 3 dense
fopulation within a few weeks Transfers o

fresh culture bordes should be made every
four 1o srx weeks in order to maintain
healthry stock cubtures. b may be desirable wo
keep the students” cultures in smatfer con-
aimers, such as 60 cc. shell vials.

ExtrcisE ON MORPHOLOGY OF Drosophils
AND ON Hanpune THE Ozcamism Laving
fhes should be issued to the studemts. It s
necessary to anesthetize the fhies in order to
handle them. An anesthenzing botte can be
made by fittmg a half-pint borde with a
cork. Drve 3 long nal into the under side
of the cork, and then wrap a bit of cotton
and ganze around the head of the nail. To
anesthetize the flies, pour a few drops of
ether on the pad on the natl, then replace the
cork 1n the bortle, which will soon fill with
cther vapor. Now hold the culture bortle
with s bottom toward the hight. As the
flies are postuvely phototrapic, most will
gather at the bottom of the bottle, Those re-
maining on the stopper can be shaken off by
Joosening the stapper and then shaking 1t in
the mouth of the bottle Remave stoppers
from the culture bottle and the etherizing
bottle, then quickly mvert the culture bottle
over the ethenzng botde, holdmg their
mouths together 5o that flics cannot escape.
Keep the ether bottde upnight, so that the
ether (which 1s heavier than arr) will pot
spill mto the culture botele. The ether borde
may. however, be slanted somewhat roward
the light 1o attract the fles & sharp blow on
the side of the culture botrde wall bhelp dnve
flies down mnto the ether bostle, Separate the
bottles and quickly replace stoppers. Leave
the fhes in the ethenzing boute only a fewy
seconds after the flies stop moving, then
dump them onto a white card for exama-
tion and study,

Do not JUEmpt to examine more than 30
or 40 flrcs at 3 tme, or they will revive and
B b el e
pous & little ether nn:‘ e aminanon card,

@ a coton of pavze pad



APPENDIX B

Laboratory
S uggesfions

Any organism which can be studied in the
laboratory can be used for geneuc experi~
ments, but the bulk of genetic knowledge
has been obtained from a small number of
organisms, including man, mouse, corn, to~
bacco, the cvenng prmrose (Oenothera),
Paramecuun, Neurospora and other molds,
and especially Drosophila. The following ex~
ercises are based upon Drosophila, com, and
man, with a few other organisms being used
to a mmor extent. The selection 15 based
primarily upon practical considerations of
availability and simplicity of use

In schedulng experiments, 1t 15 advisable
to mtroduce iving materals as soon as
possible, with preserved matenals bemg
used to fill other periods as necded. It 1s also
uscful to take part of the laboratory nme for
use as an oral quiz period on genetic prob-
lems. A tentanive schedule 1s presented be-
low, based upon the assumption that there
are sixteen laboratory peniods, one week
apart:
WEEK EXPERIMENT
v Drosaphila morphology; plant sor-

ghum sceds.
Drosophila 1—monohybnd cross.
3 Complete sorghum experiment, con-

tinue Dmxaphilﬂ I

=

WEEK EXPERIMENT

4 Mate F) of Drosophila T; com 1—
monohybridism.

s PTC pcdlgrcc in man; Drosophilall—

sex-lmkage.

6 Complete Drosophila 1; corn 11— di-
hybridism.

7 Drosophila li—matc Fy flics.

8  Mitosis and Meiosis.

9 Complete Drosophila 1; Drosophila

Il—dihybridism

Blood typing.

11 Drosophila lll—mate Fy flics; comn
IM—linkage; Drosophila IV—link-
age.

12 Biometry,

13 Drosophila Til—complete; Drosophiila
V.

14 Com IV—complex ranos.

15 Complete Drosophila IV,

16 Complete Drosophila V.

Such a schedule cannot be hard and fast,
because the flies do not necessarily conform
to a ngid acadenuc schedule. Hence 1¢ 3
necessary to modify any schedule as the
semester proceeds If time pernuts, it o
lughly desirable to move the excrase on
mutosis and metosis up toward the begmnmg
of the semester. A teacher whose pmary
mterests he m the field of genetics will want
to change this schedule radically to empha-
size those matenals m which he 15 most in=
terested and which arc most readily available
m Ins own laboratory, The present sugges=
uons are mtended primanly for that ma-
jonity of teachers who must rcly upon ma-
terals available from commercial supply
houses. For simplicity, detatled dircctions
are grouped below accordmg to the organ-
1sm studied.



the samc way. The entire experiment should
require three o foue weeks.

Dugnam your cross Mendelian sym-
tls Caleutate the chi-squore and determine
the P value for your cross, Do the same for
the summated results of all simular crosses
made by the class.

Drosophsfa Experment Il & cross may be
made between 2 wild type stock and a stock
tomorygoes for any of the readsly available
sehinked genes, such as white eye color
(#), yellow body (y), or bar eyes (B). The
procedures are the same s those followed in
Dresophila 1. Tn this mstance, 1t 15 especially
importat that different students make the
coprocal croses and compare their results

Was the mutant dommant or recessive?
Jugram the cross 1 Mendelian symbols.
Test your resubs as usual by the chisquate
method,

Drosophila Exeerament 111 Make a dihy~
brd cxess by crossing fhies from a normal
culture with flies from a curved wang-sepia
¢ye culture. Or use two other imdependent,
osomal recessives An mierestng varmant
may be obtained by usmg one sex-fmked
and one autosomal gene. The procedure will
be the same a5 1m the preceding exp

bug, ++. b+, and 4 v The first two are
the parental types, the hast two the recom-
tanation types. Now caleulate the map dis-
tance between the two points. Assuming the
same number of ofspring, what shonld their
dustribution among; the dasses have been, i€
the genes had been located on different
chromosomes?

Drosorinia V—Prsnoconss Only ho-
mozygons vesngial winged flies are needed
for this experiment. Each student should ob-
tain a few pairs and start a cultwre, Half of
the students should raise them at room tem~
perature or (preferably) at 25° C., while the
remaimng students should grow them in an
meubator at 30- C. When the flies emerge,
compare the wings of those rassed at daffee-
ent temperatures, How could you prove that
no new mutaton had occurred in those
raised at the higher temperaturer Jf time
permuts, set up the ermcal experiment and
carry » through,

76. CORN EXPERIMENTS

For class studies on the genetics of corn, two
types of matenial may be used. Exther whole

After obtammang your results m the Fs, check
sout results as wsual by the chisquare
method

Drosophula Experment IV Thys expen-
ment 15 concerned with linkage and crossng
over, Flies will be supplied from a stock
bomozygous for black body (b) and vestigral
wing (ug) and from & second stock whach 1s
wild type. Make 2 cross berween the two
stocks. F; flies should be h for

ears Tep g the Fa or back gen-
eration for seed characters are distsbuted to
the students, or packets of seeds Iepresenting
smaller samples may be given to each stu-
dent The former 15 more desirable, but, as
the ears are expenstve and fragile, the latter
method 13 often more feasible.

CorRN  EXPERIMENT I-MORORYRRIDISM
Any one of many readily avaslable character
paws may be used to Mustrate ¥ or back-

both genes. Viegin Fy fomal o
g Fi females should now
be backerassed o black-vesugual males The
Teaprocal eross will not work, as crossing
ver normally occurs only n females of ths
Speaes. Obran the virgin females by the
same method desenbed above
When the backeross generanon emerges,
count them out by the four phenorypes,

cross Color diffe such s
sed-white or purple-wlute are very good
Another good example for class study 15 the
starchy-sugary endosperm alternatyye. In
dred com, starchy grams are fu) and
apaque, while sugaty grains are shnveled
and translucentt, or siupy, hmkmg Obtam
an ear {or packet of seed) and count the

grams of cach class, Stary tounting a row



taped on the under side of a Petri dish, then
invert the dish over the flics long enough to
reanesthetize them. When magmification 1s
nceded, a 10x hand lens 1s adequate for the
characters studied in this course. In countmg
flics, 1t 15 customary to scparate them mto
piles by phenotypes, then count and record
cach pile. Camel’s hair brushes are conven-
jent for handling the Hies, but some will
prefer a needle or scalpel

First, learn to distngunh the sexes. The

followmg entena are uscful for this purpose.
Size: fomales are generally larger than males,
but tlis may be nusleadmg, as the size
ranges overlap. Shape. the abdomen of
males 15 cylindrical, wath a blunt end, while
that of females 15 ovord with a pointed pos-
terior end. With magmfication, two pomts
can be made out. The dorsal one 15 the anus,
while the ventral one 1s the ovipositor.
Color: the black band at the postenior end of
the abdomen of males 15 conanuous, while
that of females 15 confined to the dorsal sur-
face. Viewed ventrally, this appears as a
black dot on the abdomen of males which 15
lacking m females, Viewed dorsally, the ab-
donien of males 1s almost sohid black, while
that of females 15 transversely stniped These
color differences are generally the most
casily recognized, however, both  sexes
emerge with scant pigmentanon, and then
darken with age. Sex combs m males, there
15 a row of tmy bristles on the tarsus of cach
front leg, These arc lackmg m females. Sex
combs are difficult to observe without mag-
wfication.

