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PREFACE

In 1958 my colleagues and 1 andertook a review of t}xe mt?dicﬂl genetics
\eratue {ar that calendar year and have continued the reviews slnce:}'\en 'I:he
review s are based mainfy on the activities of a suceessful ““ journal cltxb in which
the several contributors participated, During the period of the review, the par-
tiapants were medical students, hause aofficers, research fellow.s, or staff members,
most of them attached to the Division of Medical Genetics, Department of
Medicine, The Johns Hophins University School of Medicine. The “journal
Aub™ and the reviews emanating from 1t have represented a highly useful peda-~
ogical device, and 1t 15 hoped the reviews will be equally useful to others. As
indicated by the title, the reviews for 1938, 1959, and 1960, previously published
separately in the Journal of Chromic Diseases, are combined in this book. 1t is
hoped that the accumulation of annual reviews will prove a partial substitute for
a full textbook of medical genetics (which many feel is badly needed but few have
the time to undertake) and will supplement the available textbooks in the fields
of general genetics and human genetics,

The operation of genetic {actors is observable i all areas of medicine,
Therefore, 1t is necessary to be eclectic in the preparation of a review of medical
fenetics These reviews have concerned themselves with the following aspects:

1 Analysis of phenotypc features which may have a beating on recognition
of heterogeneity of given “entities,” on the mechanism of gene action, on the
carly detection of the disease or the presence of the gene, and so on.

2. Information, especially biochemical, bearing on the “basic defect” and
the l\\cc\\‘:msm of gene action, the chain leading from gene to disease.

- :'c'x::: (“"\‘f‘“‘ﬂl xcncili;f?mold‘c of tmnsn}iss'mﬂ, ‘dwamics. in populations,
_ r};s.uh . “vidence of ¢! e | amilial aggregation of diseases which are probably
¢ nltiple genetic and environmental factors have been included

- i “u‘\: :‘l‘xuﬂ(‘\c\nﬁl part, preventive and thefapeutic measutes have been mentioned

y are jutdged to have a bearing on the more strictly genetic aspects

of the diceace, are based on i i
ace, are ba present understanding of the mechanism of the dis-
€1ee, or shed ight on that mechanism oo

. 'lI'he feviens attempt a ?mical apgraisal of reports and try (o avoid becoming

nl\‘:‘\::\ a h\\lho',:‘r.\p:nc bisting, That some significant contributions have been
W recopnized as unavoidable, very ]

o mord ezl o1 ry attempt has been made, however,

Tt as anticipated that these reviews will be pacticularly uselul to twe gronps:
7



8 Preface

to clinicians who find it difficult to keep up with genetic aspects in their own
speciaity as well as in others and to general geneticists and human geneticists
who do not have ready access to the clinical literature.

Of the work reported in 1938, 1959, and 1960, the most consequential are
probably two: (1) that concerning the amine acid sequences of variant hemo-
globins and (2) the description of chromosomal aberrations as the basis of con-
genital abnormalities in man. These two arcas have been reviewed in some detail.

Use of the reviews. In cach review the sections are so arranged as to proceed
from the general to the specific. New books, history, general genetics (selected
reports), human genetics (general considerations), methods, cytogenetics in man,
biochemical genetics, and congenital malformations are discussed first. Then, by
systems the genetic aspects are discussed. In the case of miany topics which could
legitimately be discussed with any one of several systems, rather arbitrary as-
signwent to a position in the review has been necessary. For economy of space it
has been necessary to confine discussion of such overlapping conditions to one
place in the review,

The reader should {ind the reviews easy to use. The index is cumulative and
the numbers refer to the paragraph numbers in the text. If one has no specific
topic in mind but rather is interested in the publications bearing on, let us say,
the cardiovascular system, the section dealing with that system m the reviews
of the three years can be consulted.

The lists of references for 1958, 1959, and 1960 are separate. Full titles of
publications are provided. The name of the author or authors as given in the
text is the guide to the praper reference. Furthermore, after each reference the
paragraph number in which that publication is referred to is provided

At the suggestion of Prof. Curt Stern, each bibliographic reference i Medical
Genetics 1960 was provided with the number of the paragraph in which it was
nmientioned when the 1960 review appeared in the Journal of Chronic Discascs.
We are indebted to Dr. Philip Rodin for the insertion of the paragraph numbers
at the end of cach bibliographic reference in the 1958 and 1959 reviews m this

book and for making the subject index
Victor 4 McKusick
The Johns Hopkus Hospital
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INTRODUCTION

THE operation of genctic factors is observable in all areas of meqicine. Th?re-
fore, 1t is necessary to be eclectic in the preparation of a review of medical
genetics  This review will concern itself with the following aspects*

1. Analysis of phenotypic features which may have a bearing on recog-
mtion of heterogeneity of given “entities,” ont the mechanism of gene action, on
the early detection of the disease or the prescnce of the gene, and so on.

2 Information, especially biochemical, bearing on the “basic defect” and
the mechanism of gene action, the chain leading from gene to disease,

3. 'The formal genetics~—mode of transmission, dynamics 1 populations,
linkage, ete  Evidence of the famlial aggregation of diseases which are probably
the rewult of muthiple genetic and environmental factors will be included.

4. Tor the most part, preventive and therapeutic measures will be men-

tioned only when they are judged to have a bearing on the more strictly genetic
aspects of the disease, are based on present und i hani:

of the of
the disease, or shed hight on that mecharism,

The revicw will attempt a critical appraisal of reports and will try to avoid
Irecoming a simple “cumulative index.”

It is recognized as an unavoidable
possibility that some significant contributions will be missed, Every attempt
wifl be made, howeter, to avoid major omissions. i

The m.'x.cw il be organizeld in seetions as indicated below. (In the case
of many topics which could legitimately be discussed with any one of several
wstems, arbitrary assighment to position in the review will be fecessary,)

L New books, journals, symposia, and congresses
1 History

3 General genetics—sclocted reports

13
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New Books, Journals, Symposia, and Congresses 135

e the premise, the manaer in which it is presented and dragged out for‘z::xm!oéz
R c ls—forces one o agree Wi
ages—and the complete lack of control orces
?;3 r\)fié. reviener that “the book is medical fiction.” ’I:he author has ddone
2 d'l&‘scn"!te 4 medical genetics. The lack of both psychiatric and genetic under-
standing s evident theoughont.

3. Barsky, A, J: Cengenital Anomales of the Hand and Their Surgical
Treatment, Springficld, 11, 1958, Charles C Thomfks. . R

Although this is not primarily o genetic treatise and no \vorth-w!ule contx?-
bution to this aspect is made, a briel chapter is devoted to the genetic facto‘r in
these snomaties. The book is useful only in demonstrating some of the variety
of matformations of the haad which can oceur,

§. Bean, W. B Vasculnr Spiders and Related Lesions of the Skin, Spring-
field, I, 1938, Chasfes C Thomas

Much of genetic interest is to be found in this book by a master clinician
ho through many years of painstaking observation has accurnulated an eaviable
experience The geretic disord dis 4 influde hereditary hemorchagic
telangiectasia, Sturge-Weber syndrome, angiokeratoma corpoaris diffusum uni-
sersale of Fabry, pseudoxanthoma elasticum, the nape nevus, Peutz-Jeghets’

mucoct welanin ph ion and i 1 polyposis, and tuberous
sclesosis.

5. Darsin, Chartes:  Autobiography. Edited, with origihal omissions
restored, by bis granddaughter Nora Baclow, Londan, 1958, Williazn Collins
Sons & Co., Ltd

This is a {ull publication written in heautiful English and giving the auso-
trographer’s candid views of persons and practives. Other material interesting

10 medical geneticists, such 2s a bibliography on Darwin's health and the Darwin
famity tree, is included

kquu . d:{?{:&ut{y‘;gs}.‘ch‘:;’( rr(;l;té ;n:)l;cull?t:rc (C\on(h?t\m;s normales et patho-

s, 3 3 endel Institute (Ne. 7 of A i

ks o, 058 nalecta Genetica,
The author, a young member of Professo *

.a ; r Lamy’s group at the Hopital d
iﬁ;}h;’l(*-.\!?lndfs in Paris, studied for a time in Neel's department at An)t)\ Arb::
X is ;mk. in Irench, is (!I\'idﬁd into two parts. The first discusses bacteri:\i
‘;1\,‘5\ o{r;n\;(\mn.itmn.yl\.ncnon i!‘l bacteriophage, DNA structuce, duplication of
,,,;,,‘ a.m{ A and RNA in protein synthesis, the gene 33 2 undt of {unction, muta-
e n(lm«mn [ c;:hm\ltlc.1)1elism. Benes and enzymes, genes and n(;nznzy

eins, £te. ¢ seeond part discusses pathologi ich i t
ears vt been ety pathalogic states which in recent
il asingly understoad, some at the biochemi
Letomumin, patcrs s N at the biochemical level: phenyt.
. pata R, glyeogen storage dis Vilson’s i i
\(\Tnhr.\ ni connective tissue, yon Rtvl'ge ‘dl%asc::, . llsm;‘ . d\sms'e. ‘henmble
pedy posis, K factor, disorders of clotg P
N > dis clotting, b lobi ki i
» authacity ink i . - Fachd
W authontaine from both the dinieal and the genetic point of vicr?\'d‘ Full ref,
. refer-




14 Medical Genelics 1958

Human genetics—general considerations

Methods—statistical, biochemical, and others

Biochemical genetics

Congenital malformations

. Alimentary tract, including salivary glands, pancreas, and liver
. Blood and hematopoictic system

10. Cardiovascular system

11.  Connective tissue

O o Ne v

12, Ear
13. Endocrine system
14, Lye

15.  Genital system

16, DMuscle

17. Neoplasms

18, Nervous systens, including mental defect and psychiatric disorders
19.  Skeletal system

20. Skin and accessories

21, Teeth

22, Urinary system

23.  Miscellancous

References include full titles. Each paragraph is numbered to permit cross
references in this review and in future reviews.

1t is anticipated that these reviews will be particularly uscful to two groups:
to clinicians who find it difficult to keep up with genetic aspects in their own
specialty as well as in others, and to general geneticists and human geneticists
who do not have ready access to the clinical literature.

I. NEW DBOOKS, JOURNALS, SYMI'OSIA, AND) CONGRESSES

New books:

1. Allen, F. H., Jr,, and Diamond, L. K.: Erythroblastosis Fetalis, In-
cluding Exchange Transfusion Technic, Boston, 1958, Little, Brown and Com-
any.
’ yMast of the material of this small book originally appeared as a “Medical
Progress” article in the New England Jonrnal of Medicine in October, 1957,
The section on exchange transfusion has been added. The result 1s a highly
useful and interesting survey of the problem.

2. Alvarez, W. C.: Practical Leads to Puzzling Diagnoses:  Neuroses
That Run in Families, Philadelphia, 1958, J. B. Lippincott Compm}y.

This book is included to condemn it The theme of the book is t)m.t mcn‘ml
instability manifested by psychosis, a!cohclism, c.pil(.‘psy, conshtu.tnonnl in-
adequacy, hypochondriasis, uncnmloya}bxlity, neuroclrculnlm:)' a§thcmn, and so
on, is hereditary and that by recognizing this fact and looking into the family
history many otherwise puzzling “cases” can be unraveled.  However true may
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Nobatanced or adequate coverage 16 provided; more spacels given to blepharopto-
«is than to cardiac mal{ormations.

12, McEiroy, W. D, and Glass, BPi edé}ors]‘.b The Chemical Basis of De-~
ent, Baltimore, 1958, The Johns Hopkins Press. . )
“‘w'l‘?l\xc MeCollum-Pratt symposium on develcpvment h.eld in Ma.rch. 1\3:.8.
was a loical scquel to the symposium on the Chemnc?l Ba51_s of Heredity hel n;
1956, All parts of the new symposium have genetic pertinence. .The role o
the nucteus in development (Micsky and Alifrey), chromosomal dlﬁerentmnfm
(Gall), and the role of genes in the developmental processes (Hadorn) are dis-
cussed among many other aspects, in this detailed treatment of the current state
of hnowledge in the field of embryclogy.

13 Mourant, A. E., Kope¢, A. C., and Domaniewska-Sobczak, K.: The
ARO Blood Groups; Comprehensive Maps and Tables of World Distribution,
Springfield, 111, 1958, Charles C Thomas.

The authors have performed the Herculean task of culling the vast literature,
classifying the data on the disttibution of ABO groups and A subgroups, com-
puting gene frequencies, and assembling all the information in a single volume.

1t ts an tmportant contribution to physical anthropology and to investigation
in the relationehip of blood groups and disease.

14, Pontetorvo, G.: Trends in Genetic Analysis, New York, 1958, Co-
tumbia University Tress.
This is an amplified form of fectures defivered at Columbia University in

1956, The is a superb statement of present & led
of the gene,

of the nature

. 15 Raxe, R. R, and Sanger, R.¢ Blood Groups in Man, ed. 3, Oxlord,
1958, Blackunell Scientific Publications.

AThc inheritance of the blood graups is discussed in admirable detail and
clarity  Blood groups in tuins, in disputed parentage, in disease (hemolytic
discase of the newborn, susceptibilty to disease), and linkage studies are dis-
tu“s('d. -\ useful st of inherited characters for whick linkage with blood group
l:;n‘ i;x\t‘l:c;x sought is provided; abous 44 separate characters are listed. Inter-
acial transfuaions ; i it H i
o 1:‘:15.;:,8\,2;![!,“0"«‘ 4s a possible way in which new blood group

Tt is useful to histo,

ric perspective to nate ¢ i Y
blomd groups systems- tedaveset esovery

of the severa)
ABO Blood groups

o Dl g 1900 {Landsteiner)

..“lyxm“;!uumns 1911 (van Dungern and Hirszfeld)
.\ i m‘ir?'l”‘ﬁ' 1927 {Landsteiner and Levine)

N i)k.ﬂ‘ S;m : D:: isions 1947 (Walsh and Montgomery)
PR 1927 (Landsteiner and L.

1955 (Sanger) avine)
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ences to the literature are provided. The author is much to be congratulated on
the final product. Since he confines himsell to those conditions on which the
information is sound and refatively ample he has reviewed the status of medical
genetics in an admirable manner,

7. Garn, 8. M., and Shamir, Z.: Methods for Research in Human Growth,
Springficld, 1., 1958, Charles C Thomas.

Complete details for the pursuit of growth studics, even the architectural
layout of Dr. Garn’s department at the Fels Research Institute in Yellow Springs,
Ohio, are given. Longitudinal and cross-scctional methods are compared, X-ray
techniques for various measurements and determination of bone age are covered.
(The authors present a family in which 6 of 7 siblings showed an anomalous pat-
tern of carpal ossification: whereas the greater and fesser multangufar and
navicular bones ordinarily begin to caleify 2 to 3 years before the ulnar epiphysis,
exactly the reverse occurred in this family and is observed fairly often in other
fanulies.) Development of the teeth, skin (c.g., changes in pigmentation with
aging), hair, fat, breasts, etc,, is discussed, as well as statistical and graphical
methods.

§. Hutt, F. B.- Genetic Resistance to Disease in Domestic Animafs,
Ithaca, 1958, Cornell University Press.

Essentially Professor Hutt of Cornell University has provided a survey of
veterinary medical genetics. It is of great interest to medical genetics to compare
the problems in the two fields and to observe the operation of many of the same
principles- identification of heterozygous carriers of a recesstve disease trait, genetic
variations in susceptibility to infectious discase and study of the mechanism of
these gene-determined variations, balanced polymorphism, pscudopleiotropy
as the basis of syndromes, biochemical genetics 1n animals, and so on. Sec Bull.
Johns Hopkins Hosp 103.151, 1958, for long review.

9, Kalmus, H.: Variation and Heredity, London, 1958 (planned for 1957),
Routledge & Kegan Paul, Ltd.

This is a readable, accurate, and useful semipopular treatment of human
heredity and its bearing on society.

10 Lamy, M.: L'hérédité, éléments fondamentaux de génétique  Hori-
zons médicaux, No. 45-54.  Paris, 1957-1058, Laboratoire de 'Hepatrol. .

After presenting some basic principles of genetics in man, Lam‘y reviews
medical genetics with particular reference to couditions about which sound
information 1s available

11. McCullagh, DD, and Swanker, W A.: Anomalics of Infants and Chil-
dren, New York, 1958, McGraw-11ilt Book Company, Inc.
The promising title proves a disappointment. “I'he authors, surgeons, have

and injuries in their book, demonstrate bizarre concepts of causa-

H rns
included bul even dangerous

tion, and make many statements which are undoubtedly wrong,
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a or adequate coverage 1s provi more space is given to blephar to-
Nobalanced or adequate & 4 ’ to blepharpp!
No ided

sis than to cardiac malformations.

12. McEiroy, W. D., and Glass, B., editors: The Chemical Basis of De-
L) W, D, 9
velopment, Baltimore, 1958, The Johns Hopkins Press. b i March, 1958
The McColtum-Pratt symposium on develop_ment eld in ™ ’h s '
as a logical sequel to the symposium ont the Chemical lesx'S of Heredity hef xr;
;‘9556‘ (:5“ parts of the new symposium bave gepetic pertinence. 'The n.)le.o
the x}uclcus in development (Mirsky and Allfrey), chromosomal dlﬁerenmt&x_)n
(Gall), and the role of genes in the developmental processes (Hadorn) are dis-
cusscd‘among many other aspects, in this detailed treatment of the current state
of knowledge in the field of embryology.

13. Mourant, A. E., Kopeé, A. C., and Domaniewska-Scbcz:\k! K The
ABO Blood Groups; Comprehensive Maps and Tables of Werld Distribution,
Springfield, IHL, 1958, Charles C Thomas. i

‘The authors have performed the Herculean task of culling the vast literature,
classfying the data on the distribution of ABQ groups and A subgroups, com-
puting gene {requencies, and assembling all the information in a single volume.
1t is an impartant ibution to physical anthropol
1 the refationstup of blood groups and disease,

vy and to investigation

M. Pontecorvo, G.: Trends in Genetic Analysis, New York, 1958, Co-
turebia University Press.

Tiys is an amplified form of lectures defivered st Columbia University in

1956 The ph s 2 superb of present knowledge of the nature
of the gene.

15 Race, R R, and Sanger, R . Blood Groups in Man, ed. 3, Oxford,
1958, Blackwelt Scientific Publications.

The inheritance of the blood groups is discussed mn admirable detail and
carity Blood groups in twins, in disputed parentage,
disease of the newborn, susceptibibty to discase), and ki
cussed A uselul Iist of inkerited characters for which Lin
foer has Yeun sought 1s provided; about 44 separate characters are listed. Intec-
Tl teansfusions are mentioned as

in disease (hemolytic
nkage studies are dis-
kage with blood group

X a possible way in which new blood grou
antigens will be discovered gou

s uscld to hustoric perspective to note the dates of discovery of the several
blood groups svstems,

ABO bload groups

g 1900 (Landsteiner)
:‘.:, lsJuMn isions 1311 {van Dungern and Hirszfeld)
h \(‘\"md Kroups 1927 (Landstemner and Levine)
R i,| t.nSli subdivisions 1947 {Walsh ang Montgomery)
groups 1927 (Landstei:
P (Landsteiner and Levine)

1955 (Sanger)
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Salivary sccretion of

ABO antigen 1930 (Lehrs and Putkonen)
Rh blood groups 1937 (Landsteiner and Weiner)
Lutheran blood groups 1946 (Callender and Race)
Kell blood groups 1946 (Coombs, Mourant, and Race)
Lewis blood groups 1946 (Mourant)
Lewis saliva groups 1949 (Brendemoen; Grubb)
Duffy blood groups 1950 (Cutbush, Mollison and Parker)
Kidd blood groups 1951 (Allen, Diamond, Niedziela)
Diego factor 1954 (Levinc and associates)

16.  Sinott, E. W., Dunn, L. C., and Dobzhansky, T.: Principles of Ge-
netics, ed. 5, New York, 1958, McGraw-Hill Book Company, Inc.

This and Srb and Owen’s General Geneties (W. H. Freeman & Company,
1955) are the standard textbooks of general genetics and are those we have used
in the general genetics portion of our medical genetics curriculum.

17. Thannhauser, S. J.: Lipidoses, Diseases of the Intracellular Lipid
Metabolism, cd. 3, New York and London, 1958, Grune & Stratton.

This is a useful source book for information on some limited aspects of
hereditary disorders of fat metabolism, such as familial hyperlipemia, familial
hypercholesterolemia, Niemann-Pick’s disease, and Gaucher's discase. Genetic
aspects are weak. The book is riddled with typographical errors—two on the
same line in the Preface—which apparently involve mainly the parts added in
this new edition. The Hurler syndrome is still included. Although at the end
of the chapter it is stated that the Hurler syndrome is not a lipidosis, the first
part of the chapter has not been rewritten and conveys the impression that it is
a lipidosis. Although this compendium will have some uscfulness, most readers
will not find its usefulness commensurate with its staggering price.

18. Watson, E H., and Lowrey, G. H: Growth and Development of
Children, ed. 3, Chicago, 1958, The Year Book Publishers, Ine. A good treat-
ment of the subject is provided.

19. Wiener, A. S., and Wexler, I. B: Heredity of the Blood Groups, New
York, 1958, Grune & Stratton.

This smallish book covers essentially the same ground as docs that of Race
and Sanger. It is a condensed version of Wiener’s carly books (Blood Groups
and Transfusion, 1943; Rh-IIr Blood Types, 1954, Rh-IIr Syllabus, 1954) brought
up to date, with special emphasis on genetics.

20. Winchester, A. M.: Genetics, a Survey of the Principles of Heredity,
ed. 2, Boston, 1958, Houghton Mifflin Company,

This is a readable exposition. Presumably for the purpose of heightening
interest in genetics on the part of university students, many examples are drawn
from man. The presentation, as in many textbooks designed for college use, is
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ek inheritance af many morphologic traits
open to the s“-.m“s c":‘fl:‘c‘:x:s‘:ltxr:‘?;::Ir‘\cl:: lt(:csua;:v:st tl}m the inheritance Is
S?Ch o mr-lo\?\. :3‘521. ;s and ;h.xt these traits would be useful, for example, in
simplet tha:l" . r“‘\m o‘( these traits have not been exposed to the 5:\.5(cm.\uc
hﬂknge Si“d l'c :ize l may deserve  Some discase traits are covered by Winchester
i:)e“ntc:;:::&a is, Zr tlozu-sc, not a treatisc on mcd'm'ni gem:\ic_s. 'l’hcru; are :mx::
inaceuraties, and oversimphfication may lend to {ailure to stimulate the intere
and curiosity of capable stedents.