Observe carefully the size, shape, and
color of the following structures antennac,
eyes, thorax, bristles on the thorax (note
number and pattern), wings (note size,
shape, aud the pateern of vems), and ab-
domen.

Careful sketches of the objects studied
this evererse are a great help to aceurate ob-
servation, but may be onutted at the dis=
cretton of the teacher,
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Drosophila EXPERIMENT ] A monohybrd
cross may be made using flics from the wild
type {nornal) stock for anc parental type,
and Ries from a stock homozygous for any
autosomal recesstve gene for the other pae
rental stock. Good examples include feblour
{0}, i which the wings arc held out at night
angles to the body when at rest; black body
(b); or sepia eyc color (sr) Some students
should use the wild type flics for the fenuke
parents and the mutant type for the male
parents, while others should make the reap-
rocal cross.

It 15 very important that only vargm fe-
males be used in these experiments, m order
to insure that the progeny obtained actually
result from the cross intended. Therefore the
stock cultures should be emptied a few hours
before class time, and only those fennles
emerging afterwards should be used As the
flics do not mate m the first six to twehe
hours after emerging, these can be assumed
to be virgms. At cach table, a culture of
mutant fhes and one of wild type flics should
be anesthetized. Each student should place
several males and fomales from different
cultures m s culture tube. Be sure to heep
the tubes on therr sides unul the thes are
thoroughly recovered from the :nu‘srh('\l.‘l
Otherwise, they will get stuch m the medi-
um and dic Be sure that your culture whe
has been moculated with yeast, Label the
rube with a description of the crow, your
name, and the date. Place culture tubes on
therr stdes m the meubator, and set them up=
night on the followmg day,

During the followmg days, obserie the
progress of epg laying, {arval grow th, pupa-
tton, and emergence of adults. The Fy flies
should begn cmerging m 10 diys to tho
weeks When a far number of fhes have
emerged, anesthetze them, count them ont
by phenotypes (mecluding «x), and make
up anew culture with several pairs of thes to
breed the Ty Label and handle as wsual. The
Fz may now be followed and counted



Udhke agghugmaced eclls, rouleaus bmk
up easly). H mo ceacton eccurs within 15
unutes, 3¢ may be assumed duat none will
occur. The possible resuls may be wabulated
25 follows:

Cells agglutinated by neither

Bt N group O
Cells agglutinated by serum B
butnotbyserumA . - . - group A

Cells agghutinated by serum A
bucrotby serumB . . . - grovp B
Cells sgglonmated by both

w12 . .. group AB

The class results should be tabulated, and
\he distribution of types m the class com-
pared wth the disenb in the popul

2nd date, and place it on the window Jedge.
Check every few days o make sure that the
seedlings have water. After t=n days to two
weeks, the seedlings should be suffidently
Jarge to permit counting of the phenotypes.
Faintdy green plants should be counted as
albinos. Now answer the following gues-
nons:

1. Which gene is dominant?

2. Galeulate the chi-square and determine
the P value for yout results.

3. Tabulate the individual experiments on
the blackboard. Add them up, then
answer question 2 for the summiated
sesults.

4. Often, all or most of the individual ex-

of which the class 18 2 small sample. 1t will
not be possible for the students to test therr
selatives, but whenever a student can obtan
informanon regarding blood types of hus
rcanves, he should make a pedigree chart.

Especrally m classes including women, the
miercst m Rh testmg wall vun very high
Good testing sera are now readily avadable,
and should be used according 1o the div
recnons on the package

T8, MISCELLANEQUS

M M N Sorghum 15

a grass which 15 widely wsed as a forage
crop and as a source of sirup for human use

The normat green cotor of the plants 15, of
course, due 1o chlorophyll, but a gene for
albimsm Blocks the synthesss of chlorophyll
m the seedlings Packers of 100 sceds from
plants hererozygous for thus gene should be
1ssued to each student or patr of students. If
sufficient flacs are avatlable, the seeds may be
planted w sl Ortherwise, Petnn dishes and
wet filter paper will do Wet several filter
papers and put them i a Petn dish Now
arrange the seeds i fows of ten on the wet
filter paper and cover with another wet
filter paper Cover the dish, label with name

p support the hypothess,
yer the summated results fail to sup-
post 1t. How could this be explamed:
But when old seed is used, the per-
centage of germmation is ower, but
the summated results do support the
hypothesis, Try to explain this,

Biomerry A very good exercise m bi-
ometry may be provided by 2 sack of com-
mercial dried beans. Although these have
been graded for size, they will show con-
sderable vamation Wegh out for cach
student a sample of 30 to 40 grams of beans.
These should then be measured for length in
mulbimetets and a tally kept of the number
of beans of each length The results should
be tbulated on the blackboard, and the
class results summated Now make fre~
quency polygons for your own results and
for the summated class results. Caleulate for
each the mean, standard deviation, and co-
efficient of variability,

Another good expenment can be per~
formed by teamng the students in groups of
two to make simultaneous tosses of two
cons, recotding the number of times that
two heads (HH) are obtained, or a head and
a ad (HT), or two tads (TT). Let each par
of students toss their coms 100 times



which is easily identifiable, so that you will
know when you have counted all of the
rows, It is best to write down the number
of grains of each kind in cach row, and then
add them when the whole ear has been
counted. Do not touch the grains with a
pencil as you count, because marked grains
may become difficult to classify. Now an-
swer the following questions:

1. Docs the car represent an Fy or a back-
cross generation?

2. If it 15 an Fy, which allele 15 dominant:

3. Caledlate the percentage  deviation
from the expected results.

4. Caleulate the chi-square and determine
the P value,

5. Class results should be tabulated, and
questions 3 and 4 answered for the
summated results.

Corw ExperIMENT —Dinyoripism  Ears
(or seed packets) segregatng for two differ-
ent pars of characters, such as starchy-
sugary-purple-white, should be 1ssued. The
procedure is then identical with that m the
preceding  experiment, except that four
phenotypic classes must be counted rather
than two Caleulate chi-square and P values
for both individual and class results.

Corn Exeemiment Ill—Linkace  The
genes ¢ {colorless aleuronc) and sh {shrunken
seeds) are both located i chromosome 9.
Backeross ears from a cross mvolving both
of thesc locr should be issued Count the
number of grams m each of the four pheno-
typic classes. Which were the ongmal pa-
rental classes: What percentage of the grams
fall mto the recombination classest What 1s
the distance between these locn in the chro-
mosomer Duagram the cntire series of
crosses, begmning with the parental gener-
ation.

Corn ExperiMeNT IV—ConpLEX RATIOS
Obtain cars or sced packets m which col-
taboration of factars for alevrone colors

leads to modificd dihybnd rauos, such as
13:3,32:3:1, 00153 1. In cachease, de-
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termine the parricular rano represented, then
test your results by the chi-square method.
As far as possible, detcrmine the parental
genotypos,

7T. HUMAN GENETICS

PLDIGRIETORPTC StnsiTiviTY  Issuctocach
student several sheets of paper which have
been treated with PTC (phenyl-thio~car-
bamide}, a chemical which tastes bitter to
most people, but wlch is tasteless to some.
The abihity or imability to caste this substance
is based upon a single pair of genes, The
student should test humsclf and as many
relatives as possible for tasting ability. This
is done simply by chewmg a fragment of the
PTC paper. When all available refatves
have reported, a pedigree chart for the
famuly should be drawn. Can you deternime
from your pedigree which allele 15 donn-
nantz Docs it appear to be sex-hnked or
autosomal? If your pedigree illustrates any
of the major difficulucs of the study of
human mheritance, discuss 1t

Broop Tyring  Each student should
clean the end of a finger with 70 alcohol,
then prick the finger with a stenle needle.
Now add about two drops of blood to 1 cc.
of salme soluon (099, NaCl) Testing
scrum from a group A donor will agglun-
nate group B cells, hence it may be labeled
erther scrum A or anti-B. Sumilacly, serum
derived from a group B donor may be
labeled scrum B or anti-A, Place a drop of
serum A (anti-B) at one end of a slide, and
drop of scrum B (anti-A) at the ather end.
Now add to cach drop of anti-serum a smalt
drop of the diluted blood cell suspension.
Rock the shide gemtly to heep the cells
agitated. Agglutmation will probably be
very obvious to the naked eye 1f 1t oceurs,
but 1t should be checked by microscope to
avord the possibilty of confusion with
rouleaux formation (this 1s the formation of
stacks of cells, much lke stacks of penmes.



Unbke aggluomated eclls, mn\eam'( }.:rcak
wp casily) £ no reaction occurs within 15
suptes, 1t may be assumed that none will
occut. The possible results may be tabutated
a8 follows:

Cels agglutinated by neither

sum ... . .. - groupQ
Cells agglutinated by serum B
butnotbyserum A . . . . group A
Cells agglutinated by serum A
butnotbysersm® . . - . growp B
Cells agghumated by both
sera . RN . group AB

The class results should be tabulated, and
the distribution of types in the class com-
pared with the distnbution 1n the population
of whnch the class 15 a small sample, It will
ot be possible for the students 1o test their
relatnes, but whenever a student can obtam
uformation regarding bood types of hus
refanves, he should make a pedigree chart.

Especially in classes including women, the
intetest an Rh testing wall rum very lugh
Good testing seca are now readily avaifable,
and should be used according to the di-
tections on the package

Te. MISCELLANEOUS

Mononyeripism s Sorcrum  Sorghum i
3 grass which 1 widely wsed o 2 forage
arop and as 2 source of sirup for human use

The normal green color of the plants 1, of
course, duc w chlorophyll, but a gene for
albutism Blocks the synthesss of chlorophyll
1t the scedlings Packets of 100 seeds from
plants heterozygous for this gene should be
sssucd to cach student or parr of students 1
sufficrent flats are avastable, the seeds may be
plinted wn soil. Otherwise, Potns dishes angd
wet filter paper will do Wet several filier
papers and put them m 2 Pewn duh, Now
arrange the sceds 1 tows of ten on the wet
filter paper and cover with another wet
filter papes Caver the dish, label wich name

and date, and place it on the window ledge.
Check every few days to niake sure that the
scedlings have water. After ten days to two

weeks, the seedlings should be sufficiently

large 1o permit counting of she phesotypes.

Fandly green plants should he counted as

albmos Now answer the following ques-
dons:

3, Which gene is dominantz

2. Caleulate the chu-square and determine
the P value for your results.

3. Tabulate the mdividual experiments on
the blackboard. Add them up, then
answer question 2 for the summated
results.

4. Often, all or most of the individual ex-~
penments support the hypothess,
yet the summated results fad to sup~
pott 1t. How could this be explained:
But when old seed 15 vsed, the per-
centage of germination 15 lower, but
the sunmated results do support the
hypothess Try to explan this.

Brometey A very good exercise m bis
ometry may be provided by a sack of com~
mercial duied beans Although these have
been graded for size, they will show cone
siderable varution Weigh out for each
student 3 sample of 30 to 40 grams of beans.
These should then be measured for length in
millissesers and 2 2ally kept of the number
of beans of each length. The resuls should
be tabulared on the Blackboard, and the
class results summated. Now make frew
quency polygons for your own resules and
for the summated class vesults, Calewdate for
cach the mean, standard deviavon, and co-
effiaient of vanabilicy,

Another good experiment can be per~
farmed by teamung the students in groups of
two to make smultaneous tosses of two

coms, recordng the number of times that
two heads (HH) are obtaned, or a head and
2 zatl {HT}, or two tatls (TT). Let each par
of students toss their coins 100 mfm



What result should be expected on the basis
of the multiplication theorem: Compare the
observed and cxpected results by the chi-
square method. What has this experiment to
do with genetics:

78. CYTOLOGY

Mirosis iN OnioN Root Ties or 1y WHITE-
nsi Brastonisc  In the interphase, note the
following: size and shape of the nucleus;
the nuclear membrane; number, size, and
location of nucleol; and the chromatin
granules on the net-tke Iimin or achromatic
neework. In the whitefish, note the asters
During the prophase, disunct chromosomes
are developed from the chromatin, nuclear
membrane and nucleoli disappear, and the
preparation for division 15 otherwise com-
pleted. As this 15 a long and complex serics
of changes, one should look for carly, mid-
dle, and late prophasc stages. Note the grad-
ual formation of the chromosomes, and
look for nucler m which their separation into
chromatids can be seen. Note the details of
the spmdle, the dissolution of the nuclear
membranc, and the gradual fading of the
nucleoli. In the whatefish, note the asters and
centrosomes,  Finally, the chromosomes
move to the equatonal plate, Once there,
the cell 15 m metaphase. Only the centromeres
are accurately alighed, and henee the meta-
phase plate 15 quite clear 1n the whitefish,
which has many small chromosomes (2n =
8o), and rather obscure n the onton, which
has fewer long chromosomes (2n = 16).
Note the spindle fibers, the kinetochores or
centromeres (at the primary constrictions of
the chromosomes), and the doubleness of
the chromasomes wherever possible Ana-
phase 15 the peniod of the movement of the
chromosomes to the poles of the spindle
Note the separation of the chromatds to
form daughter chromosomes, the form of
the separating chromosomes, and the central
spindle persisting between the scparatng
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groups of chromosomes. Duri;xg the telo-
phase, the resting nuclei are roconstituted,
and the cytoplasmic division occurs. Note
the densc grouping of the chromosomes and
their gradual vacuolization and loosening ot
structure to form the resting nuclel, much
like 2 reversal of prophase. Note the forma-
tion of a cell plate across the center of the
spindle in the onion, and the constriction of
the cytoplasm in the whtefish,

Merosts IN Ascaris In ths worm, the
prophase of the first maturation division oc-
curs in the ovary, and the cggs are passed
mto the uterus while at the metaphasc of the
first maturation dvision. They remain at
this stage unul fertilized, when the two
dwsions are quickly compketed, and the
first cleavage division follows. Obtain a
shde with several sections through the upper
end of the uterns. This should mclude all
stages of merosis exeept the first prophase,
Look for primary oocytes showmng tetrads
{one or two, accordmg to the race of
Ascaris used) on the spindle ready for the
first diviston  Observe the sphrung of the
tetrads mto dyads and the formation of the
first polar body. In the sccondary cocytes,
the dyads now move onto the spidle for
the sccond division and rotate so that an
cquational diviston wall scparate the lalves
of the dyads Observe the dision of the
dyads and the formation of the second polar
body. How many chromosomes now re-
main m the mature cpat Now observe the
formaton of the mterphase pronucler from
the chromosomes of the ¢gg and from the
sperm nucleus {at the center of the cgg).

At the discretion of the teacher, detailed
drawings of the stages of mitosis and merosis
may or may not be required.

80. SOURCES OF MATERIALS

Drosaphula culturcs, and the matenals neces-
sary for therr use m the laboratory, are oh-



tmable from most biological supply houses,
such as’
Carchra Biclogieal Supply Ce., Elon
College, North Carolmna.
General Biological Supply House, 8200
South Hoyne Ave., Chicago 20, Iilinois.
Dowiade A 15 obtamable only m large
qumnnes from the manufacturer (Dow
Chemucal Co., Midland, Michugan), but 1t
an be obtamed m small quantinses from the
Merchants Chemical Co, Chicago.
Com for genetic studies 15 avadable from
several sources, mcludimg.
George S Carter, Chinton, Connecticut
General Biological Supply House
New York Saennfic Supply Co., 111~
113 East 2and St , New York.