Journols:

21. The following perindical journals are devoted, partly or exclusively, to
human and medical genetics:

Acta geneticae medhicae et gemellologiae (Rame) \:01. 7
Acta getetica et statistica medica {Basel) Vol 8
American Journa) of Husman Geneties (Baltimore) Vol, 10
Annals of Human Geneties ({formerty Annals of
Eugenics) (London) Vals, 22-23

Eugenics Quarterdy (New York) Vol §
Eugenics Revew (Londony Vol, 50
Folwa hereditaria et pathologica {(Mdan) \ol. 7
Jfapanese Joutnat of Human Genetics Vol. 3
Journal de génétigue humaine {Genevar) Vol. 7

22, ‘The followang journals alsa contasn material on human geneties:
American Journal of Physical Anthropology

(Philadelphua) Val. 16
Genetica {The Hague) Vol. 29
Genetics Vol 43
Hereditas Vol 45
Human Biology (Detroit) Vel 30
Jaurnat of Genetics Vol. 56
Journal of Heredity (Washingtan) Vol 49
Symposia

i 023 The Amencan Heart Association, at s annual mceting in San Francisca
tn Qotaber, sponsored a half-day symiposium on genetic factors in diseases of the

ca;diof'as:c\xlnr system The distussion was tivided into five parts:  athero-
sclerosis including coronary artery~ disease, hypertension; susceptibility to rhey-
matie fov + congenital malformations of the cardiovascular system; and cardio-
‘nsu;\ ar tnvolvement 10 syndromes due ta pleiotropic genes

- lpn( 719, 1‘958, ﬂ‘\c new Department of Medieal Genetics in the
School at the University of Wisconsin, Madison,
x?:fmatm\‘m SYMPOStum covering current tesearch
ticipants included Koprowsky, Stocher,

: Medical
was naugueated with an
in human genetics, Par-
Atwoad, Stern, Pontecoryo, Ceppelini,
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Salivary secretion of

ABO antigen 1930 (Lehrs and Putkonen)
Rh blood groups 1937 (Landsteiner and Weiner)
Lutheran blood groups 1946 (Callender and Race)
Kell blood groups 1946 (Coombs, Mourant, and Race)
Lewis blood groups 1946 (Mourant)
Lewis saliva groups 1919 (Brendemocn; Grubb)
Duffy blood groups 1950 (Cutbush, Mollison and Parker)
Kida blood groups 1931 (Allen, Diamond, Niedzicla)
Diego factor 1954 (Levine and associates)

16. Sinott, E. W, Dunn, L. C., and Dobzhansky, T.: Principles of Ge-
netics, ed. 5, New York, 1958, McGraw-Hill Book Company, Inc.

This and Srb and Owen’s General Genetres (\W. H. Freeman & Company,
1955) are the standard textbooks of general genctics and are those we have used
in the general genetics portion of our medical genetics curriculum.

17, Thannhauser, 8. J.: Lipidoses, Discases of the Intracellular Lipid
Metabolism, ed. 3, New York and London, 1958, Grune & Stratton.

This is a useful source book for information on some limited aspects of
hereditary disorders of fat metabolism, such as familial hyperlipemia, familial
hypercholesterolemia, Niemann-Pick’s disease, and Gaucher’s discase. Genetic
aspects are weak, The book is riddled with typographical crrors—two on the
same line in the Preface—which apparently mvolve mainly the parts added in
this new edition. The Hurler syndrome is still included. Although at the end
of the chapter it is stated that the Hurler syndrome is not a lipidosis, the first
part of the chapter has not been rewritten and conveys the impression that it is
a lipidosis. Although this compendium will have some usefulness, most readers
will not find its usefulness commensurate with its staggering price.

18. Watson, E. 1., and Lowrey, G H: Growth and Development of
Children, cd. 3, Chicago, 1958, The Year Book Publishers, Ine. A good treat-
ment of the subject is provided.

19. Wiener, A. 8., and Wexler, I. B.: Heredity of the Blood Groups, New
York, 1958, Grune & Stratton.

This smallish book covers essentially the same ground as docs that of Race
and Sanger. It is a condenscd version of Wiener's carly books (Blood Groups
and Transfusion, 1943, Ri-IIr Blood Types, 1954; Rh-Hr Syllabus, 1954) brought
up to date, with special emphasis on genetics.

20. Winchester, A, M.: Genetics, a Survey of the Principles of Heredity,
ed. 2, Boston, 1958, Houghton Mifilin Company. ]

This is a readable exposition. Presumably for the purpose of heightening
interest in genetics on the part of university students, many examples are drawn

from man. The presentation, as in many textbooks designed for college use, is
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open to the serjous criticism that the inheritance of many txl;rrp!xol)og.x:: t]r.:li:
such as ear-lobe type, is discussed in 2 manner to suggest that t \Ic inheri ‘u‘c i
simpler than it traly is and that these traits would be useful, n‘r om'mp C,“lll
tinkage studies. Most of these traits have not !vcft| exposed to t I? 5?.slc‘n|\. ic
genetic study they may deserve. Some disease traits are cu‘vc\'m} }1) Winchester
but the book is, of course, not a {reatise on medical genetics. There are saftic
inaccuracies, and oversimplification may tead to faiture to stimulate the interest
and curiosty of capable students.

Journals:

21, The Iollowing periodica) journals are devoted, partly or exclusively, to
human and medical genetics:

Acta geneticae medicae et gemellologiae (Rome) Vol 7
Acta genetica et statistica medica (Basel) Vol. 8
Amencan Journal of Human Genetics (Baltimore) Vol 10
Annals of Human Genetics (formerly Annals of
Eugenics) (London} Vols, 22.23

Eugenics Quarterly (New York) Vol 5
Eugenics Review (London) Vol. 50
Foha hereditana et pathologica {Milan) Val. 7
Japanese Journal of Human Genetics Vol 3
Journal de génétique humaine {Geneva) Yol, 7

22. The following yournals also contain material on human genctics:
American Journal of Physical Anthropology

{Phitadelphia) Vol. t6
Genetita {The Hague) Vol 29
Genetics Vol, 43
Hereditas \'D\‘ 43
Human Biology (Detroit) Vo\‘ 30
Journal of Genetics \’ul' 36
Journal of Heredity {Washington} \'nl. 49
Symposia

" ofib:l;; :‘:::;ar; I};Xe,?:t’ Assocxat;a{:. at its annual meeting in San Franciseo
cardluvasc:llar system 'E;‘ acorson e dpen lactocs fn dienses of the
e oar 2 r, he discussion was divided into five parts:  athero-
ot o udin ge ;; ar;nary{arlery isease; hypertension, susceptibility to rheu-
P im;u[v;n malformations of the cardovascutar system; and cardio-
Pl ;;gt 1‘:;] syndromes due to pleiotropic genes.
School at the' Umv’ersiteyn:‘f‘ {\)/ffc(:x::‘i‘;m\?(; e Genets in o edcal
internmton vistonsin, Madison, was ianguraf 3!
ndpa“:‘ “z:l‘ :g:;p&a;um COVering cutrent research in hum:u% ger:ie\c‘s”m!‘a“
prowski, Stocker, Atwood, Stern, Pont, v et
\ ecorvo, Ceppelins,
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Owen, Neel, Graham, Steinberg, Boyd, Glass, Levine, and Matsunaga. The
symposium will be published in the Journal of Medical Education and in the
American Journal of Human Genetics.

The American College of Physicians in April (Alving; McKusick; Neel) and
the New York Academy of Medicine in October (Childs; Janeway; McKusick)
sponsored symposia on genetics and disease.

The New York Academy of Sciences sponsored a symposium on “Genetic
Concept for the Origin of Cancer” (Strong). Strong provided a historical re-
view. Bittner, Heston, Gowen, Gordon, and others discussed the genetics of
cancer in lower forms. Failla discussed aging and carcinogenesis.  Sinnott and
Dobzhansky contributed. Gorer and Oliver surveyed methods for studying the
genetics of cancer in man,

The American Society of Hematology, meeting at Atlantic City on April
26, 1958, devoted half a day to papers on thalassemia: its nature and definition
(Zuelzer), geographic distribution (Chernoff), the abnormality of heme syntheses
(Bannerman, Grinstein, Moore), clectrophoretic investigations of hemoglobin
(Diamond and Gerald; Kunkel; Ceppelini and Dunn) and splenectomy (Carl
Smith).

Congresses:

Tenth International Congress of Genetics, Montreal, Aug. 20-27, 1958—
Selected Reports.  Abstracts of the papers referred to are found in the voluminous
published proceedings of the Congress. Critical evaluation must await publica-
tion of the full reports. Mention here may serve the useful function of indicating
current work.

24, McLaren and Michie (London) analyzed the influence of uterine en-
vironment on the expression of genes controlling the number of lumbar vertebrae
in the mouse, Reciprocal crosses indicate that deficiency in lumbar vertebrae
1s a “matroclinous trait.” Kalter (Cincinnaty) analyzed the interplay of genotype
and environment in the congemital malformations produced by maternal ribo-
flavin deficiency (produced with the antimetabolite galactoflavin) in mice  Tras-
ler and Fraser (Montreal} provide a similar analysis for cortisone-induced cleft
palate in mice.

Bernstein and Stevens (Bar Harbor) described an autosomal recessive
lethal in mice manifested by jaundice and severe microcytic anemia  In mice
homozygous for genes W, AW¥, and \V3, which ordinarily show severe macrocy tic
anemia and die soon after birth, Elizabeth S. Russell and colleagues (Bar Harbor)
could restore hematologic normality by transplantation of hematopoietic hver
cells from histocompatible embryos.

25. Beatty (Edinburgh) has been seckmg varations in spermatozoa which
may represent a samatic character of the uniploid genoty pe and also ))HTID(J:I)I!\‘
in the characteristics of the sperm of a single indrvidual which may indicate

segregation for a single Tocus.
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26 Sutton {(Ann Arbor) fonnd that (hc. gene (\’F(\llk‘l;sy for Hp! (hapto-
globin 1) varies from ©.80* in Negrm§ \c} 0.18 in Asiastic Indians. A
By starch gel clectraphoresis Smithies (Turm\'tn) found a new ) 3:: ‘\ ;.’ o
called D (C = “normal”) in 2 of 49 New York Negroes and 5 of 23 Austrabar
i i 5.
abm’?l:‘: sg‘el:\‘el:il: 2? g\:“:::\:‘al EEG (Vogel, Berlin), handedness (Falek), and
the Gm (for gamma) serum protein groups {Lanler, London) was seported on

27. Gartler (Seattle) thinks genetic variations in. urin.:\ry nxcrclmn.o[
beta-aminoisobutyric acid are not determined by variations in renal function
but rather by variations in thymine metabolism. Tas.lﬁnn gz\nn .Ar!mr? [nund
a genetic vauabifity in capacity for an enzyme ndamau.on: in some indisiduals
repeated admunistration of p-phenylalanine resulted in progressively greater
excretian of p-phenyipyruvic and.

28 Kalmus (London) showed a movie which demonstrated how the world
looks to the color-blind The American Navy, in making the film, had the as-
sistance of one of the rare persons with unilateral color-blindness.

29 Tanaka and Ohkura {Tokyo) found the following reproductive his<
tories, 1 comparing -ray techmeians with pharmacists:

MALF S-RAY TTCHVICIANS  MALF PHARMACISTS

nw 232 N= 300
Stesibty 13 8% 6 0%
Stallbarth, abortion 1 offspring 631 384
Sex ratuo of oflspring 53 25 550
Exposure >35vhyr.

. 30 A 20-year-old girl .\\'xlh bilateral asymmetry in hair and eye pigmen-
tation was desenbed by Ahuja (Berkeley) who postulated some mechanism such

as somatic mutation, somatec deletion, or abnormat distribution of chromosomes
m development,

31 Motulsky (Seattle) reparted a valuable historical “find";
P;’ospzvlms of Dsenses, Based on Clinical Observation, published by Joseph Adams
{; 6»1 simx n 1&34 m me:'ion. fn it Adams (1) distinguished between ron.
%i?e‘tji‘m::mml {*recessve™), and heteditary (“dominant”); {2} indicated the

Anguintty i recessive disease; i i
oh 2 genetc o e ease; (3) poiated out that the manifestation

be present at brrth and mi i
age, {4} emphasized that environmentaj e et sty

N factors may be nec ;
sion of genetic susceptibahty, etc, ete, ¥ wssary for the expres-

Heredstary

32 Harva
st i max;;)d and Hauge (Copentagen) described what they term a catam.
gHosts 10 death) study of twins born fram 1870 to 1940 in Den.
*Tho upual cop

ven
Der cout ton for stating gene frequencies 19 followed here For example 0 30 me
ans 89
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mark. They find a significantly higher concordance rate in monozygotic twins
than in dizygotic twins for bronchial asthma, diabetes, gallstone, goiter, migraine,
schizophrenia, manic-depressive psychosis, and mental deficiency. No dil-
ference in concordance rate for various forms of malignant growth and of arterio-
sclerotic heart discase conld be demonstrated.

33, Koch (Minster, Germany) suggested that most microcephaly is due
to a single factor inheritance as an autosomal recessive. IHaberlandt (Miinster)
found in Westphalia, Germany, 251 cases of amyotrophic lateral sclerosis in a
20-year period. In 13.5 per cent there was a family history of others affected.
He thinks the disease may be an autosomal dominant with incomplete penetrance
and varying expressivity.

34, Brage (Buenos Aires) found aminoaciduria without cupruria in some
normal relatives of patients with Wilson’s disease. He thinks these individuals
are heterozygotes and that the aminoaciduria must be a primary defect in Wil-
son’s disease and not secondary to the disturbance in copper metabolism.

35, In hypophosphatasia, an osteodystrophy in which there is large ex-
cretion of cthanolamine phosphate, Harris and Robson (London) found some
excretion of the same material in about 60 per cent of persons expected to be
heterozygotes. Because of intrafamilial similarities in clinical behavior of cascs
and in the case of heterozygote identification, they suggested that different genes
may be responsible for the same clinical picture.

36. Lewis and Li (Pittsburgh) presented the following interesting data
on 116 hemophilia families:

MULTIFLE SIBSHIPS
OR GI NLRATIONS

nrreer wyourn
Hemophitia A Deficiency of antthemophitic globulin 437
Hemophitia B Deficiency of plasma thromboplastin component 525

ATTECIID MALTS
TR CUNT
TOTAL MALI'S OF TOTAL
OFFSPRISG  NUMBFR TR CENT NUMATR MALTS  TXPICILD

Ofspring of Daughiers of Hemophiliacs

Hemophilia A families 159 7 49 7 41 52 ‘")Z,;

Hewmophiha B famulies 74 49 66 0 22 41 s0¢;
Of spring of Sisters of Hemophiltacs

Hemoplufia A fanihies 152 213 51 f 73 :‘; 3.:::",

Hemophilia B fardies H 17 487 12 K 389,

They commented on the high segregution for males in the oﬂapr{ng of d.")ug])-
ters of hemophiliacs and possibly for hemophilia in the male offspring of sisters
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§ hemophiliacs. Either could be a source for a supply of hemophilia genes to
e K
ZOmprensE;\e in part {or those lost through selection.

37, Sumiscalco, Bianca, Montalenti, and Silvestroni (R(ch, Naples) x)m\r:;
there nAxag, bea din;c( effect of the thalassemia gene on physical measurements,
2 pleiotrapic effect.

) fornia b 1
"Poranto) concluded that hiyperchol isan

d - Uc)\“g;"( hol ) lemic child app 1 to be a homozygote. Hypers

cholesterofemia \:'as present in the families of Loth parents. Hirschhorn and

Wilkingon (New Yark) came to a comparable condu‘smn. They ;‘\&so s‘uggcslcd

multiple alleism as an explanation for conflicting views on the |‘nhcr|mncu ,0(

hypertholesteroleria 1t is ot clear what evidence there §s for this hy pothesis,

39 In a large North Carolina hindred in which about 3,000 individuals
were Jnvestigated, Whattinghd!l and his associates (Chapet 1itly (0\lmd the !0“(?“"\
g famihal aggregation for rheumatoid arthritis and for ankylosing s;x}nd;hhs
among the relatives of probands with one or the other of these twe disorders:

RLLATIVFS AFFECTID AY $AMT DISTAST

PROBAND 15T BIGRIE® 2%D DIGREY 3xp DGR
Rheumatod arthritis 3 7+ 145 2 4=0 647, 2 320 05,
Ankylowng spondylitis & 32 437 2 9=1 167, D 7xD 3%}

The following table indicates the convention with regard to degree of
relationship

DEGREL OF NTRFDITARY

BUMBCR OF  1LIRENESS, 1T, FROBA-
DEGREE OF STEFSIN  BILITY THAT RFLATIVE
RELATIONSHIR RELATIVE RELATIONSHIP  CARBNS SWMIE GINE
Fustdegree  Sib. parent, child 1 112
Second degree  Halfesib, uncle, auny, nephew, niece,
grandparent, grandchild 2 174
Third degree 15t couswn, great 2Nt or uncle, great
grandparent, great prandehild 3 1/8
Tourth degree 15t cqusin, once reroved 4 16
Fifth degree  Ind cousin 5 1732
Generat case —— n 120

(Fcom Tabie X XU of Pencose & The Brolagy of Afentat Defect, Londox, 1854, Sedgewiok & Jarkson y
. The Oxford Dictionary gives thy
tionshup 1t will be noted from ca

e following defimtions for degrees of rela.
definition 1s the geneti

. mpatison with the table that the canonical
Cally aceurate one  “In the Civil Law the de;
< 2 gree of rela.
tionship between collaterals is counted by the number of steps up from one of
*First degreo relatives
te,

arents,
Uscen gonntrse vl e she, children Serond degree relatives: Evandparents, sunts and
$Includes cnses of St91's dissase



ditions are better, the size will be greater; in a poorer environ-
ment the size will be less.

From our bean experiments we have Iearned three funda-
mental facts, facts invariably confirmed whenever similar ques-
tions have been asked for any organisms and characters what-
socver, First, we found that different hereditary types (geno-
types) can be hidden within the same apparent type {pheno-
type). Second, we saw that the phenatype of one and the same
genotype depends upon the environment in which the organism
develops. The third rule follows from these two: We should
never call this or that visible trait the hereditary without specify-
ing under what specific environmental conditions that trait will
appear. Phenotype, accordingly, is the result of the joint action
of hereditary type (genotype) and environment.

The very general importance of these principles may be under-
lined by applying them to a situation in human society. Among
man’s inheritable traits are psychological attributes, including,
for example, a tendency toward moral weakness or perversion
which can lead to criminal activity. On the other hand, it is
well known that evil social and economic environment can also
cause men to commit antisocial decds from which they would
shrink and refrain in 2 more favorable environment., Among the
genctic social misfits are some whom even the best environment
cannot change, just as a born musician will stil be musical,
though he lives like Robinson Crusoe. There are, of course,
many kind and degrees of inherited antisocial or asecial tenden-
cies and propensitics.  As one instance, it is known that a tendency
toward wanderlust, an i and p to nomad
is inheritable. One man so constituted but living in & good sit-
uation and endowed with some compensating traits may become
an explorer of the world's remote comers; another, born to dwell
in less favorable circumstances, beeomes a tramp, a beachcomber.
We arc led to the hope that at deast some genctically asocial in-
dividuals can be trained to contro! their inbomn proclivities or,
at any rsate, to direct them into socially acceptable channels.
But, as the beans have shown us, we can never change the
heredity of such individuals, although this is what they will pass
on to the following generations. In the contrasting case, the
man with desirable heredity but bad habits, we can be certain
¢hat his unwanted visible cb istics will not in his

14

I



§ i t. Evil
ing if the children are seared in a good environmen ;
?sgmich a man's pature but is only a cloak hung round his
shoulders by a bad environment.

Selcction of types )

Nosw we must return to our beans for another exx.:enmen‘- }The
study lustrated by Fig. 4 showed us that the genetically medivm-
sized (15 mm. average length) line reacted to exceﬂent'growth
conditions by producing, seed of sizes up to 26 mm. This result
ouay bave raised the hope that we can raise still larger bez'ms
simgly by selecting the Jargest ones so far obtained and growing
another crop from them, Can we actually continue in this way
untd} we have glant beans? Unfortunately, this is the kind of
reckoning the milkmaid in the parable used, We proceed to sow
the 26-mm beans from the previous experiment, growing one
fot utder standard conditions, those we started with in breeding
15-mm. beans; another sample is given the especially favorable
treatment we accorded the parents, What sort of beans do we
harvest from these plots? The offspring of the first Jot wall be
identical to the members of the strain, averaging 15 mm. in
length.  Contrary to hopeful expectation, the effect of pood
conditions has not been inherited at all, In the second plot,
with Its supetior conditions, the beans are once more as large
as the ot including the 28-mm. parents, with the average length
22 mom. and the variation ranging from 18 to 96 mm. ‘The
reader may obiect oo the grounds that a single alterpt to jo-
aease size by breeding the largest wdwiduals §s msufficient.
Then we repeat the experiment. The result is precisely the
same ~ And even if we were to repeat the attempt each year for
decades, the result would not change, the offspring of the re-
peatedly selected targest beans remaining at the average size of

2 mm, “.hen grown under the highly favorable conditions of
our experiment. No matter how we vary the experiment, the
IQSL\;‘! will be the same  In other words, environment acts only
on the

ppearance of the individual, whereas the heredi y con-
stitution remains constant,

uite unal
conditions which modifed t;xle phenntﬁ?ﬂ by (hese extersal
A sheptic may require one more check on ouf results, Let us,
he 52ys, for 10 or 20 years always breed from the largest bmn;
obtained under the best of growth conditions, and then raise

o
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e crop under standard conditions. Should not the beans
Zrno\m ul: an average situation be somewhat.“larget :h‘:ix\ E‘fm
ofiginal variety? ‘The expesimental answer, 3 Y 1%
5,15 entirely in the negative. The beaus subjected to standar
conditions immeduately return to the original 15 mm. average
size.

At first sight these facts may scem astonishing, though tl?e
exporimental Tesults have been confrmed a thousand mes i
al sonts of organisms and for ail manner of hereditary traits.
They contradict the ideas of the uninstructed layman; they are
completely at variance with all we have heard of the achieve-
ments of the successful plant and animal breeders. For every
breeder and husbandryman will tell you that he improves his
seed or stock by Tepeatedly choosing for prapagat lect
25 he calls 1, the best individuals be has, He would scoff at the
noton that no impravement can be wrought by this method.
Who is right? Hundreds and thousands of careful experiments
enable us to assert that we are unguestionably right. But the
breeder is not wrong; rather, we make entively different points.
And this is a statement we must understand clearly, for its proper

luation is as imp 1o practical breedi
of the basie prinaiples of heredity.

g a5 to our grasp

More about variation and chance

To be quite clear about this problem we go back to the begia-
ooy of our bean expenments, first reemphasiziog that we could
fust as well bave studied in the some way and with the same
geaeral results any hereditary ch of any organism what-
0 ever. We found that beans of a particular pure strain had
the same average size, say 15 mm., when grown under standard

ity is, 1h s their hereditary size, But 15 mm,
was only the average length of a large number of beans {see
Fig. 2); some individual sceds were a little shorter ox o Lkl
longer, within 3 hruted mange. Up to now we have neglected
to determne how many beans of these vanous sizes—15 mm, a
tle more, and a Witle less—appear in the full hasvest of a fot
Our next task is, then, to measure the beans and sort tlljaem
a;:m‘rdmg to size into nine sacks, ona fox each of the Tengibs 13
‘-. 3, 14,15, 16,17, 18, and 19 mm. The sacks are next set n
hine in the order of size of the contained beass, the sack with

17
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one crop under standard conditions. Showld not the beans
mown in an average situation be somewbat ,larger zhan t!:e
orignal variety? The experd t: ‘:mswer,as“ by Fig,
5, is entirely in the negative. The beans subjected to standard
conditions immediately Teturn to the original 15 mm. average
s

ize.