Ward's Natural Science Establishment,
Inc, 3000 Ridge Road East, Rochester
9, NLY.

PTC paper 1s avatlable from the American

Genetic Assocration, 1507 M Street, Wash~
mgton 5, D, C.
Blood typing anti-sera are avaifable from:

Amenican Hosprtal Supply Corporation,
2020 Ridge Ave., Evanston, lllmors.
Carolina Biological Supply Co
Certified Blood Donor Service, 146-16
Hullside Ave , Jamaica 35, N. Y.
General Biologcal Supply House.
Sorghum sceds for the experiment de~
scribed above are distributed by the Brook-
Iyn Botanic Garden, Brooklyn, N. Y.
Shides for mitosts and metosis are available
from all biologreal supply houses,






Index

A

A-B-O blood groups, 91-93
Abraxas grossulaniata, 68
Achromatic nerwork, 23
Acquired characters, inhentance
of, 273
Addiwon theorem, 56
Ao AS, 81
Age of madence, 253
Agout senies, 9o
Agneulture and genetics, 3, 4,
242-248
Albunsm, 7, 254
Albomaculats plans, 220
Aleurone colors m corn, 102-103
Alkaptonuria, 6, zox
Allele, defined, 14
mulple, 88-96
Allen, € B, 192
Allopolyplody, 172-173
Allotetraplowdy. 173
Alloxan, 202, 260
Altemation of generanons, 186
mn Coclenterata, 188
Amauronc 1diocy, 86, 259
Amencan Society of Human
Genetics, 249
Ammno acids, 205-206
Anaphase, 27
Anatomy and genctics, -6
Anderson, Edgar, 239
Anencephaly, 260
Angioncurotic edema, 2
Angrostomum, 186-187
Anthocyanin, zo1
Anthoxanthin, 201
Antibodies, 90
Antigens, 91
Annrthnum, 159, 220
Aphuds, sex cycle of, 185-186

Architecture of the chromo-
somes, 144-149

Atey, L. B, 77

Argmme, 205, 206

Ascarts, 26-27
egg laymg, 224
utosts m, 24

Asparagis, separation of sexes,
184

Assortive matmg, 25§

Asters, 23

Attached-X chromosomes, 160~
161

Auerbach, Charlotte, 165, 166

Autopolyplowdy, 172173

Autosoines, 64

Awotetraplordy, 172-173

Average man, 44

Aves, 68

Ayrsture cattle, color, 72-73

B

Babcock, E B, 1, 40, 42, 145,
175, 234, 241, 243, 248

Bacflus cerens, 217

‘Backeross, 14-15, 37
defined, 14
dominant, 254

Bactenal transformation, 207

Barbatula, 229

Barley, 244

Bateson, William, 1, 89, 97, o8,
129, 130, 131, 198, 190, 208,
280, 281

Baver, H, 282

Beadle, G, W., 104, 105, 203,
209, 214, 282

Beans, pure lines m, 46-48

Becs, sex determination, 185, 273
Bus, 53

Biochemscal genetics, 6-7
Biochemical mutants, 200-202
Biochemistry and genetics, 6
Biometncal experiments, 317~
318
Biometry, 8
defined, 43
evolution and, 44~46
Blakeslee, & F., 83, 87, 98, 169,
178, 282
Blending theory of inhenitance,
10
Blood groups, $o, 201, 252
mheritance of, 92
reactions, 91-92
Blood typing, 316-317
Bombyx, gynandess mn, 80
Bombyx wmors, 79-80
Banellia, sex detesmination, 187
Bonner, David, 214
Bottleneck phenomenon, 232
Boven, Theodore, 20~22, 186,
21§
Boycott, 78
Brachydactyly, 86, 252, 254
Bradley, M. V., 178
Brahman cattle, 3
Brassics, 245
Braun, Werner, 223
Breeding, combmnation, 36-39,
244-245
objectives, 243
plant and animal, 2¢3-248
pre-Mendelian, 242
Budges, C. B., 143, 151, 152,
153, 156, 180, 181, 182, 192,
193, 281
Bronws, allopolyplody, 173
Bryonia, sex determmation m,
184-185
Bud mutants, 162
Bullfrog, egg laymg, 224

[
Cancer, 253
Capsella bursa-pastoris, 106
Carotin, 201
Caspam, Emist, 111, 218, 223
Castle, Willlam, 281



Cataract, 252
Catile, Brahman, 3
color, 72-73
Dexter, 85
fat color, 39, 244
freemartns, 77
Hereford, 3
Holstein-Friesian, 242
milk and bateerfae production,
246, 247
Santa Gertruds, §
Shorthom, 3
Texas Longhorn, 3
C-D-E and Rh, 95
Central tendency, so
mcasurenient of, 52
Centriole, 23
Censromere, 26
Chemistry and gene function,
207
Chrasma (-1a), 132
formation, 29
Chicken, chromosome map, 136
comb form, 98-99
creeper, 85
feather patterns, 76-77
feathenng rate, 69
plumage colors, 97
Chi-square, 5861
Chlamydomonas, sex deternuna-
uon, 188-100
Chlorophyll, 201
Chondrodystrophy, 263
Chromagen, 97, 201
Chromatid, 28
Chromatiny, 23
Chromocerter, 15t
Chromomere, 29
Chroniosomes, 8
and Imkage, 132-141
and molople allelcs, 89
archutecture, 144-149
as basts of heredisy, 20-22
asttached-X, 160-161
chemustry of, 205~207
dupheation of, 23-26
mappmg, 132-13%
maps, 136-140
movement, 37
mutation, 168-178
and evolunon, 22
rearrangements, 175-17%
and hybnd stenlity, 236
sex determnation and, 63-64
WZ, 68

Chronosomes, X, 64~65
Y, 67-68
and sex, 184-185
Chry santherum, 339~240
Cilata, 190
Cirsium, 218
Class interval, g2
Clausen, Jens, 241
Clausen, R, E., 42, 145, 175, 243,
248
CIB method, 163-164
Cleveland, LR, 191, 192
Chnical diagnosis, 269
Clover, 245
CO, seusivity, 221
Coat color 11 mice, 100-103
Cock feathering, 76-77
Coe, W, R, 188, 102
Cocflictent of varability, 5§
Coclenterats and sex, 188
Cotling 1n snails, 78, 79
Comcidence, 135-136
Colchicmne, 174, 240
Cohas, color m, 73, 75
Colw, E.C., 272
Collaboration of genes, 97-106
Color blindness, 70-71, 90, 261
Comb form i chichens, 9899
Combination breeding, 36-39,
244345
Comntpetence, 19§
Complementary genes, 97-98
Compounds, 89
Conjugatton, 190
Contrbutions  of genctics to
breeding, 244
Corn, 221
chromosome map, 136, 138,
139
color, 109
car kength, 117
experiments, §15~316
finty and floury, tog-110
hybrid, 4. 120-123, 248
production of, 121
\IROF, 124-523
mportance of, 120
hinkage m, 131-132
muestions, 242
FACY, 14%-150
seed, 102
separatson of the sexes, 18¢
starchy x sugary, 17-18
sun-red scnies, ¥2-00
vitamin A content, 244

INDEX

Corolla, 114
Correns, Carl, g, 12, 109, 183,
184, 185, 199, 218, 221, 2233,
279, 281
Coryledons, 13
color m peas, 12-14
Couphng, 129-130
Creeper fonl, §
Crepidula, sex deternunation,
187
Creprs, 26, 27, 28, 234
Crepis eapillans, mitoss in, 3)
Crossing over, 127
cytologically proven, I§¢~
155
double, 134, 135-136
Crossover map and sahvary
glind chromosomes, 153
Croner, W. ], 202, 203, 204
Cryptocesais, 191
Cucumbers, 245
Cuénot, L., 82, 87, 2%t
Currant motl, 68
color mhentance, o
Cytologacal exerases, 318
Cytology, 8
Cytoplasm, as basis for dutfeeen-
tiation, 194-196
Cytoplastme whentanee, 213+
222
and physology of genes,

322

D

Daisy, seed cone ¢olor, 98
Darlmgron, C D, 178
Darwin, Charles, 44, 45, 113,
162, 224, 236, 327, 243, 373
Parwan and Menddl, 280
Danvansm, 44-46
summanzed, 236
Datra stramonyam, tethst penes
m, 33
Datura, trwonvgs, 10g-171
Daucrmodihcaton, 216
Deficiency, 145147
BPeletson, t43-147
Demeree, M, 165 107, 244
DeRoberts, £ D P33
Desoxy rbonueloig 3od, 206-207
Devaattorn, average. 33
De Vnes, Hluga, U0, 172, 198,
208, 241, 274, 279
Dexter cantle, 83



Dusbetes sipidus, 260

Dusbetry mellsts, 202, 253, 260,
62

Dugnaus, charcal, 269

Dukanesis, 39

Differeutisl reproductive rates,

83
Dhhybndum, 33-39
Dimethyt csocetn and sex de~
terenuatan, 189
Dioessaus plants, 58§
Diflmdy, 37
Diplotene, 39
Dipiera, 152
bekage . 129
Dupeesion, $3-54
typscal, 50
DNA, 206-207
Dobzhansky, Th, 14, 150, 151,
16, R, 210, 214, 216, 241,
283
Dogs, hemophilia 1, 72
Domaance, 13, 320, 15%-199
wefficient of, 168
incomplete, 124
modification, 149, 198
prna, 123
elative, 109110, 190
theanes of, 1oy
of heterosis, 120, 122, 122
Donnant Jethals, 83
Domusast pecgree, typscal, 257
38

Double-cross methiod, 123
Drosesa, allatercaplosdy, 173
Prossphila, 223, 129, 281
Ippronmated, 536+338
aristapedha, 166
sitached-X, 60-161
bar, 148, v75-577
Blond, 140
bobbed, 67, 199, 200
brown, 175
causes of lethalwy, 83
chromasomes, 126
map, 136, £37
mapping, 132-437
€O, sensittvaty, 228
crosmg aver and chusmata,
n
srossvemless 252
cubstus mteTupns, 249, 177
Cudly, 145 175
e t7s
Dichacte, 138

Drosoplfa, double crassing aver,

133
chony, 175
estimate of gene numbez, 209
expessnents, 353-375
eye colors, 63-67, 89
eyeless, 169, 172, 175
frequency of mutanoss, 158
gynanders 1, 79
hary, 126-128, 177
Haplo-1V, 371
eld out, 175
heterochromatn, 154
hybnd stenhity, 236
wterference, 11§
mtersexuslty, 179~181
lethal genes, 8283, 37
bnkage, 128~129
mstaphase maps, 149-150
Moscé, 175
mcked, 250251
Motch, 147, 153
number of genes, 326
phenocopies, 197
sabivary gland chromosomes,
¥50-354
sex determanation, 64
sex-hnkage, 65-68
sex-dmked fethals, 84
TOTANS Tutanon, 162
Star, 138, 175
Triplo-1V, 188-160
Truncate, 508
vestigial wang, 17, 89-8g, 100,
173
white senes, 161
yellow, 173
Drosoplinla persinihs,  heteross,
120
Dubmu, N P, 177
Dus, L C, 283
Daplicate factors, so5-z07
Duplwation, 147-548
Duryee, W R, 136, 143
Duerzon, 193, 273

E

Ese-ta-tow selectipn, 242
EstE M, 51s, 13, 154, 115,

117, 125
Echisrowdes, 187
Eaadermal dysplasia, 5
Educanon, cast of, 267
Brg 31

Eichhing, C. W., 39, 277, 283
Electric shock therapy, 262
Elephant, reproductive Increase,
224
Embryome differentiagion, 193~
w7
Emerson, R. A, 137, 143
Endosperim, 103, 100
Environmental fluctuanons, 48
Enzymatic adaptation, 217
Ephestia, plewtropy w, 100
Ephrusss, B , 215, 223, 282
Epilepsy, 252
Epchobwm, 219220
Epinephnne, 7
Episwasts, 100, Xta
Equatonal plate, 26
Erythroblastons fetabs, 94-95
Eschendna colt, 217
Eachromatin, 68, 1¢3-154
Bugerucs, 264-268, 270
negative, 265-266
postave, 266~268
Enplotes, 190
Evetung premeose, 172
Evalution, biometrical, 44-46
defined, 224
fields of evidence for, 226
genetics and, 224~240
polyploddy w, 239-240
Evolutionary statstics, 219~230
Expresnvity, 252
Eye colot i man, 13, 16,

F

F, wsth hokage, 130132
Factor interaction, tio-r2r
Falls, H F, 262, 272
Famuly size, 350, 263
Famuly wage, 267
Bar color m eatle, 39
Fertidity, reduction of, 233-238
Fertilization, 9 32
double, 2123
3 plants, 108-100
Fibial generanons, o
Fuh, chromosomal mutatang,
225
Fiher, R, A,
204, 283
Flayone, 201

69, 62, 95, 96, 199,

Flower color fouro’clacks,
912

Flowenng plants, sex. m, 183~185

323



Catarnact, 252
Cattle, Brahman, 3
color, 72-73
Dexter, 85
fit color, 39, 244
freemarts, 77
Hereford, 3
Holstein-Fricsian, 242
ik and butrerfat production,
246, 247
Santa Gertrudss, ¢
Shorthorn, 3
Texas Longhom, 3
C-D-E and Rh, 93
Central tendency, 50
measorement of, §2
Centniole, 23
Centromere, 26
Chenustry and gene funcron,
207
Chuasma (~ta), 133
formation, 2
Chicken, chromosome map, 136
comb form, 95-99
creeper, 8§
feather pattems, 76-77
teathenng rate, 69
plumage colors, 97
Cln-square, §8-61
Cidamydomanas, sex detcrnuna-
tion, 188-190
Chlorophy Il 201
Chondrodystrophy, 203
Chromagen, 97, 201
Chromand, 28
Chromann, 23
Chromocenter, 151
Chromomere, 29
Chromosomes, §
and hnkage, 132-141
and multiple alleles, o
archiecture, 144-149
as basss of bereduty, 20-22
attached-X, 160-161
chenmistry of, 205~207
duplicanon of, 25-36
mapping, 132-138
nups, 136-140
nmovement, ¥7
mutation, 168178
and evolution, 2.
rearrangements, 175-178
and hybnd stenlity, 236
sox deternumation and, 63-64
WZ, 68

P,

Chromosomes, X, 64-65
Y, 67-68
and sex, 184~185
Chrysanthemum, 239-240
Cibiats, 190
Cirsium, 218
Class inrerval, §2
Clausen, Jens, 241
Clausen, R. E., 42, 148, 175, 243,
248
CIB miethed, 163-164
Cleveland, LR, 191, 192
Chnical dugnos:s, 2
Claver, 245
CO, scusitivaty, 221
Coat color im mice, 100-102
Cock featherng, 76-77
Coe, W R, 188, 192
Coefficrent of vanahility, 53
Coclenterata and sex, 188
Corhing mn snails, 78, 79
Comadence, 135~136
Colkchiane, 174, 240
Cols, color m, 74, 7§
Coln, EC, 272
Collaboranon of genes., 97-106
Color blindness, 70-71, 90, 261
Comb form n chuckens, 9599
Combination breeding,  36-39,
244248
Competence, 195
Complementary genes, 97-98
Compounds, 39
Conugaton, 190
Conmbutions of genenes 1o
breedmg, 144
Com, 221
chromosome map, 136, 138,
139
calor, tog
ear length, 117
expenments, 315~316
flnty and foury, 109-110
hybnd, 4, 130~123, 245
production of, 121
Vigor, 121-123
mportanee of, 130
hnkage m, 131-132
mutations, 242
rates, ti%-159
seed, 102
scparatian of the sexcs, 184
starchy X sugary, 17-18
sun-red series, §9-90
wizanun A content, 244

INDEX

Corolla, 114
Correns, Catl, 9, 12,
184, 183, 199, 21
279, 281
Cory ledons, 13
color iu peas, 1a-14
Coupling, 129-130
Creeper fownl, S5
Creprdult, sex determinstion,
187
Crepis, 26, 27, 28, 233
Crepis capallaris, mutosis in, 23
Crossing over, 127
cytologrcally proven, 154~
15§
double, 134, 133-136
Crossover map and salvary
gland chromosomes, 153
Crozier, W. J, 202, 203, 204
Cryptocereus, 191
Cucumbers, 245
Cuénot, L., 82, 87, 281
Currant moth, 63
color mhentance, 69
Cytologrcal exerases, 318
Cytology, §
Cytoplasm, 3s basis for dutferen-
taton, 194-196
Cytoplismic mhennnee, 213-