At first sight these facts may seem astonishing, though 1)36
experimental results have been confirmed a thousand times in
all socts of organisms and for all manner of hereditary traits.
They contradict the ideas of the uninstructed layman; they aré
completely at variance with all we have heard of the achieve~
ments of the successful plant and animal breeders. ¥or every
breeder and husbandryman will tell you that he improves his
seed or stock by repeatedly ¢ for prapag; selecting,
1s he calls 1t, the best indinduals he has. He would scoff at the
notion that no {mprovement can he wrought by this method.
Who is night? Hundreds and thousands of careful experiments
ensble us to assert that we are ynguestionably right, But the
breeder is not wrong, sather, we make entirely different points.
And this is a statement we must understand clearly, for its proper

Juation 15 as imp to prachcal breed
of the basic principles of heredity.

g as to our grasp

More about variation and chance
To be quste clear about this problem we go back ta the begin-
g of cur bean experiments, first reemphasizing that we could

Just os well have studied w the same way 2nd with the same
general results any heredstary of any organism what-

so ever. We found that beans of a particular pure strain had
the same average Sife‘ say 15 mm.,, when grown under standard
, this is, fore, their hereditary size. But 15 mm.

lelr

wat anly the average length of 2 large number of beans (see
Fig 2); some individua) seeds were a little shorter or a httle
longer, within a fimited range. Up to now we have neglected
fo determne bow many beans of these various sizes—15 mm, a
latle more, and a little less—appear in the full harvest of 2 l'ot
Our next task 45, then, to measure the beang and sort tl\]xen;
l]?ﬂ;i“ﬁ tlnsnﬁ i;\"lu :B!nc sscl‘s‘ one for each of the lengths 1Y,
2 , 15, 16, 17,18, and 19 mm, k in
tite i the onder of size of the w:lhin'lgx‘lel:::}::,aé:a“s?c‘ksi:\:g
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the smallest beans being on the' extreme left, that with the
largest on the extreme right (Fig. 6). The bag with the greatest
number of beans, it is immediately seen, contains beans of the
mean size, 15 mm. To the right and left of it the sacks become
progressively smaller, as the size of the beans departs Turther
and further from the average. This shows that among the

no 12 13 1 15 16
Mimmeters

F1c, 6. Distribution of a huge number of beans of an average size of 15
mm. Each bag holds beans of identical size. The bags are arranged in
the order of the sizes of the beans contained therein.  (The ervor intro-
duced by the fact that 10 large beans do not occupy twice as much space
as 5 small ones, e, the neglect of the 8 dimensions of a bean, should be
overlooked for the sake of the stmplicity of the visual demonstration.)

thousands of beans of our pure strain those of medium size are
most frequent, the smallest and the Jargest beans are rarest, and
the other sizes fit into an orderly sequence of increasing and de-
creasing frequency. In Fig. 6 are inscribed the percentages of
the entire harvest contained in each bag; these numbers form a
series that begins with a low percentage, increases to a mavimum,
and then declines: 8, 8, 10, 186, 28, 14, 11, 8, 2. To the right and
left of the highest value, 28%, this scries of numbers is almost
symmetrical. This fact is casily seen when we connect the tops
of the bags by a broken line, making a curve or graph, which is
nearly symmetrical, ascending on the left of the middle class
from almost nothing and descending similarly to the right,  Ex-
pressing this fact in more scientific language, we can say that
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2l pur beans shaw 2 curve of variation with respect to size, with
« mean size of approximately 15 mm. and a range of variation
{rom 11 to 18 mm.

1t is semarkable that this curve will be more nearly syrm-
(metrical the larger the number of ‘beaps we measure. Still more
semarkable is the fact that practically il be cf
of animals and plants when studied in this way will always give
such a curve, whether 1t is the size of the leaves of a tree, the
size of microscoplc organisms of a pute strain, the number of
hairs or bristles or similar organs on a certain area of an insect, or
the size of piebald spots in a spotted breed of guinea pigs or
cattle, But 1t must be kept in mind that organisms exhibiting
such variation are hereditarily pure strains in regard to the
character measured,

What is the meaning of this symmetrical curve of varation?
Rather surprisingly, 1t can be made clear by a Jook at certain
gambling devices, like dice throwing and roulette. The simplest
device for a visual & jon is the el pinball
machine pictured in Fig. 7. At one end of a flat box is 2 funnel-
ke inlet. At the opposite end a series of compartments are
separated by vertical strips of wood. In between are a large
aumber of nails stuck into the board at equal intervals. A hand-
ful of fine burdshot is poured into the funnel and, when the to
of the gadget 1s hfted, runs down between !he’ nails into thr;
compartments  There the shot wall always assume the arrange-
ment shown in Fig, 7. We see at once that this is the sagme
arrangement a5 that of the bean bops: a symmetncal ascendi
;:i :ic:c;‘ndmg curve, with most shot in the center com;xa:tme::sg,
s an ] e cxtre\:nc sight and lezl't, and increasing and decveasing

ounts 1n between  With this model it #s easy to underst:
zfx;;:eat‘mngc;ne}x:z of the shot is brought abcut.y It i: gu:xtsoat‘;)i
100 of chance  Aa indivi R
i‘:‘,‘k" "‘“)’h}ul 2 nait and be deﬂ:ls:t‘cd; :3) pdilt:erti:lft-sgg;nn:mg

e another nas) g .
are many nals :mdn: ;);rcft:\';;e s:-‘evgtﬁl:‘::::' o t\;e o t}xe‘xe
":’;!"e tizht and to the left will cancel cach :\;E;ex :2?;1:2 p 1;;“

Al arrive at the center com; pelict
Really perfect spheres, the ::\lr:m ;:t!.idl:(;; the pefles by
lm‘l‘ the board not ideally smooth. Thas, J“Ym{;er(;ct cylm;l N
pellet 1y > y happen thai

more often deflected 1o one side than to thepuelher. tI:




a very large number of cases (many pellets of shot) chance alone
will decide these events. There is only a very small chance that
the same pellet will always be deflected ta the same side. In
other words, the chance for a pellet to land in the compartments
at the extreme left or right is very small. The chance will in-

© 0000000000000 0 9
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Frc. 7. Galton's pinball game for the demonstration of the law of chance.

crease with more and more equalization of the number of deflec-
tions to right and left, and the best chance is for an equal num-
ber, which sends the shot into the center compartment.  The
pinball machine thus visualizes for us the effects of chance on n
large number of similar events.

Now let us apply this demonstration of the effects of chance
to our experiment with beans. The developing beans, marked
by their heredity to grow to 2 size of 15 mm., in the course of
ralling down the stages of growth strike the nails of cavironmental
conditions. Here one comer of the ficld receives less water,
there the fertilizer bas not spread evenly, ete. Just as in the
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gadget, it is Jeast probable that these ch:x_ma changes \vﬂglalways
affect o single bean in a favorable or in an l{nfavura ebwba‘y,
whereas an equalization between both extremes 15 most pro ab e.
Thus, small variations in size arise and appeat in .the mumbers
typleal for the symmetrical curve of variation. Variation and its
e wihm o bereditanly pure strain are the result of the
acton of the environment and the distsibution of these effects
according to chance.

Mixed and pure strains

Now we ate Teady to return 1o the problem that puzzled us
earlier: Is the breeder tight or wrong when he tells us ‘hf‘t he
can improve his strams by always selecting the best individuals
for breeding? To find an answer, let us proceed as follows: Just
as we measured the medium-sized strain of beans {15 mm.
average), we proceed 1o measure the small {10-mm.) and the
large (20-mm.) strata.  As expected, the measurements of the
small ones gve a curve of vanation with its highest point at 10
mm. and the large ones similarly with the maximum at 20 mm.
Nest we take all the bags from all three strains and mix their con-
teats thoronghly. Each bean from this mixed product of 2l
strains is measured, tine bags ate assigned to the dafferent sizes,
now ranging from 6 to 24 mm., and all beaps are sorted out into
these bags as before. The result will be the same curve of varia-
ton, though we koow now that we have measured a mixture of
three different hereditary strainy, Thus it is seen that we cannot
by mere fnspection distinguish in such a case a mixture of differ-
ent strains from a single pure strain, A progeny test, however,
will enable a distinction jmmediately, 1f ywe select the largest
beans, for example, for next year's breeding, they will produce
Lasge ones, because we have picked out of a mixture those be-
longing to the heredutanly large strain. 3 we epeat the experi-
ment with the Jargest progeny beans obtamed, no further size in-
crease wall be observed, e shall find only the variation typical
of the farge straln. We selected thus variety from a mixture of

strains and thereby ended any thance for fusther suceess in selec-
tion  The first success was men

ly apparent, owing to our havin;
\m;ul with a misturc of different heredities. ¢
hese facts enable us to understand why the breeder is zj
right
and m the same time wrong when he believes that he can impx&ve
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his material by continued selection, If he had started with a
hereditarily pure strain, he would have had no success whatever.
But he usually begins with an unanalyzed field that is, in fact, a
complicated mixture of many different strains. e will be suc-
cessful with his selections until he has finally succceded in isolat-
ing that one of the hereditary strains contained in his ficld which
is to his liking, and this will be the end of his success.

In explaining these elementary facts of heredity, I have bad to
speak of hereditarily pure strains without explaining properly
what this term means. As a matter of faet, the real scientific
explanation cannot be given until later, when you shall have
mastered the laws of heredity. But even here we ean closely
approximate a proper nation of the meaning of “purc strains™ or
“pure races,” at least in a general way. We may, for example,
be inclined to call poodles or great Danes members of a pure
strain or race of dogs. But when we study them closely, we find
that there are hereditarily different and constant substrains of
poodles and great Danes in regard to size, color, temperament,
ete, The professional breeder will be able to subdivide even
these groups according to some characters.  Any of these strains,

) and sub-substrains will correspond to our strains of
beans if it is pure in all its characters, i.c., if these characters
reappear in all the offspring without change except the minor
variations caused by environment. Normally, however, a breeder
will be concerned not with all hereditary differences contained
in one strain but only with its overall appearance. If he breeds
German shepherd dogs, he is content with the general wollhke
appearance of this beautiful animal. Ie will therefore not object
to mating a pair differing in small but hereditary characters, and
the offspring, though all shepherd dogs, will exhibit to the ex-
perienced cye various combinations of all these minor differences.
His strain, then, is pure for the general characteristics of the
shepherd dog but not for many smaller traits of size, color, length
of hair, form of cars, cte. Now the changing fashions among
the fanciers may require that a prize shepherd dog must have
particular color, car form, tail, cte. The breeder sets out to breed
this type. His procedure {s not mysterious. What he does is to
search among his animals for those which show one or another of
the previously ncglcctcd traits, mate them, pick out in the next
generation good combinations, breed them again, and repeat this
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procedure uptil he bas the requisite combination of traits and sees
it transmitted to all offspring. He has not produced apything
pew (though he will probably claim s50); be merely selected and
combined what was already present. But it may also Jappen
that the mysterious beawty code of dog-fanciers’ clubs Jecides
that a prize aabmal must have same character which is not heredi-
tary at all. In this event the breeders will deceive themselves
and will receve medals for the chance play of nature if they
happen by luck to find among their pupples the non-hereditary
and non-transmussible character yequired by the mles.
It is a short step from & dog to his master, and to we may
return for a moment to man and perform, though only in our
minds, an experiment. There are found in Africa many Negro
tribes whuch, to the uninitiated, differ most i ly in the
size of individuals, There are tribes with what we think of as
sverape stature, and there are also giant Dinka and tiny Pygmies,
Let us for the moment forget about all their characteristic fea-
tures, save size, and assume that these three tribes intermarry
freely, After 2 number of generations the area wll be inhabited
by 4 population that varies from a tiny size, through all grada-
dions, 1o gants. A statistician who d such a populas
would find 4 typicel symmetrical curve of height just as found
previously for bean length. 1f we studied individual families, we
should find tall parents with tall childven, tall parents with
children of vatymg size, and many other different combina-
tions. "Tus 35 ot surp hecause the population would be
8 hybrid one produced by commingling sevesa) types that can
recombine freely in various ways, as we shall saan study in de-
tad, If we now chose to select from this population a purely
3&:";‘3 “?} could easily do so by selecting over a few genera-
mm"m‘;h’“ est couples unb} we had again isolated from the
e pure-breeding Dinka type. And here our selection

\‘\:u;l lw‘a( ::! cnd.( for \:;;: could not obtain st taller fasmalies;
nnot produce from the i
Sormmn? population aaything that was not in

Stmmary

i::l;:: summatize f o few words what we have learmed thus
s about hereditary traits. We know as a fact that the visible
waracters of an individual do not pecessanly conform to jts
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his material by continued sclection, If he had started with a
hereditarily pure strain, he would have had no success whalever,
But he usually begins with an unanalyzed field that is, in fact, a
complicated mixture of many different strains. He will be suc-
cessful with his selections until he has finally succeeded in isolat-
ing that one of the hereditary strains contained in his field which
is to his Jiking, and this will be the end of his success.

In explaining these el tary facts of heredity, I have had to
speak of hereditarily pure strains without explaining properly
what this term means. As a matter of fact, the real scientific
explanation cannot be given until later, when you shall have
mastered the Jaws of heredity. But even here we can closely
approximate a proper notion of the meaning of “pure strains” or
“pure races,” at least in a general way, We may, for example,
be inclined to call poodles or great Danes members of a pure
strain or race of dogs. But when we study them closely, we find
that there are hereditarily different and constant substrains of
poodles and great Danes in regard to size, color, temperament,
ete. The professional breeder will be able to subdivide cven
these groups according to some characters. Any of these strains,
substrains, and sub-substrains will correspond to our strains of
beans if it is pure in all its characters, i.e., if these characters
reappear m all the offspring without change cxcept the minor
rariations caused by environment. Normally, however, a breeder
will be concerned not with all hereditary differences contained
in one strain but only with its overall appearance, If he breed:
German shepherd dogs, he is content with the genceral wolflike
appearance of this beautiful animal. e will therefore not object
ta mating a pair differing in small but hereditary characters, and
the affspring, though all shepherd dogs, will exhibit to the ex-
perienced eye various combinations of all these minor differences.
His steain, then, is pure for the general characteristics of the
shepherd dog but not for many smaller traits of size, color, fength
of hair, form of cars, ete. Now the changing fashions among
the fanciers may require that a prize shepherd dog must have
particular color, car form, tail, cte, The breeder sets out to breed
this type. His procedure is not mysterious What he does is to
scarch among bis animals for those which show one or another of
the previously neglected traits, mate them, pick out in the next
generation good combinations, breed them again, and repeat this
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bound 1o the same matural laws as all ather arganisms, h.as bee.n
enabled to circumvent the rule, at least in patt, by his brain
pawer. Let us staxt with a rather crude examplye. Most
yeople have heard once upon a time that a neighbor's c‘att Tost
het tail by an accident and in her next litter had tailless kittens.
When such stories have a background of truth, the explanation
{s not at all mysterious. There exists a race of cats, the manx
cat from the Isle of Man, which has a genetic, ‘Thereditary reduced
til, a mere knob or even less. This character has spread to many
cat populations and may crop up here or there. 1, by chance,
the mutilated cat mated with a tom carrying this hereditary trait,
reduced tail wil appear in some of the offspring according o
definite rules of heredity. This is certainly a crude example, for
few people will expect mutilations to become inherited. But, in
principle, it is just as good as any other Hlustration of environ-
mental action upon the organism, for, in every case where the
“mheritance of acquired characters” has been claimed, the claim
has been shown to stem from failure to consider hereditary traits
already present or from some bad understanding. There 1s, for
example, a popular belief that children of a soldier may show a
Lind of scar in the same place as where the father was wounded.
Provided that the story is not a complete invention, a chance

mole or its like may have been accepted by the credulous as the
inherited scar,

Believers in the inh of acquired ch (and the
emphasts 1s propesly on "believer,” for what is involved is actaally
a creed, not a scientifically tenable opinion) do, of course, have
better examples in their arsenal than mutilations and scars'. For
tnstance, plants reared in an unusual climate will change in size,
tme of flowering and fruiting, 2nd other characters, When (hesé
changes have persisted for many generations m the pew situa-
tion, can we really expect that the niewly acquired type will be
shed bke an overcoat, that o effect will remain? The answer is
clearly and unequivocally supphed by experiments, carned out
'ivun\lm tumes in rapidly reproducing erganisms, which could be

cllowed for many generations. In no stch test has an {nheritabl
fﬁ;rhf of rhdc encironment ecer been abserved. e
¢ reader may st protest that he has heard how
:::\‘m\m\rd toahke among very different people, like h:nﬂer:::;
e United States, change even in bodily form ta lcsembi the
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heredity, A given visible character may be the product of com-
pletely different hereditary constitutions; for example, a medium-
sized form may be hereditarily medium-sized, it may be heredi-
tarily Jarge but stunted by poor environment, or it may be small
by heredity but overgrown by good cnvironment, Only a test
of the progeny of the individual will reveal jts hereditary consti-
tution. The apparent type or phenotype is the product of the
hereditary type or genotype combined with the action of the
environment. The effect of the cavironment in shifting the ap-
parent type in one dircction or another does not affect the
hereditary type. For this reason we cannot select new hereditary
types from a pure breed by breeding from extreme apparent
types. When sclection of extreme types does succeed in estab-
lishing a new hereditary type, the reason is that the group from
which a sclection was made was not hereditarily pure but 2
mixture of different hereditary types, though this fact could not
have been discerned by simple inspection, From such a misture
the genctic ingredients can be isolated by selection, but once the
pure component hereditary strains have been isolated, no further
selection is possible. These, then, are basic facts of heredity
which should be understood before the details of hercditary
transmission can be sought.

Non-heredity of so-called “acquired” characters

We have analyzed these basic facts in a straight line, without
looking right or left. We may pause now for a few points that
arc of general intcrest and importance, I have already mentioned
the fact that the non-inhentance of the effects of favorable con-
ditions runs counter to widely held popular beliefs. This partic-
ular situation has become increasingly interesting in recent years,
since the opposite view has been made the official, government-
sponsored doctrine of one nation {the US.S.1.) and has been im-
posed by force upon its scientists and laity. Again we inquire:
Is it really established beyond doubt that characters acquired
under the action of the environment are not inherited? Docs it
really not make any difference to the hereditary constitution of
man whether his ancestral generations Jived in the best of environ-
ments or in utter squalor?

To find an answer, we may forget man for a moment, because
we are dealing here with an area tn which man, though strictly
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i ith the opera
indeed, when we presently become acquainted witl
vion of the mechanism of heredity, we shall see that the f'iclts
make an ioh of acquired ct virtually

Treditlon

{ have already hinted at the peculiar position man occupies
because of his remarkable brain development, Like all other
organtsms, map cannot transmit the effects of his environment,
good or bad, throngh hus body to bis children. The laws of
heredity grant no evceptions to the human body. But in a cer-
tain measuse the human mind can circumvent this Tack. The
extraordinary capacity of the buman brain permits man to com-
pentate in some fespects for what mature demies s body.
Language, writing, pristng, are the mechamsms for cultural -
heritance, which can, to a degree, transmit environmental modi-
feations, I & horse should actually be born like the poce-
notorious “bnight Ylans,” who could acquire some mastery of
svatherratics and accomphish other mental feats, bis descendants
would stifl have to begin learning all over again and would never
know what the father had known. Man, however, can wnte
down his personal experi and inteflectual acquisitions and
leave them in the enb of the next generation, which in tum adds
to and passes an the hoard, I time an immense treasure of
knowledge is thus aceumulated, though no one receives any of
it via hereditary i in the biological semse. It is
handed down culturally, by traditian, “Thus, when the biclogist
must tell you that nothing, your mind scquires by work, thought,
feeling, or self-impravement wil teappear in your children as a
result of hereditary i e can fess add that,

by oral and wntten communication, everything of value for the

urogress of mankind et be preserved by thay specifeally human
bstitute for the tent inh of aequired ch

tradition, the sum total of the cultural endowment.




people among whom they have come to dwell. But even apant
from new nutritional conditions and the posture and behavior of
the free man, which certainly are not inherited, such claims, if
they be factual, are explainable simply by progressive legitimate
and illegitimate mixture in the melting pot.

The extreme caution one must exercise before an alleged *proof”
of the inheritance of acquired characters can be accepted may be
illustrated by one more example. It is a counterpart of the case of
the tailless cats and just as easily explained. Scicntists, as a rule,
would not, of course, be taken in by these crude examples, but in
special cases it may be more difficult to determine just where
experimental error has erept in. A thorough investigation, hos
ever, has never failed to reduce the best examples to the Jevel
of the following rather crude one. Recalling the pedigree of
bleeder’s disease (Fig. 1), we know that a hereditary trait may
be present without becoming visible. VVhen, after & number of
generations apparently free of it, such a trait again becomes mani-
fest, chance coincidence may have given rise to this sort of situa-
tion: A bleeder marries and soon afterward dies of hemorrhage.
After his death a daughter is born, who, though normal herself,
can transmit the discase to half her sons. \When this daughter
reaches adulthoad, she may never have heard of her father's un-
happy condition, nor of any relatives who were bleeders; she will
confidently assert, in full honesty so far as her own hnowledge
goes, that her family has always been normal. This daughter mar-
ries and later is involved in an accident in which she nearly bleeds
to death. Presently she gives birth to a son, who turns out to be
a bleeder. ‘The aunts and neighbors shake their heads and mut-
ter, “Just what we expected after that aceident.”

This example may scem a little farfetched, but it is in fact a
good model of the way in which “reliable™ stories of the inheri-
tance of acquired characters originate.  But we need not continne
the argument.  The facts are plain.  Whenever experiments have
been conducted to induce hereditary changes by the direct action
of the environment upon the body of an organism, the experiments
being carefully carried out to exclude the previous presence of
isible hereditary traits that might mimic changes induced
o eavironment, and to check apparent positive results by
he result has in cvery case been negatice. And

invi

by th

progeny tests, &
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the number present at any later developmental level or in the
completed organism. L

Now, by veversing our path and following development in its
propes sequence from egg toward adult, we can obsen:e that two
Ghings bagpen to cells: They multiply only by division of one
cell fnto two, each of these into two more, etc.; and they become
specialized by transformation from the simple sphesical or
cuboida) form into the size, shape, and finely elaborated structural
detad of the many kinds of cells characteristic of the fully de-
seloped arganism.

If, instead, we tracing backward in development from
the stage with apparently hike cells, we find thak the number of
these sunilar cells progressively decreases, from perhaps 64 to
122, then 10 16, 8, 4, 2 to, finatly 1 lone cell. Ths is the egg cell,
outof which a body of, perhaps, billions of tells will be formed by
repeated cell divisions. Tt is obvions, therefore, that all proper-
ties, structures, snd functions of the future fully developed or-
ganism are somehow present as potentialities in the egg, for this
{s development's starting point. ‘The non-bialogist might suppase
that some characteristics of an animal which develops within
its mother's body, as o the mammals, will be furnished by the
matemat body. Ths is not at all the case. In fact, in the ma.
iontyf:f animals, whose eggs develop wholly outside the maternal
organism, there is no possibility for such influences ta operate.
So it is that at the moment the egp 1s tnd or spawned, its minute
:;;th of sv;bémncc must contain everything necessary to guaran-

ormal development, to ensure that a Stamese fighting fish
“‘21 develop from a Siamese fighting fish egg, a lobster from &
- :;d!ig. ‘\(\onin from a worm egg~each new organism being
Thee ‘g\d:n ;\gm §xom very minor variation) of its parents.
dcu’;:)cxc m);l? evelopment of egg cell into pavental type is
Ge o ifest expression of hexedity. Thus at is olear that
o ffldu the starting point for the action of heyedity in con-

2 development, must contan within its often micrascopi-

cally small subst; i
o ‘wcmsr) ance alf that is essential for the mysterious opera-

Cell diciston and chromosomes

To Ut wbe veit from this my:
) ystery we must begin at in-
oo, which is the eell's abality to multiply by d?\}rid;i‘ngu’ifxt:eg:;
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The Sex Cells
and Fertilization

The cell theory

1t may be safely assumed that every reader s ncquainted with
the fact that the bedy of every living being, with the exception of
the very lowest ones, is composed of cells, which may be indi-
vidually distinguishable according to their functions but are
nevertheless alike in a general way, simply by virtue of being eclls.
The skin is composed of skin cclls, built and arranged in such a
way as to form collectively a protective Iayer nround the body;
glands consist of gland cells, capable of scereting definite juices;
muscles are bundles of long, slender cells that can contract and
expand; nerves are composed of nerve cells; sensc organs, of
sensory cells; etc. Despite the fact that all these types of cells may
have distinctive form, size, function, and detailed structure, they
are identical in one respeet: All consist of the two major parts
which characterize a cell-the semiliquid, gelatinous cell body
or cytoplasm, formed of the basic living substance called pro-
toplasm; and the nucleus, a small, clearly delineated, Lubble-like
structure lying within the cytoplasm.

Another common property of the diverse cclls of an organism
can be elucidated by tracking them bachward through all stages
of development of the individual to the very beginning, the inf-
tial egg from which the organism developed. The more closely
we approach this carlicst stage, the more similar are the cells.
At a certain very carly stage they look quite alike: All are simple
spherical or cuboidal blobs of protoplasm, each with a nucleus.
At this same stage their number fs only a very small fraction of

28



the sumbes present at any later developmental level or in the
organism. .

m‘;ﬁ:i‘y regversing our path and following ﬁe"‘:‘(’l’mezl‘: :“t:‘s
proper sequence from egg toward ar.lu\t, we can o d.?en:e i\f nl;
thungs happen to cells: They multiply only by division of o
cell intp two, each of these into fwo more, ete; and they become
specialized by transformation from the simple sphencal ot
csbordal form into the size, shape, and finely elaborated structural
detail of the many kinds of cells characteristic of the fully de-
veloped orgamism.

eﬂ?iens!ea%i we contimue {rating backward in development from
the stage with apparently like cells, we find that the number of
these sunlar cells progressively decreases, from perhaps 64 to
22, then to 16, 8, 4, 2 to, fnally 1 lone cell. This is the epg cell,
aut of which a body of, perhaps, hillions of cells will be formed by
repeated cell divisions It is obvious, therefore, that all proper-
ties, structures, and functions of the future fully developed or-
ganiom ase somehow present as potentabties in the egg, for this
is development’s starting point. The non-biologist might suppose
that some characteristics of an animal which develops within
its mather's body, as do the mamnmals, will be fumished by the
maternal body, This is not at all the case. In fact, in the ma-
tority of animals, whose eggs develop wholly outside the materna}
organism, there 15 no possibility for such influences to operate.
So it is that at the moment the egg 15 lnid or spawned, its minute
speck of substance must contain everything necessary to guaran.
tee normal Aevelopment, to ensure that a Siamese fighting fish
will develop from 2 Sramese fightmg fish eng, 2 lohster from o
lobster egg, worm from a worm egg~each new organism being,
an exact ’FPllea {apart from very minor variation) of its parents.
Thes specificaty of development of egg cell into parental type is
clearly the manifest evpression of heredity. Thus it is olear that
the egg, a5 the starting point for the action of heredity in con-

txu&l\ng dﬁve\gpmem, must contain withm its often microscopi-
cally small substance all that s essential for the mysters -
s ot hgxed,ty. ysterious opera

Cell division and chromosomes
To Lit the veil from thrs myste
. Ty We must begin at th in-
wing, which 15 the cell's ability to multiply by dividing igttes:»
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The Sex Cells
and Fertilization

The cell theory

It may be safely assumed that every reader is acquainted with
the fact that the body of every living being, with the exception of
the very lowest ones, is composed of cells, which may be indi-
vidually distinguishable according to thew functions but are
nevertheless alike in a general way, simply by virtue of being cells.
The skin is composed of skin cells, built and arranged in such 2
way as to form collectively a protective Jayer around the body;
glands consist of gland cells, capable of scereting definite juices;
muscles are bundles of long, slender cells that can contract and
expand; nerves are composed of nerve cells; sense organs, of
sensory cells; cte, Despite the fact that all these types of cells may
have distinctive form, size, function, and detailed structure, they
are identical in one respect; All consist of the two major parts
which characterize a cell~the semiliquid, gelatinous cell bady
or cytoplasm, formed of the basic living substance called pro-
toplasm; and the nucleus, & small, clearly delineated, Lubble-dike
structure Jying witlun the cytoplasm.

Another common property of the diverse cells of an organism
can be elucidated by tracking them backward through all stages
of development of the individual to the very beginning, the ini-
tial eggr from which the organism developed.  The more closely
we approach this carliest stage, the more similar are the cells,
At a certain very early stage they look quite alike: Al are simple
spherical or cuboidal blebs of protoplasm, cach with a nucleus.
At this same stage their number is only a very small fraction of
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alt dwiding cells of man 48 chromosomes of defnite size and
Sorm appear. Al cells of 3 cextain My have 24; those of a
pasticular species of moth, 62. The pumber and nature of the
chyomosomes 0 a modheus is thus A constant character of each
Lving type. But it should not be thought that higher organisms
have more chromosomes snd lower organisms fewer. No such
nde esists. Moreover, the same number may be found in widely
different organisms: 24 chromosomes are typical of a Lily, a newt,
and a fish. The smallest pumber, 2, appears in 2 parasitic worm;
the largest numbets, 200 and more, in deep sea crabs, ferns, and
sugar cane. In every case, however, the pumber is the same for
all cells of 2 given organism; and usually it 15 an even fumber.
To this basic fact we shall often seturn.

Now we are ready to continue our study of cell division, con-
centrating on the mportant phases, as represented in Fig, 8, and
Teaving aside those details whith are of special interest to the pre-
fessional student of cell biology. As soon as the chromosomes
are fully formed, the rest of the nuclens seemingly dissolves.
Meanwhile, as the chromosomes form within the nucleus, the
cytoplasm ox cell body begius its preparations for dwvision. Near
the mucleus a tiny bady (called the centrosame or central body}
appears; around it the cytoplasm forms radiating lines, like rays
aound the sun The central body then divides inta two parts,
which, surrounded by thew rays, move apart as though they re-
pulsed one another. Their travels cease only when they reach
opposte poles of the cell. When the nudleus then dissolves, the
tays expand and fil the entre cell. A special porhion of\his
comphcated apparatus {called the mitotie figure, from the Greek
t:&? mitos, meaning a thread) estends from t’he polar central
s‘mt’; lg] tehe central eell area 'where the chromosomes lie  One

mtate apparatus js attached to each of the chromo-
somes, The chromosomes have by ¥hs time moved into ve
regaler positions along 2 single plane at the equator of th e;{
Whea ane looks from one of the poles toward the cell e
?ne ;ces the chramasames asranged in an orderly way att: ‘::;]r .
e;:e  thewr anangement is typical and rather constant for ane
En OCS'Z;p‘mv:s of plant or animal This figuse 15 called the ch,i

al or i 11 3¢

when pmm‘;‘};a‘::liph‘e. and it 01; :111; which we genesally use




When a cell is ready to divide~and what follows applics equally
to virtually all cells of plants and animals, including, of course,
man-striking changes draw our attention to that minuscule sae
within the protoplasm, the cell nucleus, A complicated series
of events occurs in the nucleus, the very nature of which sug-
gosts their importance. In its resting stage the nucleus is es-
sentially a bladder filled with a fluid in which are susperded
somewhat more solid bodies, these consisting of a unique and ex-
tremely important material. To study this substance more closely
we make use of a technique which cnables us to see far more
of the details of such microscopically small structures than we
could make out in the living nucleus. The cell is killed by certain
chemicals that precisely preserve its structural detail, and then
stained with particular dyes. Among the available dyes some
stain only definite parts of the cell; one group of dyes colors only
the small, more solid bodies within the nucleus and permits us to
follow them in all their changes. These small masses and
granules of dye-accepting substance in the nucleus are said to
consist of chromatin (from the Greek word chromos or dyc).
Chromatin is the stuff that plays the most important rale in ecll
division,

At the very beginning of cell division the rather irregularly dis-
tributed chromatin masses within the nucleus are assembled upon
threadlike structures, which were actually present but invisible.
These structures then condense in various ways and become
visible as & number of units, same rodlike, some spherical, some
sesembling tiny horseshoes. The forms they take are character-
istic and typleal of the cells of each kind of organism. They
mark a man, a lily, or a snail as clearly as do more obvious and
outward features. It is in these minute bodies that many of the
seerets of hieredity are hidden.  These structures, called chromoe-
somes because they are “stain- [chromos} aceepting bodies
{soma),” are the most impostant entities in the world of the living-

Study of the chromosomes, as suggested already, gives us at
once a fact of prime importance. The number, size, shape, and
even the relative positions of the chromosomes are exactly the
same in all the cells of any given species of animal or plant.' In

1 Certain quakifications of this statement will be developedd in due coure
Al such qualifications underline the fundamental constancy of the chromo-
sqmes.
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attached to a Sber ettending to one of the cExlua\ hodies, the
fbers of a pair of daughters being ted with app c'eﬂ
poles. The daughter chromasomes now move, perhaps beiog
pulled in some way by the fibers, to opposite poles, 3 at this
stage we look down upon the cell from one or the other .pole, we
<hould see near each pole a chromosomal plate precisely like
that at the cell equator m the preceding stage. Thus a set of
chromosomes exactly the same in number, shape, and size as in
the original nucleus amives at each pole.

The processes ohservable m the nucleus at the beginning of
division are now reversed, The seem to dist
1o a greater or lesser degree, while droplets of ligmd appear
about them and coalesce to form deBnitive bladder-like daughter
nuclei, Ch \ slowly disap in the new
resting nuclei. ‘This means that the chromosomes are now jn-
visible under the microscope. They are nevertheless present,
as may be shown by special means.

Convurrently with these changes, 3 funow euts in from the
equatorial swiface of the cell and Bnally divdes the cytoplasm
inta 2 equal masses, while the central bodies and their asse-
ciated rays gradually disappear. In this way, from 2 single cell

2 cells have arisen, each identical in structure and content with.
the mother cefl.

Reviewmng this complex process, one is forcefully impressed
wth the importance of the material we have labeled chromatin,
For the whole mechansm of cell division 15 clearly seen to be a
device for distibuting the suk of the ch with
absolute, and almost incredible, precision. This real significance
of eell dnision was appreciated even by the earkest students of
the progess, futh they und d that the ch
Taust consequently be the smportant entitses for heredity.
vbne mpterial can be ctogically 5o mﬂnpensa\}lze ;(11&? it 2::1:,&

e present in its uniqus A i i
e el esponste fos e Sveopment ot s e
traits which are the specific and tragsmissible properties of each
Y}\nd of lant and animal. However, to convert this ear e%‘?‘
mslg}ﬁ into the meaning of cell division to mmmtrovex)t,i\:g\enzXﬂL
required nearly 50 years of very bard work on the -
sands of biclogists. past of thou-




The next visible event (it has actually occurred somewhat
carlier but is readily seen only at this stage) is the lengthwise

"
Fic. 8. Nune stages of the division of a ccll with the normal number of
4 chromasomes. (Upper rowe) The formation of the chromosomes in tho
nucleus and their splitting into two identical halves.  { Second row) Emet-
fng of the chromosomes into the equatorial plate and heginning of the
moving apart of the spht halves  ( Third row) Completion of the move-
ment of the davghter chromosomes tn the poles, seconstruction of the
daughter nuclel, and division of the ecll body.

division of each chr into 2 completely identical daughter

chromosomes. We may describe it as the splitting of 1 chromo-
some {nto 2, or we may say with greater accuracy that the orig-
inal chromosome has duplicated itsclf, has produced a perfect
replica of itself. Each daughter chromosome, furthenmore, is
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atiached to a Bber extending to one of thejcen.gfl bodnis, :t\ﬁ
Ehers of a pair of daughters being wi Pope being
poles. The daughter chromosomes now move, per 3& ¢ the
pulled in some way by the fibexs, to opposite poles. "‘1 .
‘stage we Yook down upon the cell from ane ot the Other.po e, ;;E
should see near each pole a chromosomal plate precisely like
that at the cell equator in the preceding stage. Thus 2 set ?E
chromosomes exactly the same in n;:mb‘er, shape, and size as in
iginal nucleus arrives at each pole,
m?r;,’: g;:cex;ses cbservoble in the nucleus at the ba‘gifming, of
division ate now reversed, The cb seem to disintegs
to a greater or lesser degree, while droplets of liquid appear
about thern and coalesce to form definitive bladder-hke daughter
nuelei  Ch 1 slowly disappear in the new
resting nuclet, This means that the chromosomes are now fn-
ssihle uader the microscope. They are nevertbeless present,
as may be shown by spectal means.

Concurrently with these changes, a furrow euts in from the
equatorial surface of the cell and Bnally divides the cytoplasm
into 2 equal masses, while the central bodies and their asso-
cited tays gradunlly disappear. In this way, from a single cell
2 cefls have arisen, each identical in structure and content with
the mother cefl.

Reviewing this complex process, one is forcefully impressed
with the importance of the material we have labeled chromatin,
Far the whole mechanism of cel} dwvision is clearly seen to be a
device for disttibuting the substance of the chromosomes with
absolute, and almost incredsble, precision  ‘This real significance
of cell division was appreciated even by the earliest students of
the process, furth they understood that the ch
must consequently be the important entities for heredity, Only
one material can be biologically so indispensable that it must
be present in its unique form 1 every cell of an organism; that 3s
the material respansible for the devel D of those inhertabl
traits which are the specific and transmissible properties of each
i.ind of plant and animal, However, to convert this early general
msxgh:lnm ﬂ;e weantng of cell division to incontrovertible fact
fequired nearly 50 of
cands of biulni;(m years of very hard work on the part of thon.
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Egg and sperm cclls

This discussion started with the egg, the original cell from
swhich each lving being develops. We must now retum to the
subject of the egg to complete the foundation for further analysis.
First of all, it should be recalled that, save for some exceptions
which can be overlooked at this point, cvery organism is pro-
created by a mother and a father. The mother supplics the egg

S\ (@

™

Fic. 9. Diagram of the maln features of transformation of a sperm cell
into a spermatozoon with head and tail.

ccll, the father a spesm ecl), which fertilizes the egg. Wint is
the significance of these elementary facts?

When we speak of cggs, we are likely to think of a hen’s
egg, or an ostrich’s. In actuality, the cggs of most anfmals and
plants are, like cells generatly, microscopically small. In certain
groups of animals, however, as in lizards, birds, tartles, and
sharks, the egg cell, initially very small, is crammed with nutrient
materials, needed because development takes place entirely with-
in the shell deposited by the mother around the egg cell. The
yolk of a hen's egg is simply an cnarmously inflated ecll body;
its nucleus, nevestheless, is not farger than that of other cells.
This huge cell is enclosed within still more food, the egg white,
and a protective shell. Essentially, however, the hen's egg, or
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1
Fic 10 Types of spermatozea in diferent ammals: (A) man, {B) ray,
AC) gull, (D) smai, (E) jellyfish, (F) pike, (G) beed& (H) lunghsh,
(1) crab, (J-L) water fleas aad their
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Egg and sperm cells

This discussion started with the egg, the orginal cell from
which each living being develops, We must now return to the
subject of the egg to complete the foundation for further analysis.
First of all, it should be recalled that, save for some exceptions
which can be overlooked at this point, every organism is pro-
created by a mother and a father. The mother supplies the egg

Fic. 9. Diagram of the main features of transformation of a sperm cell
into a spermatozoon with head and tail.

cell, the father a sperm cell, which fertilizes the egg. What is
the significance of these elementary facts?

When we speak of eggs, we are likely to think of a hen’s
egg, or an ostrich’s. In actuality, the eggs of most animals and
plants are, like cells generally, microscopically small. In certain
groups of animals, however, as in lizards, birds, turtles, and
sharks, the egg cell, initially very small, is crammed with nutrient
materials, needed because development takes place entirely with-
in the shell deposited by the mother around the egg cell. The
yolk of a ben's egg is simply an enormously inflated cell body;
its nucleus, nevertheless, is not larger than that of other cells.
This huge cell is enclosed within still more food, the egg white,
and a protective shell. Essentially, however, the hen’s egg, or
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Fic. 11 {4, B} Entrance of one sperm 1nto the egy, (C) transformation
of the sperm hend fnto the male nucleus; (D) fertiration = union of egy
and sperm nucles,

At this point we muost retum to those uniquely important
nuclear structures, the chromasomes, which we bhave already
seen reproduced evactly during cell division, Let it be recalleq
that any nucleus of 2 given spectes has a typreal and eonstant
Aumber of chromosomes, for example, 48 in man, We might
therefore expect the egg and sperm nuclei to have the typical
number of chromosomes, And indeed, if we eYamine
g8 and sperm cells, long belare the;
definitive egy and sperm, we do find the standarg
number, But does this

number hold for the mature egg ang
sperm which umte jy fertlization?



the egg (thousands of times larger) of an extinet dinosaur, Js
nothing more than a single cell,

The rooster’s sperm cells are sharply different. They are micro-
scopically small cells that look like miniature whips swimming
about in the sperm fluid by lashing to and fro. Each of these
tiny threads is nevertheless a cell, ns we can see when we trace its
origin in the male sex gland, the festis. Very young sperm cells
in the testis are practically indistinguishable from very young
egg cells jn the female sex gland or ovary. Both are simple,
spherical cells, Subsequently, the egg cell grows to its often
rather considerable size by flling itself with yolk, an cvident
preparation for developmental nceds. The sperm cell similarly
prepares for its special but different role: finding an egg ccll and
entering it in fertilization. In most animals the egg cell cannot
move but simply awaits fertilization, often deep within the
maternal body; hence, the sperm cell must be able to travel to
the egg. This it can do because the original spherical potential
sperm cell is converted into the motile, whiplike definitive sperm.
As shown by Fig. 9, the cell nucleus b i ingly densc
and changes into a spike-shaped structure, the head of the sperm,
the part that, at fertilization, will bore into the cgg. From the
central body a fine thread grows out and seems to push the
outer cytoplasm into a progressively elongated structure, which
finally becomes the long, slender sperm tail, whose Jashing pro-
pels the sperm head, or nucleus, toward the egg. All sperm cells
are formed in this general way, although details vary semewhat.
Figure 10 presents a few examples; all are seen to agree in having
a nucleus transformed into a8 head, and a cytoplasmic body,
which in some forms is only slightly differentiated, in others
is highly modified for its swimming function.

Fertilization

The cellular nature of the mature sperm becomes clear while
the sperm is accomplishing its job in fertilization. Of the many
sperm cclls, sometimes millions, which move upon an egg, only
one actually penetrates the egg surface; immediately after its
entrance the egg elaborates a secretion that bars entry of others.
Only the sperm head actually enters the cgg; the tail, the cyto-
plasmic part of the cell, remains outside the egg until it disinte-
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. « is inside
ates or otherwise disappears (see Fig, 11). Once ‘th ;s ;n:( e
gt;\e egg the sperm Tiead resumes the usual spherical 5'1 ‘I;I o
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)
Fie. U (A, B) Entrance of one sperm 1nto the egg, (€) transfarmation
of the sperm head 1mto the male nucleus, (D) ferthzabon = union of egg
and sperm nucler.

At this pont we must retrn to those uniquely important
nuclear structures, the chromosomes, which we have already
seen veproduced exactly during cell division, Let 1t be recalled
that any nuclens of a given species has a typical and constant
number of chromosomes, for example, 48 in man. We might
therefore expect the egy and sperm nuclei to have the typical
number of chromosomes, And deed, 1f we examine very young
egr and sperm cells, Jong before their transformation into the
definitive egg and sperm, we do find the standard chromosome

namber  But does this number hold for the matur
sperm which unite in fertilization? or the meture egg and
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The chromosomes in fertilization

The fertilized egg, we have just seen, contains an egg nucleus
and a sperm nucleus. We shall follow its history a little further.
Chromosomes appear in both nuclei, and all the chromosomes
from both nuclei enter a single division figure for the first division
of the fertilized egg, which is the real initial step in individual
development, It is obvious that if the mature egg and sperm
nuclei contained the typical number of chromosomes of other
cells, for example, 48 in man, then the fertilized egg would have
twice the standard number, or 96 in man, 48 coming from cach
parent. Further, since cell division faithfully reproduces the
chromosome set originally present in a cell, all cells formed in
course of development from this fertilized egg would also have
twice the normal chromosome number. But we already know
that, in fact, all human cells contain only 48 chromosomes. It fol-
lows, therefore, that the mature egg and sperm nuclei can have
only half the normal chromosome number, or 24 in man. That
this is actually the case can be seen when we follow the events of
fertilization beyond the stage illustrated in Fig. 11. In Fig. 12,
the example is an organism which, for simplicity, is assumed to
have a normal chromosome number of only 4. After union of
the egg and sperm nuclei, chromosomes appear in both, just as at
the beginning of ordinary cell division. But look: Only 2 chromo-
somes are found in the egg nucleus, and only 2 in the sperm nu-
cleus. Body cells of this organism have 4 chromosomes, and the
young egg and sperm cells have 4, but, as we see, the mature cgg
and sperm contain only 2 (Fig. 12A4). How has this difference
arisen? ‘This, as we shall see, is one of the most important events
for understanding the laws of heredity, but, before we procced
with it, we should complete our study of fertilization,

After the chromasomes became visible in the egg and sperm
nuclei, the nuclear wall dissolves, just as in ordinary cell division,
the usual division figure with its rays and fibers is formed, and
the 4 chromosomes arrange themselves at the equator of the
cell. In Fig. 12 the 2 from the mother are shown in white, the
9 from the father in black. Each chromosome now divides, as
in any cell division. In consequence, when cell division has been

pleted, each daughter cell ins the normal chromosome
number for the species, 4 in our example. Al succeeding cell
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iously
sk Jushed by the method we have previous
ﬁivﬁwngw e"e ::\t\viﬂo\ti;\\e& by oeld dwisians steruming from ;}x;
({o\rlgl‘;';d :;gy wnll, therefore, have 2 matemm:i (w"xlnt)d ;“ce“s
; ) ¢ es. In other words, all body ¢
1;?!6!113:: (:x:;)wv‘k‘x::“: ;S:;:sal sets of chramosomes, one dentw;‘e:t
ixu‘::)\'he I;'nuther, one from the Sather. 1§, now, we temember tha

Fic. 12, The hehavior of the chromosomes in fertlizaton, The white
chromnsames ate these derived from the egy nuclevs, the black, those from
the sperm nncleus (A} Appearsnee of the chromoasomes in the male avd
female quclet, (B} formation of the divison figure, (C, DY the Srst dwinon

of the ferulred egg.

only the sperm head, whuch is the sperm pucleus, enters the egg
in fertidization, 1t becomes clear that the only identical contribu-
fion from the two parents to their child is 1 set of chromosomes
fom each

This very important fact already points up the paramount sig-
miicance of the chromosomes. Consideration of another fact
strangly underscares their significance. We have, in passing,
noted that (most fortunately for the student of heredityl) the
wdidusl chearvosomes of 5 cell may differ in size and shape
and that these differences are quite as constant in al) the cells
of 2 given organism as 1 Chromosome number, Consider, as an
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The chromosomes in fertilization

The fertilized egg, we have just seen, contains an egg nucleus
and a sperm nucleus. We shall follow its history a little further.
Chromosomes appear in both nucle, and all the chromosomes
from both nuclei enter a single division figure for the first division
of the fertilized egg, which is the real initial step in individual
development. It is obvious that if the mature egg and spem
nuclei contained the typical number of chromosomes of other
cells, for example, 48 in man, then the fertilized egg would have
twice the standard number, or 96 in man, 48 coming from cach
parent. Further, since cell division faithfully reproduces the
chromosome set originally present in a cell, all cells formed in
course of development from this fertilized egg would also have
twice the normal chromosome number, But we already know
that, in fact, all human cells contain only 48 chromosomes. It fol-
lows, therefore, that the mature egg and sperm nuclei can have
only half the normal chromosome number, or 24 in man. That
this is actually the case can be scen when we follow the events of
fertilization beyond the stage illustrated in Fig. 11. In Fig. 12,
the example is an organism which, for simplicity, is assumed to
have a normal chromosome number of only 4. After union of
the egg and sperm nuclei, chromosomes appear in both, just as at
the beginning of ordinary ccll division. But look: Only 2 chromo-
somes are found in the cgg nucleus, and only 2 in the sperm nu-
cleus. Body cells of this organism have 4 chromosomes, and the
young egg and sperm cells have 4, but, as we see, the mature cgg
and sperm contain only 2 (Fig, 12A). How has this difference
arisen? This, as we shall sec, is onc of the most important cvents
for understanding the laws of heredity, but, before we proceed
with it, we should complete our study of fertilization.