109, 183,

221, 223,

and physology of genes,

»]

Dasy, seed cone color, 98
Darlmgton, C D 178
Darwan, Charles, 44, 45, 113,
162, 324, 230, 227, 241, 273
Darwmn and Mendel, 280
Darwinsm, $4~46
summanzed, 226
Datura stramomum, lethal genes
w, 83
Danura, msomucs, 169-17%
Daucrmodification, 216
Defiaency, 145147
Deletion, 145-147
Demerce, M, 158, 167, 244
DcRobernis, E D Py, 33
Desoxynbonnclerc acnd, 206-207
Devnation, average, 33
De Vres, Hugo, 110, 172, 195
208, 241,
Dexter carde, §§




Tnsulin, 200

shock therapy, 262
Interference, 135-136
Intermedsate whertance, 110
Interphase, 22-23
Intersexuabry, 179-183

and genic balance, 200
merspecific lethal, 234
Interspeaific stenlity, 233-236
Introgressive hybndizanon, 239
Tnversion, 145, 146
Ins, 227
fsogamy, 189
Lolitng mechanisms, 233-239

{falure of, 238-239

N

Junssens, F A 132, 143

Jounduce, 262
hemolyne, 259

Jeomings, H S 10

Johannsen, Wilhelm, 46, 62, 207,
214,281

Jolles, V., 236

Jones, Donald F, 121, 128, 184,
193, 282

Junco, 228

K

Kappa, 222

Karpechenko, G D, 174, 178
Katsuks, K, 79, %0
Kavanau, J L, 214

Kerry cattle, 85

Kudney, polycystic, 260
Killer, 221

Kinetochore, 26

King Ranch, 4

Rlcberg, Robent J, 4
Koltzoff, N K . 283, 283
Koma,, T, 81

Kuhn, Richard, 192

L

Laboratory manual, 312-119

Lamarck, 273

Lampbrush chromosomes, 212

Landstemer, Katl, o1, 92, g3,
94, 40, 24

Lateral loap chromosomes, 213

Lathyrus odorams, of

Law of mdependent assonmen,
1,36

Law of segreganon, 32

Lens mduction, 195

Lepidoptera, 68

lnkage i, 329
polar bodues of, $o

Leptotene, 29

Lethal genes, 82-87
balanced, 236, 238
frequency of, 82-83
gamete lethals, 83
mterspeafic, 234

Lethality, cautes of, 84-85

Leukenua, 252

Levine, Philip, 93, 04

Lewss, D, 192

Lewss, E B, 178

Leluim, 200

Like, F R, 77, 8t

Limnaea, 78

Linkage and ¢b

Man, gout, 202, 251~252

heart defects, 252

heighe, 124

‘hemolytic jaundice, 239, 270

hemophilia, 70, 71, 72, 261

heterozygosity of, 255

Huntmgton's chorea, 83, 253,
266

lethal genes, 83, &6

Teukemua, 252

Tinkage, 141

manic-depression, 262, 269~
270

mental deficiency, 268

monohybnidism, t5-16

muluple allcles, go-96

muluple exostoses, 252

mutation rate, 262-263

natural selection, 264

132
147
defined, 126
wn Fy, 130~132
n man, 141
Localization of genes, 138-141
Loeb, Jacques, 215
London familics, heghts of,
46
Lush, Jay L, 243, 248
Lymantria, 197, 199, 218
mtersexuality i, 181-182
Lysenko, T. D, 282, 283

M

Macrogametes, 190

Macromelanophore, 234

Manland, Donald, 62

Major genes, 99

Man, albingsm, 254
alcaptonuna, 201
mawsone diocy, 86, 259
anencephaly, 269
biochemcal mutans, 301
blood groups, 253
larzchydmyly, 86, 252, 254
cancer, 253
cataract, 253

-202

chromosomes, 126
color blindness, 70-71
diabetes, 202,
epilepsy, 255
estimate of gene number,
eye eolor, 13, 16

family size, 267

490, 261
252, 260

4 200

15-16
number of genes, 126
pattern baldness, 24, 75
paliomychtss, 251, 258~259,

268-269
polycysue kidney, 260
quantitative characters, 123
red haw, 15
retinoblastoma, 83, 86, 266
schizophrena, 262
sex cheomosotnes, 261
sex determination, 64
sex-differentsa) chromosomer,
map of, 261
sex nkage, 70~72
sterility, 267-268
thalassertua, 86, 266
tuberculosis, 260
uleers, 260
vernuform appendry, 233
white forelock, 13, 16
xeroderma
260-261

Mangelsdosf, P, ¢ . 125

Matic-depressive psychosis,
262, 260~270

Map ummt, defined, 133

Maps, chromosome, 136-140

Matked organigms, 5 38

Marnage parenecs, selection of,
255236

Marnage prognoss, 268-269

Marnage subsidves, 267

Mass selicuon, 242

Materna) mpresaons, 78

Matemat inhentance, 78-8p,

Pigmentosum,

2,

216



Flowers, triploid, 246
Focke, W. O, 281
Ford, E. B, 81
Four-o'clock, 9, 221
color, 108
Fraser, A.C., 143
Freedom, degrees of, 60
Freemartin, 77
French soldsers, heights of, 4445
Frequency distnbunon, 53
Frequency polygon, 51
Friesian cattle, butterfat m mulk,
246, 247
Fuston nucleus, 109

G

Galactose, 217
Galactozymase, 217
Galeopsis, 174, 240,
Galton, Francs, 44, 45, 46, 112,
265
Gametes, punty, haw of, 11, 17
Gametophyte, 28
Gamma globulm, 269
Ganmaris, 197
Gastrulation, 194
Gates, R R, 83, 272
Gay, E. H, 209, 214
Gene(s), 10, 207
collaboration of, 97-106
complementary, 97-9%
dosage, 199-200
frequency, 230
function and chemustry, 207
major, 99
modifyng, 99
number, 209
physiology, 193-203
pletotropic, 99-100
size, 209
theory, 205-213
present status, 212-213
Genenie duft, 232, 264
Genetic symbals, 84, 127
Genctic termmology. 9
Genetics and agriculture, 3-4,
242-248
and evoluriorn, 224
bases of, 8
biochemieal, 607
defincd, 1
social values of, 268-270
Geme balance, 199-200
Genatype, defined, 14

Geometrical mean, y16-117

Geatropisit, 202~203

Gigas habstus, 172

Glaucoma, 250

Glyane, 206

Goldschmidt, R. B, 19, 79, 8o,
81, 181-182, 192, 193, 197,
198, 204

Goodspeed, T. H,, 178

Gordon, M., 234, 241

Gout, 202, 251~252

Gowen, John W, 125, 200, 214

Gray crescent, 194

Growth phase, 30

Grimcberg, Hans, 102, 111

Gumea pig genetics, 3637

Gynandnsm, 78-8o, 179

Gynodioecy, 218

H

Habrobracon puglandis, 185
Hadom, E, 82, 8, 87
Haldane, J. B 8§, 204, 261
Haploud, 28
Hardy~-Wetberg law, 210
Heart defects, 252
Hetz, 282
Helanthns, 239
Hemizygous defined, 67
Hemolyuc icterus, 270
Hemolytic yaundice, 259
Hemophilia, 70, 71, 72, 261, 264
Hen feathermg, 76-77
Henking, H., 63
Heredity chimies, 249, 268
Hereford cartle, 3
Hermaphrodittsm, 179
Hersh, A H, 198, 204
Heteroanugens, 94
Heterochromatin, 67-68, 153-
154
Heterogamety. 68
Heterosis, 119-120, 24§
theorres of, 119-120, 121-123
Heterozygote, defined, 14
identification of, 266
Heterozygous, defined, 14
108-