After the chromosomes become visible in the egg and sperm
nuclei, the nuclear wall dissolves, just as in ordinary ccll division,
the usual division figure with its rays and fibers is formed, and
the 4 ol arrange tl lves at the equator of the
cell. In Fig. 12 the 2 from the mother are shown in white, the
2 from the father in black. Each chromosome now divides, as
jn any ccll division. In consequence, when eell division has been

leted, each daughter cell contains the normal chromosomo
number for the species, 4 in our example. All succeeding ccll
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divisions will be accomplished by the method we have previously
followed, every cell formed by cell divisions stemming from the
fertilized egg will, therefore, have 2 maternal {white) and 2
paternal {black) chromosomes. In other words, all body cells
of any erganism contain 2 equal sets of chromosomes, one derived
from the mother, one from the father. If, now, we remember that
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example, fertilization in an organism having a normal chromo.
some number of 8. Sperm and egg, thercfore, contain 4 chromo-
somes each, every chromosome having a distinctive size and
shape. Figure 184 shows the stage of fertilization in which the
sperm and egg nuclei lie beside one another. We see that the
2 nuclei in identical compl ts of chr ; there

Fic. 18. The same stages as in Fig. 12, but assuming twice the normal

number of chromosomes (8 here, only 4 mn Fig. 12), and the 4 tdentical

chromosomes contained in the female and male nucleus, respectively, being
of different, typical size and shape

is a short rod, a long rod, a horseshoe-shaped element, and a
round, dotlike ch in each nucl This arr

is, of course, what we expect, for the two parents must con-
tribute the same set of chromosomes to their offspring. Division
of the fertilized egg takes place in exactly the way we have pre-
viously followed (Fig. 138B-D). Each daughter cell now con-
tains a pair of each kind of chromosome, one partner of cach
pair being derived from the mother, the other from the father.
Every cell of the body of this organism will contain 4 pairs of
chromosomes. ‘This is the direct consequence of the visible
differentness of the chromosomes (4 kinds in the example) nnd
of the fact that the egg and sperm nuclei arrive at fertilization
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th identical chromosome sets. Estensive study has demon-
‘sv!ﬁ:e:? :;‘(c alﬂ i‘:xdy cells of all organisms developed from '(B:Q-,
tilized eggs except the mature egg and sperm cells do mntmmh
sets of chromosomes, 1 derived from the mother, 1 from the
tather, Thus fact explains why it is that chromosome nu{nbe.!s
are even, not odd. Each individual chromosome of a set is dls‘-
tnct from the rest of the set and has a partner jdentical to it
in the second set.

The reduction of the ch in the 5
divisions .
What, now, s the mechanism producing mature sex cells with
only a single set of from i cells i
the nommal, duplex chromosome equipment typical of ceﬂ_s?
From the facts discussed up to this pomt we can almost predict
the answer to this problem, although an enormous amount of
painstaking work was actoally peeded to seek out and con-
viscingly demonstrate the solution. Fach sex cell, male or fe-
male, passes through a maturation period before it is ready
for the events of ferhlization. During the maturing period, 2
peculiar and unique cell divisions occur, in course of which the
ongmal 2 sets of chromosomes are reduced to but 1 per cell.
These don divisions are dingly called red: di-
tinons, and the mature sex cells can be most propesly called
reduced sex cells. “Reduced” here means, obviously, that the
cell eontains a reduced number of chromosomes, half the nor-
mal pumber and specifically 1 set of ch
1 chromosome of each type characterstic of the organism,
Simce there are 2 matmmbion divisions, 4 mature sex cells with

areduced or half-normal number of chromosomes will be formed
from each immature sex ceff with 2 normal chromosome number,
There 1s but Litle Giff little i ial:

in ithough it may
seem at first sight considerable—between egg and sperm cells in

these 2 divisions. We have seen that the egg is usually Slled
with yolk and ather suh needed for JEE’. Topme yoi the

embryo, Should the immature but yotk-laden egg cell div

into 4 equal eclls, all these stored materials, assen:%ed duﬁ!\gd:
Tong growth phase, would be partutioned into quarter lots. Na-
tase sarely makes such mistskes. The integnty of the store-
bouse is ensured by making the 2 egy maturation @visions
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Frc. 14, Diagrammatic comparison of the maturation divisions in sperm

cells (loft) and eggs (right). The egg produces in 2 divisfons 1 largo ma-

ture egg cell and 8 tiny polar bodies that degencrate  Tho sperm cell divides

into 4 viable mature sperm cells that transform into 4 spermatozod
(= sperm).
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dy unequal, ‘The division fgure with its rays and Bbers is
gﬁé ng \he surface of the farge cgg, with the result that
eytoplasmic division separates a neatly intact g from, at the
apposte pole of the figure, 3 very tiny cell with a_minimal
amount of cytoplasm (sce Fig 14, rght). A second, similar
divsion follows, both the large egg and the very small cell di-
vidmg  Four eclls are thus formed, but 1 of them reiains
substantially the whole of the stored yolk and other materials
essenti to development, while the other Gcalled polor bodies
{on established i mappropriate name bestowed on them before
thew real matre became knawn)~—are minuscule and soon die or
disagpear  The immature male or sperm ccll, in contrast, con-
tains no yolk and is a small cell of standard form (Fig, 14, left).
Its 2 maturation disions are equal, and all 4 of the resulting
cells become, by the transformation already described, matile
sperm.  Figure 14 compares these external features of the ma.
turation davisions 1v cgg and sperm,

Thete so-called “external” differences between male and fee
male sex cells are vather insignificant so far as heredity is con-
cerned; they may, indeed, be entirely lacking, as in certain lower
organisms. The esseatial feature of the yeduction divisions is
what their name implies, the halving of the chromosome number.
The process for accomplishing this 1s identical in egg and sperm,
as we should certainly anticipate, in view of the chromosomal
entity of egg and sperm in fertilization, And preciscly this
lgfmeis 15 the salient one. Tt is an entisely minor matter that
% of the mature epy cells disappear s useless polar bodies,
whereas all mature sperm cells are functional,

To follow chromosomal eents durng the reduction divistons
Wemay return to the example of Fig. 13. There we had a basic
—_— number of 8, including 4 dufferent Linds, each pres.
mdl[:oghé; lfli;ﬁne\‘ of every pair roming from the mother
B fet e father by way of the o5y ond sperm nuclel united

tion. Faigure 13 depicts only the first 2 cell
new y st 2 cells of the
P‘ﬂ\:;gam:)‘jni but st must be d.that the ch
r 1 all later cells of the body will be exactly
&\hé: o, So st will also be in the immnmre‘s)ctiiliz‘; ?:
v e the maturation divisions begin. One of these cells s
“0in Fig, 154, Alter the chromosomes become sisible §
Immature sex cefl a sesjes of complicated oin
plicated changes and movements
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Fre. 14, Dy of the divisions in sperm
cells {left) and eggs (riglxt) The egg produces in 2 divistons 1 large ma-
ture egg cell and 3 tiny polar bodies that degenerate, The sperm cell divides
into 4 viable mature sperm cells that transform into 4 spermatozod
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sdly unequal. The division figure with its.r.\ys and fibers is
ot noar the surfoce of the large egg, with th el it
cytoplasmfe division separates a neadly infack egg {from, ot ¢ '°‘
opposite pole of the figure, a very tiny cell with o ml.nh:nn
amomt of cytoplasm {see Fig. 14, tight). A sceond, simifar
division follows, both the large egg and the very small ccll di-
vidiog, Four cells are thus formed, but 1 of them retains
substantially the whole of the stored yolk and other '“‘““““‘s
esseatial to development, whnle the other S—called polar bodics
{an established 1t inappropriate name bestowed on them before
ther real nature became known)—ase minuscule and soon die or
dsappear. The immature male ot sperm ecll, in contrast, con-
tains 1o yalk and s a small cell of standard form {Fig. 14, Jeft).
Tts 2 maturation divisions are equal, and all 4 of the resulting
cells become, by the transformation already described, motile
sperm, Figure 14 compares these external features of the ma-
turation duvisions in egg and sperm.

These so-called “externol” differences between male and fo-
male sex cefls are rather insigmBicant so far as heredity is con-
cermed; they may, indeed, be entirely lacking, as in certain lower
organisms, The essential feature of the teduction divisions is
what their name imphes, the halving of the chromosome number.
The provess for accomplishing this is identical in egg and sperm,
= we should certamly anticipate, in view of the chromosomat
identity af egg and sperm in fertilization. And precisely this
process is the salient one. Tt is an entirely minor matter that
% of the mature egg cells disappear as useless polar bodies,
whereas ll mature sperm cells ate functional.

Ta follow chromosomal events during the redaction divistons
w:, may veturn to the example of Fig. 13. There we had o baste

oumber of 8, including 4 diferent kinds, each pros-
€8t as a paw, 1 partuer of every pair coming, from the mother
and 1 from the father by way of the egg and sperm nuclei yaited.
in ertdization. Figure 18 depicts only the frst 2 cells of the

Rew organism, but it must be bered, that the ch
Dicture 1n all later cells of the body will be exactly the same s
lt%lhese two. §o 1t wall alsa be w the immature sex cells up to

¢ time the maturation divisions begin, One of th P &

shown in Fyg, 154, A¥ 3 ese cells is
A, segc o fter the chro.mosomes become visible in an
 cett @ series of complicated changes and movements
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ensues, such as occur in no other type of cell but do take place
in the immature sex cells of all plants and animals, We can omit

A
e
A B

Fic. 15. A simphfied of the divislon of the sev
cells, Chromosomes of maternal origin, white, of paternal, black. (A)
Sex cell before maturation, (B) Pairing of homologous (parental) chromo-
somes into 4 closely associated pairs. (Normal number of chromosomes, 8)
{C) Equatanal plate of maturation division with 4 chromosome patrs {in-
stead of 8 indwvidual ch ). (D) St of whole ch

(instead of spht halves in ordinary ccll devision), a maternal onc going to
one pole, the paternal one, in each group, to the other pole. (E) Each
daughter nucleus contams a single sct of chromosomes (reduced number 4).

(F) Sccond maturation division. Below, the 4 mature sex cells,

2 detailed t of these ct fascinating though they are,
and focus our aftention on the basic facts. The essential point
is that these processes join the pairs of like chromosomes along
their entire length into a twin pair of chromosomes., Each pair
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of equivalent or, to use the technical term, homols chromas
somes consists, as we already know, of 1 chromusmn? of ma-
ternal orign (swhite in the figure) and 1 of patermal erigin (black
in the Bgure).

At thus juncture the reader may see a difficulty, 1t was clatmed
that the chromosomes in the sex cells of this organism are pre-

cisely the ch ibuted at fertilization by the parents
of this particular indivdual. Yet between fertilization and the
duction of i sex cells ble cell divisions have

intervened. Moreover, during the resting stages between sctive
dvisions 10 chromasames were visible in cell nuclel. Have the
ouginal chromosomes actually survived all these resting and
dwiding periods? 1 can confidently answer: They have, Proof
of this statewent has been hard ta come by, but it is available,
The o i their indwiduality, intact through
the whale series of cell divisions up to the immature sex cells,
and, further, through the ions of cluldren, grandchild
great-grandchildren, and on and on.
in the reduction diwision process, after the homologous
chromosomes have paired (Fig. 15B), a typical division figure Is
formed. But bere 4 pairs of closely approvimated chromosomes
align themselves at the cell equator (Fig. 15C), in contrast to the
8 smgle chromosomes that line up in an ordinary dwvision. Ina
usual cell division each of the 8 chromosomes duplicates stself
and 1 danghter chromosome migrates to each of the cell poles,
Not 5o m the reduction division. Here 1 member of each
homologous pair moves to each pole, a black chromosome to
the upper pole (Fig 15D), a white chromosome to the lower
pole or vice versa  Each daughter cell therefore reccives only
1 rep of ¢ach bomologous pair of each chromosome
type. The chromosome number has been halved, and eack ccll
formed receives a single set, albeit a complete set, of chromo-
S°;nes (F}:g b15£)<
t might be expected that the celly wou
mature as they are, red having, heen‘d o Pe‘ rc‘ﬂdyml::
gs;i&:;zzn;vx;x:r?:i:n \:hvisin; oceurs. Tl}is‘ unlike the
ek oo 1,15 & quite ordinary c;ll davision, in which
some splits longitudinally (Fig. 15F) and each
?:us;hter nucleus recewves one of the split halves of the dau. hi
15 oF every chromosome in the parent cell. The reader n?ay
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ensues, such as occur in no other type of cell but do take place
in the immature sex cells of all plants and animals, We can omit

A B

Fic. 15, A simphfied of the dwiston of the sex
cells. Cliromosomes of maternal origin, white; of patemal, black. (A}
Sex cell before maturation.  (B) Pairing of homologous (parental) chromo-
somes Into 4 closely associated pairs. (Normal number of chromosomcs, 8.}
{C) Equatorial plate of maturation division wath 4 chromosome pairs (In-
stead of 8 Individual chromosomes). (D) Scparation of whole chiromosomes
(instead of spht halves in ordinary ccil division), 2 matemal onc going to
one pole, the paternal one, in each group, to the other pole. (E) Each
daughter nucleus contains a single set of chromosomes {reduced number: 4).
{F) Second maturation division. Below, tho 4 mature sex cells,

a detailed t of these changes, fascinating though they are,
and focus our attention on the basic facts. The essential point
is that these processes join the pairs of like chromosomes along

their entire length into a twin pair of chromosomes. Each pair
44




 established that this is the

i 4 foliowed has clearly es he
- ‘def\hﬁed " Maternal and paternal chmmnfnmcs. are dis
e oy Juction dirision; st

trbuted only acvording to chance duting ret

Fie 18 Reduction dwason wath 4 parrs of chramosomes, those of mayernal

engin white, of paterna) Black  Chanre decrdes which of the partners of

4 par 15 abgned to move to one or the other pole, £ack par of chromo-

somes acting mdependertly Thus 8 different types of equatorial plites

ate possible, 1-VILL and after the matwaton duwision 18 dilferent types

of mature sex cells are possble (AP), different i segord 10 thelr come
buations of “Black” ard “ahite” chromosomes

the same time, each daughter cell receives a full sct of chromo-

somes, mclydimg 1 and only 1 of each hind typical for the given
arganism

On one oeeasion when the author presented these facts in a
popular lecture, a Listener arose at discussion time to ask: “This
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justly wonder why this sccond division takes place. An explana-
tion would require us to investigate details omitted here because
of their complexity. Still a hint, to be elaborated in a later
chapter, may be given: Due to certain events at the very begin-
ning of the process, the first division may not completely separate
the “black” and “white” chromosomes of a homologous pair from
one another; the second division then achicves this separation
and thus serves as a safety factor ensuring complete separation
of homologous chromosomes. For our present discussion of the
most important facts of genetics we can, indeed, neglect the
second division. Hereafter, we shall speak of “the” reduction
division, assuming that the first division does completely separate
homologous partners in each chromosome pair, just as jHustrated.
In “the” reduction division we saw that, for any single pair of
chromosomes, a chromosome of maternal origin united with 1 of
paternal origin, and then 1 of the pair went into one daughter
cell and the second moved into the other daughter cell. Our
however, included 4 pairs of chromosomes. A variety

of patterns of separation of the whole complement of pairs can
be conceived. It might be cxpected, for example, that all 4
maternal (white) chromosomes will go to one cell pole and all
4 paternal (black) chromosomes will end up at the other pole.
But it is also thinkable that simple chance determines to which
pole a black or 2 white chromosome moves at the times of separa-
tion of partners, namely, that a particular cliromosome will go
to the pole which happens to be nearest it as it lies on the equa-
torial plate. One possibility is that all the black chromosomes
will go to one pole, all white to the other; or, by chance, 3 blacks
and 1 white may go to one pole, 3 whites and 1 black to the
other; all other possibilities can be readily visualized. Since
each pair can assume 2 orientations~white up and black down,
black up and white down—and since 4 pairs are present, 8 dif-
ferent arrangements of the 4 pairs on the division figure are
possible and 16 types of daughter cells can be formed, differing
with respect to which individual white and black chromosomes
each recewves. Figure 18 shows these 8 different kinds of di-
vision figures and the 16 types of daughter cclls resulting, if
chance alone controls the position of each chromosome pair in
the spindle, quite independently of every other pair. Painstaking
study of suitable material in which individual chromosomes could
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Fic Y1 Phowmcregaphs of some types of chromosomes (A, B)
Chromosomes wn the dinschng sea-urclun egg, (A) Daughter chromnsomes
yust moving apart, (B) armsed at the spindle poles
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is all very interesting and very nice, but who has ever seen a
chromosome?”  Well, chromosomes were scen for the first time
only about 75 years ago, and the labor of a generation of assidu-
ous workers went into unraveling the facts of cell division,
fertilization, and reduction division, which have here been sum-
marized in a few pages. Nowadays every beginning biology
student observes the major features of these processes. That this
is not so very difficult can be scen fiom a few photographs of
stained chromosomes, reproduced as Fig, 17,

The individuality of the chromosomes

Just here, near the end of our consideration of the elementary
facts of chromosomal behavior, we need to reemphasize a point
made previously, e have studied chromosomes of the sex cells
and chromosomes of the body cells, chromosomes of parents and
chromosomes of their offspring, and we have taken it for granted
that these were always the same chromosomes, both within one
organism and in its parents and d lants. Let us evami
the meaning of this principle more closely. Take, as an example,
man. At fertilization egg and sperm cach contribute 24 chromo-
somes to the new individual. The fertihzed cgg divides, and
each daughter cell receives the normal number of 48 cliromo-
somes. These 2 cells divide again and again, innumerable times,
as the embryo, the infant, the child grow, until the adult, with
Ius billions of cells, is formed. Then 20 years or so after the
parental sex cells began this story, the succedent generation is
ready to reproduce. Its ammature sex cells contain the same
48 chromosomes as were present in the nuclei of sex cells of the
parents and, clearly, of the grandparcnts and of more and more
remote ancestors, The children and grandchildren and so on
will repeat the pattern. Through all the generations of cells
and mdividuals the chromosomes remam the same.  Incredible
s this may sound, it is in prinaiple precisely the same as saying
that man procreates man, flies produce flies, and corn yiclds
nothing but com. Now, obviously, this constancy of the chromo-
somes (sometimes called the law of chromosome individuality)
cannot mean that the subst of the cl remains
unchanged. The mass of the chromosomes of a billion cells is, at
best, a billion times the mass of the chromosomes of a fertilized
egg. So faras quantity is concerned, the substance of chromo-
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sommes shondd double between each & cell divisions. The quahtg
of the chromosomal substanee, howener, persists unc’imngcd, and
the aw of individualty sefers only to quality. We must con
dude the chromosome has an intimate structure, an l.:rgn'mza-
tion, with the capacity for selﬂympagatiun,fur duphc’.\ung jtself,
for, to express it st another way, creating its own exact likeness
at the tumg of cell division. Precisely because they are st
duph the ch remain qualitatively the
same thraughout all the generations of cclls and organisms. This
is their most important property, though its interpretation fn
exact physical and chemical terms is pot yet possible. In a later
chapter 1 shall have to qualify these statements and to show
that sometunes changes in the chromosomes $o occur.

Body cells, sex eells, and the continuity of the germ plasm

Tn the preceding discussion 2 d between body cells
and sex cells bas appeared repeatedly. A skin celf, muscle cell,
or potential nerve cell divides mony times as the organism de-
velops.  Some of these body cells retain their capacity for di-
+1s10m as Jong as the organism lives; others, like the nerve eells,
stop dividing at certain developmental stages and remain un-
changed after achieving their final form and number. Ulimately,
alt these body cells ave used up; they grow old and die just as
does the fpdividual. s thus true akso of the sex cells? Unfer.
tilized eggs, and sperm cells that find no egg cells, cortainly die,
The fertilized egg, however, continues to dwvide, thus hnking onc
geerabion 10 the zext. Though alt other cells eventually perish,
the sex cells alone sutvive the individual by giving nse to a new
mdividual.  Were every egg and every sperm to enter into
fertilzation, 25 is theoretically possible but almost never achieved,
every sex cell would in a sense sutvive in its descendants.

Tt i not really quite accumate 1o say that sex cells alone are
capably of such continty and persistence, For, under certain
conditions, body cells can da the same. Everyone is aware that
amon§ plants 2 collection of body cells, in the form of & cutting,

D the i definitely, that there are plants, like
the bapana free, which have been cultivated for thousands of
years without sexual reproduction. Certain Mnds of lower ani-
mals, as polyps, sponges, and worms, can similarly be cut into

pleces, each fragment subsequently £rowing into a complete ani-
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Fic 17 (Continued)  Thotomicrographs of cliromosomes  (€) Chromo-
somes of dilfrent wze in fenuale (fop) and male (Dottom) cells of a bug
The hrge chromosomes (2 in the female, 1 the male ¢ell) are the ses
iromosomes (see below) (D) The 4 large chromoomes (parth fore-
shortened in the photo) m the fint divislon of the egg of a roondwenn
The 2 matcrnal and paternal chromosomes respectindy {see Tig 12), are
sull lying apart (L) The pursise united homologous chromosomes hefore
the maturation dinsans of @ pollon gram, 15 purs of diromasomes { Origi-
nal plotographs by Belw, Levan, Wilson, author }
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1t is rather semarhable that, at Jeast in the animal \ingdom,
this general idea of the continuity of germ plasm can actually
be observed in some €a3eS (such demonstration is usually but
sot completely lacking in plants). We might suppose that Juring
the development of any animal continuous cell division, fitiated
by the fertilized egg produces a Jarge sumber of equivalent

Fie 10, A dugram of the :
gemm track: The sex cells, characterized
\;!::l:gdou ;n thﬂ{ cytoplasm, are separated already fn the !'i:m Snﬁ‘;yn:ﬁ:;
g an :;mm apart (3 prmary sex cells) dunng the development of
e organism, shown, fu different schematbic stages.

cells, some of which becom
e body cells of a variety of s,
:;};dz o(hersp i:cr:ssez celxlg. X:; émny cases it can bcns’hmv:\yf}fa;
ctual 18 rather different: The futw
set ande durmg the earbest i
z stages of development,
Kza:(a,;:f‘i in reserve agawmst their future usevp 1: s(;r:;i;n?;:l:
e d‘; :::nseﬂ;;ﬂxﬂa)iel{i, :’rl Ab:ﬁm ta be segregated, as eatly as
o ! eridized egg. Figure 19 is a d
spe::;g;‘g:; ‘)oh‘is important process takes place. In s:m:: gc;:re,;
vy k‘s“ \c!a:d be seen at definte positions in the proto~
T pmiouzui epg cell (hke the black granules in Fig,
protoplasm marked by these granules \vx]]‘
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mal; also, some animals can reproduce ascxually-ie., without
production of sex cells~by simply dividing into two, or by for-
ing buds, offshoots that later become independent individuals.
Body cells may thus retain, in some degree, their potentiality
for indefinitely continued division. This potentiality is most
dramatically exhibited by cells isolated from the body and grown,
by special techniques, in an artificial medium in a test tube. In
such a situation they can continue dividing, perhaps indefinitely.
For example, chicken cells have been kept alive and actively
dividing for a time span in which dozens of generations of fow)
could have come and gone.

Fio. 18. A diagram of the continuity of the germ plasm. {Below) The
“ummaontal” lne of the sex cells, (above) the “mortal” body cells.

Aside from these special cases, it js a general rule that the
prime difference between sex cells and body cells is this: Body
cells are mortal whereas sex cells are virtually jmmortal. By
“immortal” is meant that these cells do not die but, by divisien,
give rise to a new organism, whose body cells are bound to die,
but whoase sex cells, stemming like the body cells from the pa-
rental sex cells, will produce the next gencration.  One can say,
then, that a straight line, a “thread of life,” joints the sex cells
of all the generations, whereas the deatl-limited body cells are
mere blind branches from the mam line. Figure 18 represents
this concept, the so-called principle of continuity of the germ
plasm, Here the orgamsm is represented as a group of various
kinds of cells to which is attached an egg cell (sperm and fertilis
zation are omitted for the sake of simplicity). The body dics
(indicated by +), but the egg cell of the first generation is
connected by a straight line to the egy of the next, whose body is
again a death-fated side branch, whereas the egg carries the Jine
to a third generation, ete.
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Flementary Mendelism

From the preceding chapters we have gained some insight
into the nature of the visible inheritable characteristies of living
orgamsms and some acquantance with the sex cells, which, we
have seen, must contain wh is hal for d
hereditary traits of parents in their offspring, Now we must
discover the relations between these two sets of facts, must
trace inheritable attnbutes from parents to progeny and deter-
‘mine just how the transmission is effected.

Hybridization as a means to the study of heredity

The proper and necessary first step in any inquiry is to think
out 2 way to find the answers to our questions. Let us, there-
fore, consider possible approaches. As a first possibility, we
may take two parents who are completely alike in every single
hereditary feature and who consequently will each tramsmit
exacly the same nhentable features to their children. Obvi-
ously enough, the offspring will be 1dentical to both parents in
21l these traits, for this is the meaning of the words “hereditary
h " Clearly, no additional nf can be obtained
from such a matng, As a second attempt, then, let us vestrict
the choice of traits somewhat and assume, for example, that the
parents are a pair of “full-blooded” Negroes and that we are
interested m learning how the hereditary features which char-
acterize what we call a Negro are transmitted, The children
will, of course, be Negroes, aud the only knowledge we gam is
that the group of characters followed—skin color, hair form,
nose shape, etc —is inhentable. We see that we must pmceeé
dfferently i we are to discover the mechansm of heredity.
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in fact, later form part of the bodies of the sex cells of the new
organism. After the first division all the speeial granules lie in
1 of the 2 resulting cells (Fig, 19B), It is possible to trace pre-
cisely the developmental fates of the descendants of each of
these 2 cells and, from such studies, to assert that the upper cell
in the figure, the one lacking granules, will give rise only to body
cells, whereas the lower eclls, which contain all these granules,
will produce sex cells, as the outcome of its future divisions, In
Fig. 19C we sec that both cells have divided again; 3 of the cells
now present contain none of the granules and can form body
cells only. By the stage of Fig. 19D 16 cells have formed by &
maore divisions of the 4 cells of Fig, 19B. Two of the 16, the
only cclls with the granules, arc the first sex cells; their subse-
quent divisions can yicld nothing except sex cells, In Fig. 19E
a many-celled embryo has developed (only the cells lying on one
plane through its body have been drawn); distinguishable outer
and inner cell layers of body cells have already appeared, At the
rear the first 2 sex cells, identifiable by the distinctive granules,
are still to be seen.

Finally, in the embryo (scen in section) of Fig. 19F, skin,
intestinal, muscle, and nerve cells have differentiated and formed
primitive organs, The 2 sex cells remain readily distinguishable.
Only much later will they divide to give the immature eggs {or
sperm cells) of the developing sex glands. In examples of this
kind, the sex cells can actually be followed in a direct and con-
tinuous series from gencration to generation; they travel, so to
speak, along what is sometimes termed a germ track,

With this we conclude our study of the basic facts concerning
the sex cells and their chromosomes, facts that must be mastered
if onc wishes to understand heredity. The sex cells—called
gametes when their malencss or femaleness is irrelevant—loom
large in the following inquiry into heredity, and we shall often
have need to refer back to this chapter.



Elementary Mendelism

From the preceding chapters we have gained some i“sig\l
into the nature of the visible inheritable characteristics of hving
organssms and some acquaintance with the sex cells, which, we
have seen, must contain whaterer is essentia) for eproducing
hereditary trarts of parents in their offspring. Now we must
duscover the relations between these two sets of facts, must
trace inhentable attributes from parents to progeny and detes-
mne just bow the transmission is effected.

Hybridization as @ means to the study of heredity

The proper and necessary rst step 1n any inquity is to think
out a way to find the answers to our questions. Let us, there-
fore, consider possible approact As a first possibility, we
may take two parents who are completely alike in every single
ereditary feature and who consequently will each trapsmit
exactly the same inheritable features to their children, Obvi-
ously enough, the affspring will be identical to both parents in

all these trasts, for this is the meaning of the words “heredstary
characters.” Clearly, no add 5

can be obtained
from such 2 matimg, As a second attempt, then, let us restrict
the choice of trasts somewhat and assume, for example, that the
barents are a pair of “full-blooded” Negroes and that we are
mterested in learning how the hereditary features which char-
acfenze what we call a Negro are transmitted The children
will, of course, be Negroes, and the osly kmowledge we gain is
that the group of characters followed—skin color, hair form,

nose shape, ete.—~15 fuhientable. We see that we must proceed
differently if we are to discover the mechanism of heredity,
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What we must do is to pair genetically different individuals,
say, a Negro and a Caucasian, and observe how their inheritable
traits behave both in the direct offspring and in later generations.
Right here the nawve observer is almost certain to make a pro-
found mistake. He will look at the offspring as whole individuals,
conclude that they exhibit a mixture of the parental sets of char-
acters, and simply mark them down as “mulattocs” or “half-
bloods.” In the same way, when he sees children from the mar-
riage of a so-called “mulatto” to a full Negro, he will refer to
them as “three-quarter Negro™; the children of a “mulatto” mar-
ried to a Caucasian he will call “one-quarter Negroes” or "quad-
roons.” This manner of description gives us no insight whatever
into the problem of how the presumed Negroid and Caucasoid
traits are inherited. Nothing emerges except a word, “blood-
mixture,” and this term is much better forgotten, for, as we shall
soon see, nothing is mixed, and blood has nothing whatsoever to
do with hereditary transmission. From the discussion in the
first chapter it should already be clear where lies the primary
fallacy of this erring approach. Rather than consider the total
impression made by a large number of individual features in the
parents and their progeny, we must confine ourselves to single
inheritable characters—skin color alone, for example, or Thair
form—and follow this by itself through the several generations
of hybrids.

The English word “bastard” and its Greek equivalent “hybrid”
(from hybris, sin) have acquired tainted connotations. The
biologist, however, docs not moralize. In his usage, the offspring
of any mating between two genetically different individuals is a
hybrid or cross, and the mating is a hybridization or crossing.
The mule is a hybrid, from the crossing of horse and ass; the
“mulatto” is a hybrid, from the marriage of a Negro and a
Caucastan; the mating of a redhead and brunette is also a hy-
bridization, and their children are hybrids in just the same
sense; 50, too, are the progeny from the crossing of two lines of
beans, which differ hereditarily in regard to a small fraction of
seed size.

Here, then, we have what seems to be a sound method for
accomplishing our aim of understanding hereditary transmission.
Ilistorically, it was preciscly this procedure of concentrating
attention on a single hereditary dufference, a single pair of in-
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ir, of hybridiza-
itable characters, and the results, for this pair, o h !
::: \hni Ye;“tao the great discovery known 85 Mendel's Taws of
heredity.

Mendel’s discovery

Aboot the middle of the nineteenth century the Augustine
monk Gregor Mendel began experiments in crotsing Pc“’iam‘}'
tinuing them over the years in a tiny garden plot at the r}gs
monastery in Bruenn, Austma (mow Bmo, Czechoslovakia).
Combimng the art of careful experimentation, founded on Jear
conceptions of what he wanted to do, with the c‘.\mcﬂ.y for
intisive analyss of the results, his gemus succeeded in discovs
exing those natural laws which have made his name Imown the
world aver. Tn 1863 his results, which were to become the
foundations of the new scrence of genetics, were published as a
short paper in the reports of a Jocal matural history society.
Nobody took any notice whatsoever of them. For 35 years these
pages, now celebrated as a model of concentrated reporting of
experiments and keen analysis, rested in obscurity. The time,
years hefore the dhscovery of the mechanism of cell dsvision,
chromagomes, and the real process of fertilization, was not yet
npe for the paper in which the gist of these later discoveries
was quetly anticipated, Not untd 1900, long after Mendel's
death, were his laws rediscovered by Correns in Cermany, De
Vries o Holland, and Tschermak in Austria, and was Mendel's
ongmal work brought to world attention, ‘The fundamental
importance of "Mendelsm” was then quickly recognized.

dehbsm” and “to Mendehze” (1o snherit ding to Men-
del's laws) became household wards of the bialogust.

We shall begin our study of Mendel's laws of heredity not
with hus own ongmal material, garden peas, but with another
experiment, which 15 even easier to understand. We make a
ctoss (a3 1n Fig. 20) between two varieties of the common four.
oelack { Misabults jolapa), the strains being 1dentical except for
ﬂmyer calar, one having red, the other white Sowers, The off-
s\g"\“’:& ;‘FSP;C‘M of which variety was wsed a5 mother and
: ather (seed plant and pollen plant), invariably have

owers of itermediate color, a hight, pinkish red. To the un-
wstructed it appears that the parental characters have been com-
wangled. Pt we Srowd not make this eror, for we have already
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learned that external appearance does not tel] ys what the under.
lying hereditary constitution is, \ith due caution, therefore, we
note only that the phenotype of the hybrid s intermediate be.
tween the parenta] phenotypes, The propriety of this caution
immediately becomes evident when e breed a sccond hybrid
generation, that js, o second generation produced by self-pol-

Parents

White Red
F, Intermediate

'\;\

-

White Pink Prx Red
Frc. 20, Cross between a red- ang white-flowering four-o’clock (Mirabilis
falapa): parents, Fr,and Py, 1y intermediate, Fa segregation 1:8: 1.

linating the first (in plants with Separate sexes and in animals
the second hybnd generation would be produyced by brother-
sister mating). In the second hybrid generation, we see the
apparently mixed parental characters clearly reappearing n.nd
segregating from one another, Our flower bed now contains
red-flowered and white-flowered four-o'clochs, indistinguishable
from the original parental varicties, as well as pink-flowered
plants identical with the first hybrid gencration, The question
arises: Are the white and red plants scgregating in this second
hybrid generation really pure? Have all traces of the foregoing
generation disappeared? In other words, will they hereafter be
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able to produse ooly their kind? For an answer we must grow
abmxd g:uemion. \y;red from whites alone and from reds alone.
We find that the whites do indeed produce only white-flowered
plants, and the reds do have only red-flowered progeny, fust as
in the two orighna varieties; moreover, however long we breed
them, whites produce only whites, reds nothing but reds. In
other words, the true-breeding white and, similarly, the red,
have cleanly segregated m the second hybrid generation; from
the apparent mixture of the Brst generation the original parental
types have emerged unchanged.

The second generation, however, does include some Tight reds,
indistnguishable from the first gencration hybrids. These we
proceed to test by producing a third generation through self-
pollination or brother-sister matings. What do we find? The
third generation repeats exactly the results of the second hybrid
generation: Reds, whites, and light reds appear. QOnce mare we
sefect and breed from the white-flowered plants, and in the
same way from the reds; each produces only its own color type
in ing ions. As the expression goes, they brecd
frue. But the light reds, when selfed {self-pollinated), repro-
duce again the results of the first- and sccond-hybrid-generation
hght reds, yielding, ail three colors, Thus we find that the off-
spring of hight red hybrids are true-breeding whites, true-breed-
ing reds, and segregating hight red hybrids.

The elementary Mendelian ratio and the putity of the
gametes

Naw let us go back to the plot of second-generation plants,
7ed, white, and hght red, and count the number of each type, as
Mendel wa

s the first to do in a breeding experiment, Provided
that the hed 15 large, with many phn%s, ‘&e result is a vety
orderly one  Almost exactly one-fourth of the four-o'clocks have
white flowers, another one-fourth, red blooms, and the remain-
2ng two-fourths, hght red blossoms. However often we may
ifgeat the experiment, we shall always find the numerical rela-

;ms to be the same, indeed, the larger the totel number of
g{zx;t:hcgumed, the mote closely will this proportion be ap-
ge“m:m ‘!lf }::/e ¢row a third generation from the second-
general Bat reds, the segregation—which we may call &

t gamn i

quarter true-
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breeding whites, one-quarter true-breeding reds, and two-quar:
ters hybrid light reds. Precisely these numbers, the ratio of
1:2:1, led Mendel's incisive mind to the explanation for what
actually happens in heredity.

Mendel's argument ran somewhat as follows: The organism is
the result of the union of the female and male sex cclls in fer-
tilization. (Remember that the actual events in fertilization,
which we studied in the previous chapter, were wholly unknown
in Mendel's timel) The sex cells, therefore, must contain some-
thing responsible for the production of a hereditary character—
in our example, flower calor. This something may be called
a hereditary factor, though nowadays the term gene is gen-
erally applied. f an organism is truc-breeding for a character
—red or white color in the four-o'clocks—the sex cells of both
parents must have contained the same hereditary factor or gene.
In the white varicty, both the egg from the maternal plant and
the pollen from the paternal plant must have carried the gene
for producing white color (which we may, for brevity, call the
“white gene,” though it must be emphasized that jt is the char-
acter produced, not the gene, which is actually, in the example,
white). Similarly in the red varicty. The hybrid, clearly, must
have received a red gene from one parent and a white gene from
the other. The light red phenotype thus scems to indicate that
the combined action of the red and the white genes together in
the same plant produces a compromise result, the pinkish color.
We saw, further, that among the offspring of this hybrid true-
breeding reds and whites agam appear. If white (or red) is
the result of both parents’ contributing a white (or red) gene,
it follows that both sexes of the hybrid produced some sex cells
carrying only the wlute gene and some carrying only the red
gene, The light red hybrid, in other words, does not form sex
cells or gametes in which white and red are mived but produces
only sex cells contaming cither the red or the white gene; ﬂl.c
gametes of the hybrid are pure for onc or the other gene  This
law of the purity of gametes was Mendel’s first great discovery
and is one of the cornerstones of genctics. Only onc additional
hypothesis was needed to evplain the whole situation: When
the hybrid forms sex cells, chance determines which sex cells
receive the gene for red and which gametes the gene for white,
Because of the operation of chance, half of the gametes will, on
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rage, revenve the ved factor; und half, the white factor,
Qb?na‘:e]a\i of the purity of gametes and of the ch:\nce. disgnbu-
tion of a pair of genes among the gametes of the hybrid sunp!}i
and ingly explained both segregatd and its ‘
ratia. {For brevity, we may speak, as we have above af whl!i
genes” and “red genes,” of “white gametes” and “red gametes
Justead of “sex vells corrying, the factor producing red {or white]
color”) The true-breeding varieties produced only red gametes
ar only white gametes; union of red with red in {ertitwation con
result 11 a red-fowered plant only; white with white, only in
«hite-flawered plant. The hybnd between the two Teceives ved
from one prent, white from the other, and is genetically red-
white  Smee the hybrid's gametes must be pure, half of its sex
cells are red, half are white (remember that these labels are a
convesent but not precisely accurate shorthand). This is true
for the female hybrid and male hybrid alike. In the breeding of
a second generation from the hybrid, 2 types of eggs are avail-
able for fertilization, red and white in equal numbers, along
with 2 types of pollen, red and white in equal numbers. 1 botly
types of pollen and both types of eggs have the same chance for
umting in fextibzation, 4 fypes of fertil
vumbers:

will occur in equal

1. Red egg cell fertilized by red polien

2. Bed egg cell fertdized by white polien,
8. White egg cell fertilized by red pollen.
4. White egg cell fertilized by white pollen,

The first obviously gives the ane-faurth pure, true-breeding reds,
for na white 15 present. Numther 4 accounts for the one-fourth
tue-breeding whates,  Numbers 2 and 3§ p the two-
fourths of the second generation plants which are hght reg,
hybnds for white and red; these will, iu turs, form pure xed,
and white gametes, In fhs way both the segregation of the

second hybnd generation, tn contr: iformif
X ast to the unifos
first generation, and its pu A

X metical ratls of types are explained by
?;21::: ls \hreg rules g]f purlty of gametes, production of gamete);
B
qual nun] ;rs‘ with respect to 2 single paie of genes, and theyr

Cymbinaban | i rding fo chance This, fu jts
gant simplicaty, is the essence of Mendelism; from these ele.
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breeding whites, one-quarter true-breeding reds, and two-quar-
ters hybrid light reds. Precisely these numbers, the ratio of
1:2:1, led Mendel’s incisive mind to the explanation for what
actually happens in heredity.

Mendel's argument ran somewhat as follows: The organism is
the result of the union of the female and male sex cells in fer-
tilization, (Remember that the actual events in fertilization,
which we studied in the previous chapter, were wholly unknown
in Mendel's timel) The sex cells, therefore, must contain some-
thing responsible for the production of a hereditary character—
in our example, flower color. This something may be called
a hereditary factor, though nowadays the term gene is gen-
erally applied. If an organism is true-breeding for a character
—red or white color in the four-o'clocks—the scx cells of both
parents must have contained the same hereditary factor or gene.
In the white varicty, both the egg from the matemal plant and
the pollen from the paternal plant must have carried the gene
for producing white color (which we may, for brevity, call the
“white gene,” though it must be emphasized that it is the char-
acter produced, not the gene, which is actually, in the example,
white). Similarly in the red variety. The hybrid, clearly, must
have received a red gene from onc parent and a white gene from
the other. The light red phenotype thus scems to indicate that
the combined action of the red and the white genes together in
the same plant produces a compromise result, the pinkish color.
We saw, further, that among the offspring of this hybrid true-
breeding reds and whites again appear, If white (or red) is
the result of both parents’ contnibuting a white (or red) gene,
it follows that both sexes of the hybrid produced some sex cells
carrying only the white gene and some carrying only the red
gene. The light red hybrid, in other words, does not form scx
cells or gametes in which white and red are mixed but produces
only sex cells contaming cither the red or the white gene; ﬂl'c
gametes of the hybrid are pure for onc or the other gene. This
law of the purity of gametes was Mendel's first great discovery
and is one of the comerstones of genctics. Only one additienal
hypothesis was needed to explam the whole situation: When
the hybrid forms sex cells, chance determines which sex c?lls
receive the gene for red and which gametes the gene for white.
Because of the operation of chance, half of the gametes will, on
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"mentary principles, since confirmed in thousands of examples,
all the rest of the science of heredity has been derived, built up,
or expanded.