INDEX

Holandric genes, 261
Hollingshead, 234
Holsscin-Fricsan cattle, 242
mulk and butterfat, 246, 247
Homeosts, 196
Homogentisie acid, 6, 201
Homology, 5
Homozygosity in beans, 46
Homazygote, defined, 14
Homozygous, defined, 14
Horns of sheep, 73~74
Horowitz, N, H, 111, 204
Housing, cost of, 267
Hr antigens and antibodres, 95
Human genctics, 249-270, 316~
ay
advantages, 253-254
American Socicty of, 249
difficultics of, 249-253
Human mhentance, norms of,
254~256
Huntington's chorea, 83,253, 266
Hut, E. B, 81, 83, 87, w12
Huxley, Julan 240
Hybnd com, 4, 120-123
production of, 121
productivaty of, 121
Hybnd stenihity, 233-236
and  chromosomal
rangements, 236
Hybrd vigor, 119-120
Hybndizavon, mtrogressive, 239
Hyman, Libbre, 210
Hymenoptera, sex  determina~
tion m, 185

rear-

lets, Hugo, 283
Immune reactrons, 96-91
Immunity, o1
Inbreeding, 245
Independent assortment, 32-33,
126
liw of, 34, 36, 40-42
Indufferent stage, 77
Inbentance, blendg theoty of,
10

Hetcrozygous exy
1o

Hicrarclues of genes, 100-106

Himalayan rabbit, physiology
of, 90

Histogram, 5%

Historical review, 273-283

cytopl 21§-222
maternal, 78-80, 216
monohybrid, 10

of acquired characters, 273
of blood groups, 92-95
quattitateye, 172124
sex-related, 63-80



Overdommarice  theory, 120,
122123

Overpopulation, 44

Quale, 109

Oxpmonas, mearous m, 191
Oysters, sex detersunanon, 18%

P

Tachytene, 20
Panter, T. 5, 151, 356
Pangenesis, 273
Panoiuns, 355
Paptho, polymarphism, 75, 76
Panamean, 211
Parownenss, 223
manng types, 190
Paramerer defined, so
Partual sex-fmkage, 261
Particulste gene theory, 208
Fatermty vosts, 270
Pahiological genes, decreasing
frequency, 264
increxsed frequency, 263~

263
Pathology and heredury, 258-262
Pattern baldness i mat, 74, 7§
Pearl, Raymond, 17
Peatson, Karl, 58
Peay, bresding of, 30
htomosorme mutibet, 126
cotyledon color tn, 12-14
mound x winkled, 34~36
whybndism, 35
yellow x green, 34~36
Pedigres method, 249-250
Pedigree nowavion, 246-25%
Pedigree selection, 242
Pedigrees, 9o-71
Delargemum, 120
Penctrance, 290242
Pemathn, 237, 244
Peneclleures, 244
Peptide hnkage, 205
Peraxidase, 201
P generanon, o
Phascolus vilgans, 46
Fhenocopiey, 197, 252
Phenotype, defined, 14
Phylloxera, 186
Phynclogy of Rewe, 193-20)
Pigeoms, selecnion m, 225

Prgments, 200~201
Pugs, brecding, 246-247
Pincus, G, 204
Pustil, 183
Plant breeding, value 1 Sweden,
247
Plasmagenes, 221-222
Plasmon, 215
‘Plasuds, 220
Plesotropic genes, 99~100
Preumococcns, 207
Polar bodues, 31
aof Lepsdoptera, 80
Pobomyebs, 251, 258-239, 263,
268-269
Pollen, 109
stenfity, 219-220
Polycysue kidney, 260
Tolygenes, 119
Polyhybrid mhentance, 40
Polymorphsm in Pupilto, 76
‘eolyplondy, 173-174
and mulaple factors, 107108
n evolution, 239~240
m plant breeding, 245-246
wduced, 171-174
Pooled famuly data, 250
‘Populahons, constancy of, 225
defined, so
structure, 232233
Postaon effect, 175377, 210-212
Posuve eugencs, 266-268
Patennal ovary of toads, 188
Pover, Fawn L., 96
Presence or absence theory, 89,
199, 208
Prevention of dusease, 269-270
Prezent, § J, 282
Primary oocyte, 30
Pnmary spermatocyte, 36
Pronufa, 22t
pletotropy an, 100307
Probabiluy, 5o
curve, normal, chatactenstcs,

33

defined, $6

laws of, 5648
Probandus, 257
Pradigality of nature, 44, 214,

225
Progeny rest, k]
Progeessian method, yo-42
Prophase, 23-26
Propositus, 57
Pmundry, 187-188

Protewns, 205-206
Psendodommance, 147
PTC expenmen, 316
Punneet, R C., 12, 36, 89, 97»
98, 111, 129, 130, 134 W4k
199, 208, 281, 283
Punnett square, 12
Purc hoe concept, § "
Pure hines, 46-50
variation in, 48-50
Punty of gametes, 32
Yaw of, 11, 37
Pyrehocorts, 63

Q

Quantitative inheritance, i~
124
and breeding, 246-248
summarized, 123-124
Quanatative traits, and evolw~
ton, 228-239
defined, 112
Quenowlle, M. H, 62
Quetelet, L A.J., 43, 44, 51, 52
62

R

Rabbit, coat colors, go
Fimalayan, 198
physiology of, g0
Race, R R, 96
Radutien, and mutation, 162-
165
dangers of, 164-165
Radroad amalogy to crossing.
aver, 144
Rana eseulenta, 195
Random dispersal, restriction of,
233
Random fertbzanon, 1,17
Random manng, 255
Testriction of, 233
Range of distnibution, 31
Raghanobrasaca, 173, 240
Rate control by genes, 197
Rats, Beotropism, 202203
hooded, 171
Reactions. controfied by genes,
206-201
Rocﬁs{vv Pedigree, typical, 253
ecessiveness, 13
Red hay, 15
Reduction divasions, 28-29



Maternity  chinucs,
267
Mather, Kenneth, 62, 119, 123,
125, 143
Mating, assortave, 255
types, 190
Mayr, E., 241
McClung, C. E,, 63, 81
Mean, 52-53
arithmetic, 44
geometric, §3, TI6-117
Meduan, 52
Medicine and genetics, 23
Medicolegal problems, 92-93
Megaspores, 108
Muaosis, 22, 27-33
and Mendelism, 32-33
" prophasc of, 29
Melandrium, sex detenmination
m, 185
Melanm, 7, 201
Mendel, Gregor Johann, 1, 8, 9,
10, 11, 19, 36, 39, 43, 59, 58,
112, 126, 185, 207, 273, 283
and Darwin, 280
and Nageli, 280
biography, 274-278
crosses, 8-9
ongnal paper, 285-311
Mendelian laws, 10-11, 16-18
Mendelian symbols, 11
Mendehan termunology, 14
Mendelism, and meiosts, 32
rediscovery, 279-280
Mental deficiency, 268
Mernis, sex  determunation,
188
Merogony, 21
Metaphase, 26-27
maps, 149~150
plate, 26
Mice, agouts, 82
coat color, 9o, 100102
short tail, 196-197
tumors, 216
yellow, 82
Michaels, P, 223
Michurinism, 283
Microgametes, 190
Muicrospores, 109
Milk factor, 216
Miller, Alden, 228, 241
Mirabilis, 9, 221
Misgurnns, 229
Mutchell, H. K., 204

Tow cost,

s

Mitoss, 22-27
0 oton root tips, 318
mn whitefish, 318
significance, 27
M-N blood types, 93-94
Mode, s2
defined, 44
Modifymg genes, g9, 111
and dominance, 199
Monocecious plants, 183
Monohybnidism, 8-18
Monosomics, 140~141, 171-172
and geme balance, 200
Morgan, L. V., 160, 167
Morgan, Thomas Hunt, 63, 81,
126, 132, 143, 176, 186, 189,
208, 214, 281, 282
Morons, reproduction by, 263
Muller, H. J., 63, 162, 164, 165,
167, 210, 214, 266, 281, 282
Muluple alleles, 88-96
and mutation, 161
m relation to chromosomes,
89
summanzed, 95-96
Multiple exostoses, 252
Muluple factor hypothesis, 112,
123
Multiple factors, 106-108
Muluple sexuality, 189
Multphication theorem, 57
Muntzing, A., 174, 178, 247,
248
Muscular dystrophy, 250
Mustard gas, mutagenic effect,
165-166
Mutable loa, 159-160
Mutagenic agents, 165-166
Mutants, bud, 162
detectton, 160-161
Mutation, 8, 157-166
and evolution, 227-229
and gene frequency, 262
and mulaple alleles, 161
and radiation, 162-165
and selection, 231-232
chromosomal, 168-178
experimental, 162-166
frequency, 158-160
range, 228
rate, measurcment of, 160-
161, 262-263
reverse, 161
time of, 161162
Mutator genes, 158