Dominance and the classic ratio

We began this account of Mendel's basic laws by remarking
that our example is a little simpler than that studied by Mendel
himself in his peas. The difference between the two cases is
really of little importance. Genetically, both are alike. The
deviation lies only in the outward appearance, the phenotype of
the hybrid. In the four-o'clock, the characters of the parents
were seemingly mixed; the phenotype of the hybrid was inter-
mediate between those of its parents. In a great many hybrids
the situation is otherwise, and it happened that Mendel's pea
characters fell into this second category of effect. In these cases
the gene derived from one parent acts so strongly in the forma-
tion of the character in question as to cover up completcly the
action of the gene from the other parent. The phenotype of the
hybrid consequently resembles exactly that of the single parent
supplying the more cffective gene, what Mendel called the
dominant gene. The opposing gene, the action of which is not
visible in the hybrid, is called the recessive factor. Thus, when
Mendel crossed a line of peas with yellow seeds to one with
green sceds, yellow was dominant, and the hybrid failed to cv
hibit any external effect of the green parent. Similarly, purple
flower color in peas tummed out to be dominant over white. An-
other investigator found that, in the cross of a varicty of garden
snail with plain yellow shell to one with black bands, the hybrid
is plain yellow; yellow is dominant to banded (Fig. 21). In-
numerable examples could be cited of pairs of hereditaty char-
acters in which one is dominant to the other, but in a great
many other cases the phenotype of the hybrid is intermediate
between those of its parents. There is no rule determining which
of the two conditions will exist in any particular case. The naive
person, observing dominant behavior, tends to make the com-
pletely unwarranted assumption that the more intelligent, or
stronger-willed, or more passionate parent will have the domi-
nant hereditary trait.  There is no truth in such ideas. Domi-
nance and recessiveness are the result of the way the respeclive
genes react during development. By experimental manipula-
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cow Took back at the pedigree of bleeder's disease, which we
studied previously (Fig. 1). There we saw that nm.'m:\\, non-
bleeder women, daughters of a bleeder, could transmit the con-
dution to some of their ofispring, despite their own phenatypes.
1t is clear that such women bad both a dominant gene for nor-
maley and a secesuve for bleeding and could therefore convey
the recessive and unhappy trait to their descendonts in o very
defimte way (which we shall soon analyze in detmil). These
examples, and thousands of similar ones, demonstrate also that,
where dominance is involved, recessives segregating, out of hy-
brids must always be true-breeding. This is an important con-
Qlusion both for genetic theoty and for practical breeding and
understandmg of human heredaty,

Nomenclature

Qur study of Mendelism has reached the point where it will
be convenient to introduce some of the terms, derived from
Greck and Latin roots, which geneticists use for convenience

and the fachtating of international understandmg. Chromo-
some, gene or hereditary factor, domi sive, phenoty

Y YP
and genotype bave already been mtroduced. A pair of geves
showing Mendelian segregaton in a 1121 1 ratio after crossing
{or 8 : 1 of dominance is involved) is called a pair of alleles
(al-leles’; from the Greek word allelos, meaning ope o the other).
ijan individual contams a pair of identical alleles, either the 2
or the 2 ives, and is therefore “pure” or “true-
breedmg” for Whe chasacter controlled by the gene, that indis
widual 15 551 to be homozygous {ho'mo-zy'gous, the Greek root
Fomo, meantag equal, plus zygein, mesning to unite), for equal
or ke genes have joined by way of fertibization to produce the

homozygote (ho'mo-zy’gote). 1f unhike genes, 2 dominant and
s recessive allele, unite (genes of a hybnd, we have called them
0 far), we speak of the indwidual as ically h

{bever o 2ygaos, heteros = different), for 2 Qifferent alleles ;ave
come together 1 the fertibzation that produced the hybnd, The
1;/2&::dehau segregation thus ywelds % homozggous dominants,
& or i di: , aud 4 h :

%:1: ;e{:,es;wes: Vinble recessives must al\vazrs be h’?ma:;‘;;:?s
The ybrid snails were heterozygous for yellow and banded, wit};
lominance of yellaw; the Yight red four-o'clocks were heteso-
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tion of the conditions of development, for example, its rate, one
can change a dominant action into a recessive one or into some
step in between. So far as elementary genetic theory is con-
cemed, thercfore, dominance is & minor matter, although it is
extremely important, as we shall sec repeatedly, in terms of
phenotypes,

We learn, then, that a hybrid exhibiting as its phenotype the
dominant trait is genetically no different from a hybrid with an
intermediate phenotype; from each of the parents it reccives one
gene or the other of the pair under consideration. The Men-
delian laws apply to it in the same way as to four-o'clock flower
color. It produces pure gametes with equal numbers of cach
type with respect to the gene pair, and this fact has all the con-
sequences secn in the earlier cxample. We may follow the
results in the yellow and banded snails, to take an example from
the animal kingdom (Fig. 21). The frst-generation hybrid be-
tween a yellow and a banded snail is yellow, this color being
dominant over the banded condition. The lybrids produce
cqual numbers of 2 kinds of gametes, those carrying the gene
for banded and those carrying the gene for plain color, Fertili-
zation of the eggs by sperm of a brother—in fact, these her-
maphroditic animals may fertilize themsclves, a rare situation in
the animal kingdom—gives rise to the 4 possible combinations:
14 pure recessives, ¥ purc dominants, 3; hybrids, Because
absence of bands is dominant to banding, the % of the progeny
which are hybrid look exactly like the pure dominants, and the
visible ratio of sccond-gencration types is therefore 8 domi-
nant : 1 recessive. This is the classic Mendelian ratio as Mendel
stated it, because he chanced to work with traits exhibiting
dominance.

This ratio is a good illustration of a point made in an carlier
discussion: the impossibility of determining the genotype, the
hereditary constitution, from simple inspection of the pheno-
type alone. The pure dominants look evactly Iike the hybrid
dominants, but genetically they are very different.  The pure
dominants, when mated, breed true, the hybrid dominants pro-
duce both types in a 8.1 matio in the next gencration. The
deceptiveness of the phenotype, the outward dress, in masking
various genotypes is thus disclosed by the breeding experi-
ment or, in technical terms, by making a progeny test. We may
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species of iy, which we sholl encauater mi?eg*?d’)': if:’m‘::‘i:;
almost a thousand Mendelizing characters are nown; 2
well, the catalogue is already long. Yet all these inheritable traits,
whenever they can be followed in a breeding experiment, have
o Mendehze.
begltla;:xg‘,t{or the meoment, withia the limits of the most clc;
mentary facts of Mendelism, we may trace a few consequence:
of the rules demonstrated thus far. In doing so ¥ propose to use
examples from human heredity. People ge.n?mlly are most mtcrci
ested 1n people, however much the geneticist may b.e attracte
to the guinea pigs, Bies, maize plants, or molds which _he can
breed in large numbers, mate at will, treat with chemxcals. or
d and pulate in whatever way his questing mind
elects, Human traits can be studied, on the other hand, only in
the actual family, whose members follow their own predilections
1n mate selection, In favorable cases human ancestry may be fol-
lawed for 1 few g but f 1y only dhand in-
formation is available. Man is a long-lived organism, and hered-
itary traits often appear only i the later years; they are then
masy tumes unknown to other members of a family group. Man
leaves only a few offspring, and the large numbers of pedigrees
necessary for analysis are difficult to collect. For all these reasons
man 15 not a particularly suitable matersal wherein to seatch for
new genetical relations and laws, Yet there are certain ad-
vantages, For man 1s by far the best-known and best-studied or-
gamism fn his normal anatomy, in hus physiolagy, the functioning,
wcluding the chemical properties, of Ius body; in his pathology,
the deviations §rom the norm, whether the result of disease or not;
and m hus psychology, his mental functions Correspondingly,
more, as well as more diversified, hereditary characters can be
followed 1 man than in any other organism  Further, there
exists a guite unexpected help to the genetic analysis of man, the
fact of twimng, which can furmsh relisble information that
pally for the mpossibity of genetic :

tion,

Inman (as well as in some other anmals) a phenomenon oceurs
which 15 one aspect of hwinnng, Twin biths {and triplets
quadmplets, and quintuplets) may result stnply from the femh':
zation of more than one egg at a given time, as 1s the rule in
for example, dogs, eats, pigs, and mice. But some twins, calle(i
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zygous for red and white. In what follows we shall also use
the abbreviation P for the original parents (= parental genera-
tion) in a pedigree, Iy (= first filial generation) for the first
hybrid generation, Fy for the sceond, Fs for the third, ete. So
one may write: The F, of a simple Mendclian cross is uniform;
segregation occurs in the Fa. These few technical terms will
suffice for much of the discussion to come.

Universality of Mendel's laws and application to man
Probably the next question the reader who has grasped the
foregoing discussion will ask is this: Do these laws of Mendel
have general validity? Do all hereditary traits show only this
type of heredity; do they always Mendclize after crossing?
First, we must be quite clear as to what is meant by “Mendelize”
Thus far we have studied only the most elementary case. Actu-
ally, as we shall shortly see, much more complicated situations
exist; but they will turn out, after all is said, to be variations on
the same theme, so that the apparently most aberrant details
will be derivable from the basic facts already presented. “To
Mendelize” thercfore has a broader meaning than merely fol-
lowing the simple rules of the classic experiment; it includes all
the more or less complicated behavior of the genctic clements
which can be derived from the simple case. In this sense, we
can safely say that all the inheritable characteristics studicd in
plants and animals including man do Mendelize after crossing.
This is true for such diverse attributes as color of flowers, skin,
hair, eyes, leaves, form and size of the whole body or any of its
parts; form of hair, whether straight, curled, woolly, Angera,
long, short; shape and other detailed features of cars, nose, teeth,
mouth; biochiemical properties, such as ability or inability to
synthesize certain vitamins; physiologieal characteristics, such as
susceptibility to disease and infections, be it rust in wheat, plant
lice in grapes, or cancer in mammals, pathological conditions, as
short and curved legs, sphit nose, harclip, clubfoot, winglessness,
duplication or abortion of organs, in all kinds of organisms; and,
finally, psyclmlogical traits, whether instincts in animals or talent
in man. Volumes could be filled with the enumeration of known
Mendelizing traits of man, cattle, horses, mice, rats, guinca pigs,
fowl, moths, beetles, wasps, flics, snails, plants of every descrip-
tion, and cven Infusaria, bacteria, and viruses. There is a single
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dominant trait. Now a vseful way to \isua\i'zc \}'u: gcnetlxc ccx\-
stitution of the hybrid is to write the con.tnbuhm\' of ¢ \eht\\o
patents i the form of a fraction, indicating dominance by 2
caputal inttig) letters
Plain
P~ fonded

A backeross of this hybeid could be made in two ways, either to
the domunant or to the recessive parent. The backeross (we
indicate a cross by the multiplication sign) between the Fy
hybrid and the dominant parent is, then,

Plain , Plain
banded  Flain

As we Yuow, the hybrid forms equal numbers of 2 kinds of
gametes, those cantainwg the recessive allele banded and those
cantainng, the dominant allele Plain; this we can at aace read
from the fraction, The dominant parent produces anly 1 type
of gametes, all contaimng Plan, The backeross thus permits
cnly 2 kinds of fertilhzation, which occur in equal numbers:

1) Plain fertdized by Plain
{2) bandeq fertilized by Plain

The result of the backeross s, then,

1 Plain 1 banded
2 Plain "2 Plan

o b h gous Flam and ) heterozygous Plain, The 8
Emups cannct be distinpnshed phenctypically hecause Plain is
o

e & {
: gives osity 1 phenotype,
the dominant. Genotymeally, of course, hialf of the offspring are
heterozygotes.

In the same way we can backeross the
¢ Fy hetero:
TéCessive parent, : "o e

Using the same natation, we ca i
3 a - mdica
this backeross ay *

Phain  banded
banded * banded



identical twins, are of an entircly different type. They occur
when a single egg forms, exceptionally, more than one organism.
For reasons not well understood, the embryo developing from
a fertilized egg, in such cases, divides at some stage into two
(rarcly more) identical parts, each of which develops into a com-
plete individual, one of the identical twins, Since both twins
are derived from a single egg cell fertilized by a single sperm,
they must be completely alike genetically; must carry exactly
the same genes, Hence, if both exhibit a given character, this is
presumably a hereditary feature. Everyone knows that identical
twins do have the same sex, eye and hair color, facial conforma-
tion, all known to be hereditary. But assume that we do not
know whether, for example, a particular type of cancer has a
hereditary basis. If identical twins arc born to a family having
the disease, and if both, though possibly separated from birth,
develop 1t at the same age, we can be almost certain that there
is some hereditary disposition toward the ailment.

The Mendelian backeross

Now let us look at the gencral genetical situation in man. In
experimenting with other organisms we can start a cross with a
pair of homozygous individuals, say pure, homozygous, red- or
white-flowered plants. In man such matings are relatively rare,
save in the case of hereditary traits common to large numbers
of individuals, as hair and eye colors, which are often homo-
zygous. But for rare traits, like the presence of six fingers or tocs
on each hmb, it is rather jmprobable that the individual had a
father and a mother both of whom exhibited the trait, and there-
fore it is improbable that the individual will be homozygous.
In the event of a dominant trait, ike the presence of six fingers,
called polydactyly (pol'y-dac’ty-ly; from Greek polys, meaning
many, and daktylos, meaning finger), we can expect the poly
dactylous individual to be heterozygous for the polydactyl gene.
As a rule he or she will marry a normal person, and the mating
will be a hybridization. A mating of this type is called a bach-
eross. We see that human matings will very often be bacherosses.
What is the result of such a cross?

The outcome can be casily understood if we study backesosses
in yellow and banded snails. The Fy of yellow crossed to
banded, it will be remembered, was yellow, this being the
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happen that we throw a string of double fives or of five and six.
o Yom thuowws we corld hove 5.:5,6:4,7:3,8:2,0 : 4, or
10 + 0 of the two combinations, simply because of the small num-
ber of tnals. In the same way, Mendelian ratios, based as they
are on chance assortment, will be closer to the ideal expectation
when the pumbers are Yarger, n 2 single human family of four
ildren segmegating for polydoctyly it is not suspri to find
only one, none, thyee, Or even all four showing the dominant
trat. Four is too small a number to give the ideal 1:1 ratio
1 every case. But if we sum up the results in, say, 10,000
children of such famiies, we should then find very nearly 5000
polydactylous children, The mathematical statistician can tell
us how many ts and d with the expected
ratios are hikely to occur with vanous mumbers of progeny and
Tow well actus) counts will agree with theoretical expectation,
In genetic research all numerical results are thus cheched mathe-
maticafly to decide whether they are “significant,” whether they
are close enough to expectation to accord with the genetic ex-
planation, Even the beginner in genetics, though unakble to
make such statistical tests, should clearly understand that they
are essential, that it would be wrong to judge the correctness
of an raterpretation, the goodness-of-Bt of a result, from an in-
dividual case which appears to be 1 disagreement. A proper
statistical test wll show whether the disagreement 55 within
the hmmts of expectation for the number of mdwiduals used
or whether the etpectation has not been fulfiled,

Cases of human heredity

From this dsgression we may retum to simple cases of human
whentance which, as a rule, will be of 2 backeross type. We
can, however, imagine the following stuation: The trait being
studied occurs in a small population in a remote Alpine valie

where lacal wamages are the vastom, 1n this situation a pqli/,:
dactylous woman—to use the same example—has a considerable
chanc.e of manyng a polydactylous man, because the popula.
ton is closely inbred, Tf buth individuals are heterozygous
the mating is the crossing of 2 F, kybrids to produce an F. ,
and amang, the children a ratio of 8 abnormals to 1 normal B
eected, 1Is the ideal case, 3 of the children will be ho .
zypous d , these b ygous individ then, i.r:;(:
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Onee more the hybrid forms 2 types of gametes; the pure reces-
sive, only 1. The 2 possible types of fertihzation yield ss of-
spring

1 Phin_ 1 banded

£ banded " 2 banded

or, equal numbers of the 2 phenotypes, Plain (genetically
heterozygous) and banded. The recessive backerass produces
equal numbers of the phenotypes of the two parents of the
backeross, the dominant being hetcrozygous and the recesshe
homozygons. To the list of Mendelian F, ratios, 1:2:1 and
8 :1, we can now add the backeross or RF» ratio 1: 1.

With this we are ready to follow the heredity of simple
Mendclian human traits in a pedigree, where, we have scen,
most matings will be backerosses. Referring again to the ex-
ample of dominant polydactyly, a polydactylous man or woman
will generally be the child of a heterozygous polydachlous
mother and a normal father (or one may exchange genotypes of
the father and mother, for in simple Mendelian hereduty it makes
no difference which parent brings the gene in question into &
mating). Half the children of this pair will, clearly, be poly-
dactylous; the other half, normal  But before studying actual
pedigrees another important fact should be made completely
clear.

Ratios and probability

At this juncture a little more must be said about the 1 : 1 and
other Mendehan ratios.  These ratios, we have seen, are based
ultimately on the laws of probabulity, for it is chance which
determines the occurrence of the possible types of fertilizations
Obviously, 1t follows that an approvimation to the 1dcal equality
of numbers in chance fertlization will become more likely as
the number of fertihzations increases. The situation here is
rather similar to what happens in casting dice. Imagme that
we have two absolutely equal dice, one with the number five
on all faces, one with five on three faces and six on the other
three. 1f we throw these dice 100,000 times, we shall come very
near to having two fives 50,000 times and one five and one six
30,000 times. But if we throw the dice only a few times, 1t may
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that we throw a string of double fives or of Bve and six.
l(])axip:;’ten throws we could have 5:5,614,7:3,812, 911,01
10+ 0 of the two combinations, simply because of the small num-
ber of trials. In the same way, Mendelian ratios, based as they
are on chance assortment, will be closer to the ideal expectation
when the numbers are Jarger, In a siogle human farnily of four
children segregating for polydactyly it is not surprising to find
only one, none, three, or even all four showing the dominant
trast, Four is too small a number to give the sdeal 1:1 ratio
m every case, But if we sum up the results in, say, 10,000

chddren of such families, we should then fod very nearly 5000
lydsctylous children. The mathematical statisti

poly can tell
us Bow many agreements and disagreements with the evpected

ratuos are likely to occur with vanous numbers of progeny and
how well actual counts will agree with theoretical expectation.
In genetic research all numerical results are thus checked mathe~
matically to decide whether they are “significant,” whether they
are close enough to expectation to accord with the genetic ex-
phostion, Even the beginmer in gemetics, though unable to
make such statistical tests, should elearly understand that they
are essentlal, that it would be wrong to judge the correctness
of an mterpretation, the goodness-of-fit of a result, from an in-
dradual case which appears to be in disagreement. A proper
statistical test will show whether the disagreement is within
the lmuts of expectation for the number of individvals used
or whether the expectation has not been Fulflled.

Cases of human heredity

) From this digression we may retum to siraple cases of human
inhentante winch, 25 a rule, will be of a backeross type. We
¢an, however, imagne the fallowing sitwation: The trant beng
studied oceurs 1n a small population 1 a remate Alpine valley,
where local marriages are the custom. In fius simation a poly-
dactglons woman—to use the same example—has a considerable
chance of marrying 2 polydactylous man,
Yon 15 closely mbred. If both wrdividuals are heterozygous,
the mating is the crasung of 3 Fy ybnds to produce an ¥,
:nd ameng the chf\dren a satio of § abnormals to 1 normal is
z’;ﬁg:t:d.‘ In the ideal case, % of the thdren will be homo-

, these v Jivd

because the popula-

thep, jmre-



Once more the hybrid forms 2 types of gametes; the pure reces-
sive, only 1. The 2 possible types of fertilization yield as off-
spring

1 Plain_ 1 banded

2 banded 2 banded

or, equal numbers of the 2 phenotypes, Plain (genetically
heterozygous) and banded., The recessive backeross produces
cqual numbers of the phenotypes of the two parents of the
backeross, the dominant being heterozygous and the recessive
homozygous. To the list of Mendelian I ratios, 1:2: 1 and
3 : 1, we can now add the backcross or RF, ratio 1: 1.

With this we are ready to follow the heredity of simple
Mendelian human traits in a pedigree, where, we have seen,
most matings will be backerosses. Referring again to the ex-
ample of dominant polydactyly, a polydactylous man or woman
will generally be the child of a heterozygous polydactylous
mother and a normal father (or one may exchange genotypes of
the father and mother, for in simple Mendelian heredity it makes
no difference which parent brings the gene in question into 2
mating). Half the children of this pair will, clearly, be poly-
dactylous; the other half, normal. But before studying actual
pedigrees another jmportant fact should be made completely
clear.

Ratios and probability

At this juncture a little more must be said about the 1: 1 and
other Mendelian ratios. These ratios, we have seen, are based
ultimately on the laws of probability, for it 1s chance which
determines the occurrence of the possible types of fertilizations.
Obviously, it follows that an approximation to the ideal cquality
of numbers in chance festilization will become more hkely as
the number of fertilizations increases. The situation here is
rather similar to what happens in casting dice. Imagine that
we have two absolutely equal dice, one with the number five
on all faces, one with five on three faces and six on the other
three, If we throw these dice 100,000 times, we shall come very
near to having two fives 50,000 times and onc five and one six
50,000 times. But if we throw the dice only a few times, it may
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i w) marrying normals will never again ‘hnve poly-
:{‘;:u\;ﬁ (g::z gf th:%et%rozygou; sons of the original c'oupie
also weds 2 normal woman {second zow, 1eft). The 4 c\n\&rc‘l\
of the thud generation are agaln half heterozygous abnormal,
half homozygous secesswe normal. The heterozygous m’:m
of this third generation marries (third row, left) 4 woman also
¥ and polydactyl ber the Alpiae valle?').
Ther ofispring {fourth yow) are % Domozygous recessive
normal, % heterozygous polydactyl, and % immo.zygm{s
dominant polydactyl. Now the homozygous daughter in this
fourth peneration Toarnes a heterozygous abnormal man; all
therr cluldren (bottom row) are abnormal, half being homo-
zygous, half heterozygous.

A great many important human abnormalities and disease pre-
dispositions belong to the class of recessive characters. & pedi-
gree of such a character will look quite different from the fore-
fomg one (Fig 233, This time the dominant black mdividuals
are normal, whegeas in bt fust pedigres they were the abnormals.
Tins difference mvst be kept in mind. Furthermore, only the
homozygous recessives {white) can exhibit the anomaly; the
heterozygotes (black-white) are phenotypieally normal but carry
2 recesse allele for the ab 1 condition. Individuals ex-
ubsting the trust must here be homozygous. Children of an
abnormal marned to a normal are therefore always normal. f
the normal parent was homozygous for the nonmal allele, all
offspung will be heterozygous and normal,  This is represented
in Fig 23 n the frst two generaticas {top two rows). If one

af the heterozygous normals marries & homorygous normal, all
offspring will be phenot,
het Thys &

ypreally normal but alf of them will be
ib may cont for a number of
i whieh the at hty will niever appear as a vis-
l:le trait, though 1t 15 carned along as & recessive allele in the
ygotes. Hiwoh parents now chance to mate,

e reslt will be a simple Mendelan segregation, % of the
children being } b and ab; % From this
pedigree we can see hiow, in a famdy free for generations from a
bereditary sbnormality, perhaps a type of feeble-mindedness,
abnormat chuldren may :

suddenly appear, by bad Iuck both par-
ents of the affected child were heterozygo S prOper £

us for the proper gene,
This situation also explams why consanguineous marriages, such

°
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spective of their mates, can beget only polydactylous ehildren.
Considering all these facts, we can construct a pedigree such as
could be found (and has been found times unnumbered) for
a family with 2 dominant hereditary trait, This pedigree (Fig
22) also shows one way of presenting data on human heredity
intelligibly. The dominant allele is indicated in black, the

X

O

OO0
Y ils
N

T [ I T

Fre. 22. D ic peds of a d trait in man  Squires =
males, circles = females; black is the dominant phenotype, blick-white, the
heterozygote.

recessive in white, and the heterozygote is black-white. Each
indwidual’s genotype thus can be represented. A circle stands
for a female, a square for a male. Each honzontal row repre-
sents a generation. Brackets above connect all the children of
1 parental couple, the multiphication sign indicates the mating:
the brackets below connect the two parents. In the first gen-
eration in the example a heterozygous man, phenotypically ev-
hibiting the dominant trait, marries a normal, homozygous re-
cessive woman. Of the 4 children, half are again heterozygous
abnormal, half recessive normal. A normal son (second row,
sight) marries a normal woman. Al their offspring (third row,
right) are genotypically and phenotypically normal, future gen-
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Fig, 2 represent this sivation in the marriage of second-degree

ing.
m;sh e‘res\ of Fig. 93 can be read as follows: In the first row
Bomozygous narmal woman {black) marcies an abnarmal reces-
siveman (white). All the children are normal and hetexuzx!““s
(second ow),  Ope heterozygous daughter ‘Ueft) marsies 8
homozygous niormal man; their childten ste ggain normal, haf of
them Bomazygous, half cagriers of the vecessive alfele. One of
the homozygons normal daughters marries a normal man {third
row, left). Children bom to them are all homozygous normmel
(fouth tow, feft), In the ¥, family a heterozygous son marties
3 bomozy gots tormal gird (third row, center); their offspring arc
normal, although hatf are het One of the b Y

sous in the ¥, also married a homozygous normal pin} {second
tow, right ) and sired normal chifdren, half of whom gre beterozy-
gous (thisd row, xight). One of these third-generation heterozy-
gous daughters marries a normal man; once mare, in the fourth
genexation, all children are normal but half are heterozygeus
{fourth row, right). In this generalion second cousins mamy.
Among therr children, the Bfth generation, 1 daughter is homo-
zygous vecessive and exhibits the abnormality, which had not
been seen in the family since the marriage of the great-great-
gandparent of this unhappy gul. It should again be stressed
that, for & family of only 2 children, in place of the theoretical
expectation of ¥ abnormals this cousin marriage might in ac-

fuality gwe, by chance, 2 abnormals, or 1, or none.
These two pedigrees were drawn with the genetic constitution
mdieated far the b ygotes, so that the pedigree is i i
S e ey o
which indiiduals exhibit the character bein;gs‘::;?e%l an':lww;’xici
gatnot In lus chart no black-white symbols would appear. The
{g;“::zs‘ﬂse‘#n l:;mﬂ;e dofninance pedigree would be blatk, as
ecessive pedigree, I practice, in the reces-

swe pedigree, one would represent the ahnormals as black, the
';1“““%;5 white, %o facilitate quick recognition of the formef‘
avoid contusion, this was not done in our pedigree, A real

pedigree woutd ;
Siseare, (s sem therefore resemble our Fig. 1 for bleeders

lyze presently, B 2 recessive with 2 comphieation we shall ana-




os cousin marriages, may produce abnormal offspring more often
than other matings. In itsclf consanguineity is not harmful. If
both parents come from stock lacking harmful genes, the children
will have no aberrant features. If it were really true that the
Pharaobs of ancient Egypt or the Aztee royalty had genes for