INDEX

N

Nageli, 9
and Mendel, 280
Nasturtium, 220
Natural sclection, 223, 264
Naudin, 273
Nearsightedness, 15-16
Nectarme, 162
Necl, ] V., 262, 266, 272
Negative eugeacs, 265-266
Nervous system, mduction of,
194~195
Neurospora, 6, 103-106, 209 -’
biochemmcal mutants, 104-106,
—
200
hfe cycle of, 104
nutntion of, 104
Nicotiana, 240
rustiea, 119
sanderac, 184
tabacum, 171-172
Nilsson-Ehle, H, 106, 108, 112,
113, 281
Non-adaptive characters, 233
Norcpmephrnne, 7
Normal probability curve, 44,
55-56
Nosebleed, spontaneous, 259
Nowmski, W W, 33
Nucleic acrds, 206-207
Nugcleolus, 23
Nucleus, transplantation of, 193~
104
Numberofgenessegregating, 116

(o]

Ocnothera, 172
§ alleles, 184
translocation complexes, 236-

238

Onie gene—one character theory,
97, 208

One gene-one enzyme theory,
10§-106, 209-210

Onions, 245

Oogenesis and spernratogenesis,
29-32

Oogoma, 30

Orgamzer, genetic contral of,
195-196

Orgamzers, 194-197

Ongmn of Speeies, 224

Osbom, Dorothy, 87



‘Tomato, chremosome map, 135,
140
Transtormation, bactertal, 207
Transgressive varianon, 118
TFranslocation, 148149
complexes in Oenothera, 236~
238
Trihybridism, 39
Trpleate factors, 107
Toplord meersexts, 179~181
Trsomics, 168-T71
and gente balance, 200
Tonom, 245
Trturus, 136
Tryprophan cycle, 10§
Tichermak-Seysencpg,
von, 279-280, 283
Taberculows, 260, 262
Tubulana, 188
Twin stuches, 253-254
Twins, 255
Tyrosne, 6-7, 201

Ench

v

Uleer, gastne, 26c, 269
Uriversat donor, g2
Ungtable penes, 150- 160
Uncaad, 202

Urodels, 63

v

Vanesse, 197

Vanabily, coefficient of, 55

Vatiance, 54

Vanation among orgamsms, 44,
225

Vaneganon, 159

Vaviloy, N, 1, 282, 283

Vesngul wing 17, 88-89

Viller, C. A, 204

Vola, 229

Virus infecnon and cytoplasmue
hereduty, 216-217

Viruses as agents of hecedury,
216217

w

Waddingron, C. H, 204
Wagnet, R, P 204
Watermelons, scedless, 245-246
Weismann, August, 20, 27, 65,
193, 104, 215, 274
Whaley, W G, 125
‘Wheat, allopolyploudy, 173
breeding, 245
color, 106, 107, 113
polyplowdy, 107, 239
TUst resistance, 39, 245
uses of, 120

Wheat, White Federation, 242

White forclock, 15, 16

Whiting, P. W., 183, 192

Whooping crane, 232

Whener, A. S., 94, 95,96

Wilson, E. B, 33, 63

‘Winge, O, 215, 241

Wright, Sewall, 116, 193, 203,
204, 232, 282, 283

‘WZ chromosomes, 68

X

X chromosome, 64~65

Xems, 109

Kerodetma pigmentosum, 260
261

Xiphophorus, 234-236

Y

Y chromosore, 67-68
and scx, 184-18§
Yellow crescent, 194

2
Zea, 221
Zea mays, 120-123
Zygote, defined, 14
Zygotene, 29



Reed, 8. C,, 272
Relattve dominance, 1og-110
Relative sexuality, 189
Relability, testing, $0, 58-61
Reproduction, surplus, 224
Reproductive rates, differential,
263
Reptilia, 68 .
Repulsion, 129-130
Residual heredity, 115
Restriction of random dispersal,
233
Restriction of random mating,
233
Reunoblastoma, 83, 263, 266
in man, 86
Rh and multiple alleles, 95
blood types, 94-96
factor, inhentance, 95
Rhoades, M. M., 223
Ribonucleic acid, 206
RNA, 206
Roe, Anne, 62
Roman square, 12, 36
Roux, Wilhelm, 20
Rudbecka Inrta, 98
Rust resistance, 39
Rye, 245

s

Saccharomyces, 217

Saez, F. A, 33

Salivary gland chromosomes,
150-154, 212

Salk serum, 269

Salmon, spawn, 224

Sample defined, 50

Sanger, Ruth, 96

Santa Gertrudis cattle, 4

Schizophrema, 262

Schull, W. J., 272

Sea urchin, 20-22

Secondary oocyte, 31

Sex determination, 63-65, 170~
191
environmental, 187-188
theory of, 182-183
ditferential chromosome, 64,
172
differentiation, 77
genes, number of, 181
influence, 72-74
i microorgamsims, 188~191
limitation, 74-76
physiology of, 76-78
Linkage, 65-72
partial, 261
Sex-linked lethals, 84
Sexcs, separation of, 184-18§
Sexuality, multiple, 189
relative, 189
Sheep, horns of, 73-74
Shorthom cattle, 3
Shull, G. H, 106, 121, 125, 285
Silkworm, 79-80
Simplex defined, 67
Sumpson, G. G, 6, 62, 241
Singleton, W R,, 123
Smith, H. H, 119, 12§
Snails, coiling 1, 78, 79
Snakes, Iimbs, 233
Seapdragon, 220
mutation rate m, 159
yellow, 85
Snedecor, G W., 62
Snyder, L. H , 249, 270, 272
Sonneborn, T. M, 190, 192, 221,
223
Sorghum, monohybridism, 317
Sorsby, Amold, 272
Sources of vamability, 227-229
Spartina, 240
Species synthess, 174, 240
Spemann, Hans, 194, 204
Spencer, Herbert, 226
Spencer, W P., 158, 167
Spermatid, 31

Sper: and

INDEX

Stamen, 183
Standard deviation, §3-54
Standard error, 54-55
Star-Dichaete test, 138-141
Statistic, defined, so
Statistical modification of popu-
lations, 229-230
Statistics, 43-62
defined, 43
Stebbins, G L., 232, 241
Sterility, 233-239, 267268
Stern, Curt, 126, 154, 153, 156,
199, 200, 204, 272, 283
Strawberry, sex chromosomes
of, 69
Strongylocentrotus, 21
Struggle for existence, 44, 225
Sturtevant, A. H., 78, 132, 143,
144, 175, 176, 178, 281, 282
Sublethal genes, 84
Suctora, 190
Sugar beets, 245
wiploid, 246
Sundew, 173
Sun-red corn, 89-90
Supply houses, 319
Svalof, 246-247
Sweet peas, flower color in, 98
Linkage m, 129-130
Symbols, Mendelian, 11
Synapsts, 28, 29
Synthesis of species, 240

T

Taxonomy and genetics, 6
Telangectasts, 259, 262, 269
Telophase, 27

Tenebro, color, 198

Teredo, sex determnation, 188
Test cross, defined, 14
Tetrad, 28-29, 132
Tetraploidy, 172

Texas Longhorn cattle, 3
Thal 86, 266

Secondary sex ct 77
Secondary spermatocyte, 31
Segregation, 9

Lw of, 1a, 16~17
Selectron, and breeding, 242-

243

and mutation, 231~232

1 pure haes, 47
Selfing, 13
Self-stenlity genes, 183-184
Senmlethal genes, 84

328

29-32
Spermatogoma, 30
Spermatozoa, 31
Sphacrechinus, 21
Sphyngomyehn, 259
Spindle, 23
Spore, 28
Squash, 245
Stadler, L J, 158, 167
Stakman, E. C, 248

Theognss, 1, 242

Three pomt cross, 133-134

Threshold concept, 199

Threshold theory of domumance,
199

Thyroxine, 7

Tobacco, 171-172, 239
allopotyplordy, 173
flower size tn, 113-116
hybrid vigor, 119