Fic. 23. Pedigree of a recessive human traft. Black 1s the niormal dominant
phenotype, black-white, the heterozygous individuals  White Is the reces-
sive trait, always homozygous If visible  (This is not tho wsual way of
drawing a recessive pedigree, but mther one meant to make the facts at
once visible. The usual way is to draw the abnormals black and all normals
white, f.e., in this case, all would be marked white cxcept the 2 white per-
sons in the figure, the male at the top and the female at the bottom, the
2 lomozygous recessives, who would be marked black.}

strikingly superior ualities, the law of brother-sister marriage in
these houscholds would have been genctically wise, But, un-
fortunately, so many recessive genes for abnormalities and mal-
functions are floating about in human populations that fow
familics can be completely free from them. Theicfore, the prob-
ability that some unweleome recessive will be present jn two
cousins is high, certainly much higher than in unrclated individ-
uals, and offspring of the union of cousins are thus more li.kcly to
be homozygous recessives. The fourth and fifth generations of
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More on Elementary Mendelism

Mendelian heredity with more than one pair of alleles
When Mendel carried out his experiments on peas in the
monastery garden plat, be studied 7 pairs of alleles, including, as
noted prewously, those Sos yellow vs, green seeds, for purple vs.
white fowers, as well as alleles for tall vs. short stems, round vs.
wrnkled seeds, green vs yellow unripe pods, and others. Each
pair behaved in exactly the same way, with uniform Jdominance
i the T, segregation in & § . 1 ratio in the Fy, segregation in a
1.1 ratio m 2 backeross. Mendel, however, did not stop here;
be went on to ask himself what would be seen if he followed
2 o § or more paws of ableles simultancously into the Fz. (In
fact, beng a very clever man, Mendel so designed his experi-
ments from the beginnmg that he could obtain the answers from
the same set of experiments as he used for the simple case of 1
pair of alleles.) Thus he crossed, let us say, purple-flowered
yellow-seed plants with white-flowered green-seed plants, or pur-
ple, yellow, and tall ones with whte, green, and small. The all-
impertant result of such expeniments was that each pair of alleles
d i a Mendelian way qite independently, exactly as
though the others were not present. What this means will be
clear when we analyze an example in detail. For o change, we
shall use guimea Digs as expenmental material
Among the many vaneties of guinea pigs bred by fanciers are
stocks diffenng; in colar~blacks, whites, piebalds, ete.~and others
varying in the character of the fur—Angora, rough, ete. For our
expeniment we select 2 true-breeding, homozygous strains, o
;htfrt-haued black and a white with fong, siiky, so-called Angora
air. Previous erosses, we know at the outset, have shown that
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To conclude this brief section on elementary human heredity a
little story can be told which shows that even a court of Jaw may
recognize the stringency of Mendel's laws. In Norway an illegiti-
mate child is entitled to the name and estate of the father, sod
paternity suits there are understandably numerous. In one such
case, Hans O. denied being the father of the child of Karen H,
When alt other arguments had been exhausted, the mother
pointed ont that her child had fingers with one joint missing {the
technical name for this is brachydactyly) and that Hans O. had
exactly the same peculiarity. The court thereupon summoned
a well-known geneticist. He testified that brachydactyly is a
familiar dominant Mendelian trait that las been analyzed in
many pedigrees. The identity of the abnormality in the presump-
tive father and child was proved by an X-ray photograph. The
mother and all her relatives had normal fingers, and the ab-
normality had never been seen in the whole neighborhood, which
Hans O. had visited for only a short time. Therefore, the
probability that another man with the same rather infrequent
abnormality was the father could be considered to be practically
nil. The court declared Hans O. the father.



an independent assortment of the lleles in thefgmetfsé t:;ﬂ l:");:
rid forms exqual numbers of as many .types of g'ame e & tgu !
sible for combinations among the & paits. This is e(_\“ﬁl‘l "
we may add, for e3&0\' more pairs of alleles in all simple case
§ redity.

ﬁ[}:?ﬁe:\x;::i\;em}y then, an Iy female hybrid producing d\es?
£ kinds of eggs is mated toa rother who has the same 4 type? o

sperm cells, and their progeny are the second hybrid generation,
the Fp. I, as we know is the case, chance alone determines
what egg is fertilized by 2 given sperm, there mustbe 4 X 4 = 16
possible fertlizations, each type ocourring as often as every ather.
& very simple method for visualizing these 16 possible Fz com-
binations is to use a so-called Roman square. To construct it,
we divide a square into 16 small squases. Above the cohumns of
small squares we write the 4 types of gametes formed by the Fu
hybrid, and along one vertical side of the horizontal rows we
agan list these gametes, 'This being our first use of the method,
e thell weike put the pames of the alleles, e, the phenatype
they control. Next we draw a horizontal ine in each square and
enter above each line in a vertical column (squares 1, 5, 9, 18,
ete.) the type of gamete gven at the top: Black-Short in the first
column, Black-long in the second, etc. Below the line of each
square we fill in for each horizontal raw the gamete listed at the
Yeft: for squares 1, 2, 8, 4 Black-short, for squares 5, 6, 7, 8,
Black-long; ete. Thus we derive all 16 possible F, combinations,
wnting each in the form of a fraction, as we have done heretofore.
In practice, the geneticist sunplifies the procedure by using sym-
bals in place of the words, as Mendel imself did, He suggested
indicating a parr of alleles by the same letter, using a captal for
the dominant, a lower-case letter for the recessive, Thus, Black
would be abbreviated to B and white to b, Short to § and Tong to
5. The advantage of this method is obvious; &t can be seen {me

diately that BB 15 o homozygous Wlack, bb a b

‘white, B aheterozygous Black, BbSs an individual het o
for Black-white aad for Short I iy

ong and phenotypically short-
baired black, For clanty, both the symbols and g‘; inte);pretive
Words have been eatered m the following Roman square. Here.
after, however, we showld be content to use only the letter

bols, which gve all the information in the smallest space. R
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black and white are dependent on 1 pair of allcles, black being
dominant to white; similarly, long and short hair are duc to a pair
of alleles, with shost dominant to long. A cross of the 2 varieties
then reads, in the notation used caslier:

Black Short _, white long
Black Short " white long

The Fy is evidently
Black Short
white long

Since Black and Short are dominant (indicated by capitals), the
hybrid is phenotypically a short-haired black. Now, we remem-
ber, the basic fact upon which Mendelian segregation rests is the
purity of the gametes produced by the hybrid. Neglecting the
hair character for the moment and dealing enly with color, we
know that the hybrid will form equal numbers of gametes con-
taining the black gene or its white allle, And, putting aside color
to follow hair type, we know that the hybrid will form gametes
of which half contain the gene for short hair and half the reces-
sive allele for long hair, What happens when we follow both
pairs of alleles it lyP Mendel grasped the simple
answer to this question in a flash of insight, after he observed
the actual F; results. He saw—and this is his sccond great dis-
covery, following upon the law of purity of gametes~that the 2
pairs of alleles are distributed to the gametes completely inde-
pendently of one anather. Two types of sex cells, in equal num-
bers according ta chance, are formed, with black or white, and,
simultaneously and also in cqual numbers, 2 types with short or
long. Since every sex cell must receive 1 member of each pair
of alleles, and since each pair is distributed without reference
to the other, 2X 2 = 4 kinds of sex cclls must be produced.
This is cxactly what one would have in a game of dice played
with 2 dice, one having the number 1 on 8 faces and the number
2 on the other 3 faces, the sccond marked in the same way with
gand 4. In a game of many throws the 4 possible combinations,
1and 3 1and 4, 2 and 3, 2 and 4 will come up in nearly equal
numbers. Just so in the game of the sex cells: Equal numbers
of the 4 types of gametes will appear: Black-Short, Illnck-long,
white-Shart, white-long. In the langunge of genetics, there is
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\What the Roman sguare feachies

Trom this square we can read mauy important facts about the
nature of the F, generation, We Sirst wish to know ﬂl;c Phe“"’l
types of the 6 genotypes. Black and Short heing dominant, all
combinations containing at least 1 of each dominant will be black
204 shorthaited, Black and short both may be homozygous of
heterozygous, and we can evpect individuals hem(_)zygous for
both. Only 1 such guinea pig occurs (among 16), in square 1
We can also find animals bomozygous for black but heterozygous
for short; 2 such combinations appear in squares 2 and B, Fur-
ther, we expect some homozygous for short and heterozygous
for black; these are to be found in squares 3 and 8. Finally, both
allelic pairs may be beterozygons: squares 4, 7, 19, 18 Al old,
94 of the Fy guinea mps show both dominant traits; but geneti-
ally only 115 completely homozygous, 2 are homozygous for 1
peir and heterozygous for the other alleles, % mote have the in-
verse condition, and 4 are heterozygous for both. Al this is in-
dicated 1 four ways in the Boman square: {1) by fractions, us-
ing words to wdicate the kind of gamete derived from each
patent; (2} by sunilar fractions but using symbols, (3) accord-
ing to homozygosity or heterozygosity; {4) by phenotype.

Contmung our study of the Roman square, we see that 3
squares, 6, 8, and 14, have black homozygous or heterozygous
with the homozygouy recessive long. Ya 3 others, 11, 12, snd
15, short 15 homozygous or beterozygons and white is homo-
2Zygous recessive.  Thus 344 show 1 domnant trait and 1 reces-
sive, anather 34, the opposite. Only 1 square remains, number
16, which is homozygous for both Tecessives. So we find the
classic Mendelian F, ratio for 2 pairs of alleles, technically called
a dihybrid situation: 98 18 : 1. Thiy means that % of the in-
diiduals have the phenotype of both dominants; ¥ each, the
Pbenotype of one {or the other) dommant and one {or the other)

recesuve; and 3y the pure double recossive phenotype, ‘The
expengent 35 fhustrated by Fig, 24
Let us Jook st some of the of this 4
B nn;mal CI0s8 was between black short-haired and white
> g-haired guinea pigs. In the F, the phenotype showed only
¢ dommant characters, but in the F the grandparents} types
reappeared, In addition, however, the 2 possible new combina-
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Black-Short Black-long white-Short white-long
1 2 3 4
2 Black-Short Black-long white-Short white-long
% Black-Short Black-Short Black-Short Black-Short
3 Ls Ly L5 b
& B3 s BS BS
~ | Both dom. B homoz., 8 &8 homoz., B Both heteroz,
homoz. heteroz. heteroz. black-short
Theno: black- | black-short black-short
ort
5 ¢ 7 8
o Black-Short Black-long white-Short white-long
g Black-long Black-long Black-long Black-long
2 s B 5 »
= Ls Bs Bs Bs
o [Bhomoz,§ |Bhomoz,s |Bothheteros, B heteroz,s
heteroz. 0moz. black-short homoz.
Pheno black- | black-long black-long
short
9 10 1 12
o Black-Short Black-long white-Short white-long
s white-Short white-Short white-Short white-Short
4 B Be 8 1Y
-il; bS b8 ' bS
o5 | B heteroz,, S Both heteroz. | 4 and S homoz, | & homoz., §
homoz black-short white-short heteroz.
Pheno: black- white-short
short
13 14 15 16
Black-Short. Black-long white-Short white-long
‘g” white-long white-long white-long white-long
i s 2 5 &
E bs B B s
< | Both heteroz. | & heteroz., b homoz, § b, s homoz.
Dheno: black- & homoz. heteroz. white-long
short black-long white-short




5 ds,
o5 tumned up, black-long and white-short. lu‘ other words,
?,’ id r&;suhed in a Tegrouping that perm\\lt?‘ “’:E",:i
duction of all possible new combinations. Amct;\\i these oo
fypes, 1 of 8 individuals was homomygous. 16 this sere B0
guinea pig but 8 selffertilizing plant, we ool oy Y
establish a true breeding homozygous strain with the new com-
bnation of phenotypes. It should be noted that regrouping lzx;lto
all possible new combinations will just as surely occur after
hybridization jovolving 3, 4, and more nl]el‘l‘c dx!ierencex. me
this fact it is evident that hybridizati by ¢
ax it ds called, of ¥ recombinations can be a meaas for hreedm.g
new types from old, available stocks. We shall return to this
oint presently.

i Lwiing unZe more at the Roman square, we note that the 4
squares m the diagonal from 1 to 16 (1, 6, 11, 16} contain only
homozygous combations, actually the 4 possible homozygotes:
for both dominants (1), for one {or the other} dominant and
one {or the other) recessve (B, 11}, and for both secessives
(16). AN other squares represent ammals heterozygous for at
least 1 pair of alleles Al these hetetozygotes will behave ke
hybrids and, {f bred for another generation, will segregate accord-
ing to their own and their mating partner’s constitutions. The
only h we can distinguish phenotypically are the pure
recessives (square 16); should we find a pair in our ¥, broods
{enpected among 82 prageny and tertainly found smong larger
numbers of Fy), we could easily extract this type for further
breeding, But suppose that, for some Teasan, we are anxious to
extract a true-breeding Yine of the new combination long-hatred
blatk, Such ammals will certainly always be homozygous for
the recessive Jong hai, 5o that Jong-haired guinea pigs will breed
true. Dot the dominant black may he homozygous or heterozy-
gous in the 4 of the progeny which are Blackdong. In pairing
black-long animals, it is evidently rather improhable that we shall
happen to select 2 hamazygotes. We should be much more lkely
totake2h or 1 homozygote and 1 heterozygote, 1€
we use 2 heterozygotes, the next generation wilf segregate again
into 3 blacks: 1 winte (the recessive long hair is always homo-
2ygovs and need no longer be coasidered in this example). Qur
stustion is not impraved, for % of the & new blacks are also
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tions tumed up, black-Jong and white-short. In other words,
hybedization zenited in 4 regrouping that permitted th pro-
duction of all possible new combinations. Among these novel
types, 1 of 8 mdwviduals was homozygous. If this were not a
guinea pig but a sclffertiizing plant, we could immediately
establish a true-breeding homozygous strain with the new com-
bunation of phenotypes. 1t should be noted that regrouping into
il possible new combinations Wil just as sweely coour after
bybridization fnvolving 8, 4, and mare sllelic differences. From
thus fact it is evident that hybnduzation followed by extraction,
as it is called, of Fy recombinations can be a means for breeding
new types from old, available stocks. We shall return to this
point presently,

Looking once more 2t the Romen square, we note that the 4
squares in the diagonal from 1 to 16 (1, 6, 11, 16) contain only
bomozygous combinations, actually the 4 possible homozygotes:
for both dominants (1), for one (o the other) dominant and
oue {or the other) recessve {8, 11}, and for both recessives
{18}, AR other squares represent anjmals heterozygous for at
least 1 pawr of alleles. All these hetezozygotes will bebave hke
hybrids and, if bred for another generation, will segregate accord-
ing te their own and their mating partner’s constitutions. The
only 10m0zy gy we can distinguish phenotypically are the pure
recessives (square 16), should we find a pair in our F; broods
(evpected amony, 32 progeny and certainly found among larger
numbers of Fy), we could easily extract this type for further
breeding. But suppose that, for some reason, we are antious ta
extract a true-breeding line of the new combination long-haired
iick S\?ch anima]f will certainly always be homozygous for

Tecessive Jong hair, so that Jong-hawed guinea pigs will breed
2
frue. But the Black may be homozygous or het
gous in the 34 g of the progeny which are black-long, In pa‘uix;'g

black-long animals, it is evdently r i
3 ather improbabl
happen to select 2 lmmuzygotes?y b rch e b

‘We should be much more ik
t\ala\ze‘z‘; ygotes or 1 h ygote and 1 heterozy o e]l};
euse 2 ygotes, the next ion will o agal
tto 3 blacks. 1 white Aways S,

{the recessive long hair is atways h
gt?“s aod need no longer be considered in this examp{:) ogz
ation 15 not improved, for 2 of the 3 new Placks are also
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heterozygous. Yet all we can do is to select, in each generation,
black long-haired guinea pigs (or make many simultancous mat-
ings) in the hope that we shall eventually chance to hit upon a
pair of homozygotes and thus establish the desired strain. As
was already said, the plant breeder is in a better situation, i his
plants permit self-fertilization, for homozygotes will then show
up in a single breeding test. It is obvious that in animals in such
a case it may happen that in any gencration we use a heterozy-
gote with a homozygote. The result—recall the dominant back-
cross—will simulate the establishment of the desired true-breed-
ing line for the dominant (plus, of course, the homozygous reces-
sive). But after a number of generations of repeated backerosses
of this kind we may be undeceived, for 2 heterozygotes may
chance to mate, whereupon the recessive will segregate out. We
can readily appreciate how bewildered experimenters must have
been in the face of apparently irreconcilable results before
Mendel's elegant laws explained hereditary transmission simply,
predictably, and demonstrably.

One further point should be appended to this analysis of
simple dihybrid segregation. In our example, one of the original
parents for the cross was gous for both d ts, the
other for both recessives, or, in symbols, BBSS X bbss. It would,
however, have been possible to make a eross between 2 indi-
viduals, each homozygous for a dominant and a recessive: to
mate & black, long-haired female to a white, short-haired male
(or vice versa); in symbols this would be BBss X bbSS. Eggs
of the female would have carried Bs, and sperm of the male bS;
the F; hybrid would have been BDSs, ar exactly like the hybrid
in the previous cross. The Fa would therefore be representable
by exactly the same Roman square. But in this case the new
combinations would be the double dominant and the double
recessive, Since the phenotype with both homozygous recessives
(number 18), Lbss, directly reflects its genotype, it is casy to
select this new recombmation in the Fa, In practical breeding
this is a frequently used method.

An experiment with 8 pairs of allcles

After the foregoing detailed analysis, it should be easy to
derive the results when 8 or more pairs of alleles are involved in
a single cross. In the dihybrid case two points were decisive:
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i ed as many types of pametes as thers were pos-
Eiehf:;gimm among tne 2 pais of alleles; sad (::mhmhonl
2t random gave all these gametes from hath parents equa‘
chances to unite. In consequence, the ¥, produced 4 types ©
gametes and 16 Fa combinations appeated. 1o the same Way,
2 thybrid {3 pairs of alleles) will produce gameles‘sY\th a't} pos-
sble combinations of the 8 pairs, Vsing the original simple
sywhols suggested by Mendel, with capitals for deminants and
smalt leteers far Tecessives, we write the Fy hybrid as AaBch\
ta epresent any hereditary traits we please in whatever organism
weelect ta study. It is readily seen that 8 combinations of {hese
weles are possible; i e, equal numbers of § types of gameltes
will be produced by the F:

Al 8 dominants 1. 4BC
Two dominants, 1 recessive
Tecessive @ 2. aBC
recessive b 8. ABC
Tecessive ¢ 4. ABe
One dominant, 2 recessives
Jominant 4 5. Abe
doramant B . aBlc
dominant ¢ 7. abC
All 3 recessives 8. nbe

Witk these 8 types of gametes, 8 X 8 = 64 types of fertilization
ure possible, With 4 pairs of alleles, 18 types of pametes and
38X 16 types of fertilizations are possible, Ten patrs of alices
form 1024 types of gametes and 1024 X 2024, or more than &
miilion, F, combinations. In every case, of course, the combina-
tions appear m defimte numerical ratios that can easdly be
computed

Certain consequences of these facts are worth noting. Let us
suppose that members of 2 human races, differing in 10 pairs of
Independent alleles (lates we shall find that 24 such pairs are
passtble), are erossed. More than a million grandchildren, the
Fe indmiduals, would be requited o provide a fgir probabality
of metuding all possible combinations; if each single poir of
ongwal parents have 4 grandehildren, we should need (assum-
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ing, for simplicity, brother-sister matings) more than a quatter
of a million Fs families to have a minimal opportunity for cach
possible combination to appear even once in the Fz. In another
casc, we may have 2 strains of domestic plants or animals differ-
ing in 10 pairs of alleles, cach line having some of the dominants
and some of the recessives. We wish to establish a breed having
all the recessives.  As we can now understand, only 1 individual
homozygous for recessives for all 10 genes is to be expected among
more than a million F; individuals, Imagine carrying out this
experiment with horses or cattle!

Eaas BSR BSr  BsR SR DBer ¥Sr bR b
E BSR | BSe | BsR | 3SR | Ber | bSr | bR | b
BSR | BSR | BSR | BSR | BSR | BSR | BSR | BSR | BSR
w 1 2 3 4 5 [ 7|8
BSR | BSr | BaR | SR | Bsr | bSe | BsR | b
BSr | BSr | BSe | BSe | BSr | BSe | BSr | BSr | BSt
2 10 n 12 13 14 13 i
BSR | BSr | Bsnt | SR | Ber [ 88¢ | bR | b
BsR | BsR | BsR | BsR | BsR | BsR | BsR | BeR | B:R
17 18 19 20 21 22 23 24
BSR | BSr | BaR | BSR | Bor bSr bR | bor
8SR | bSR | SR | 5SR | 8SR | bSR | BSK | BSR | 3SR
25 26 27 28 20 30 3t 5
BSR | BSr | BsR | BSR | Ber bSr bR | b
Bee | Bsr | Bsr | Bsr | Ber [ Bsr | Ber | Bor | Ber
33 34 35 36 87 33 30 40
BSR | BSr BeR | bSR | Ber 85r bR ber
&Sr b8r b8¢ &Sr &Sr bSr &S &Sr bSr
41 42 43 43 43 40 47 3
BSR | BSr | BsR | bSR Brr &Sr L2 bar
bR bR bR bR s bR bsB bell R
49 30 123 82 83 1) 85 56
BSR | BSr | BsR | bSR | Bsr 8Sr 23 ber
bar bor bor bor bar ber bor b | ber
87 &3 59 6o o1 62 [+ 63
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i leles
w let us Jook at the Roman square for 8 pairs of all

(Br:;xan squares for more than 8 pairs wo.uld be rather c;mfi;:r-
some, but it should be clear that everything one can rea . m
such 2 square can readily be computed with (h'e aid f’{ a efv
simple arithmetical formulae). We shall use guinea pigs, as fn
the dihybrid example, merely taking parents with an 'midmongl
pair of genic differences, vamely, rough fur (dominant} vs.
smooth fur {recessive). The § pairs of alleles are thus:

BB black vs. bb white
SS short hair vs. ss long hair
RR rough fur vs. rr smooth fur

The F, hybrid is BbSsRr, phenotypically black, short, rough; it
produces 8 types of gametes: BSR, BSr, BsR, SR, Bsr, bSr, bsR,
bsr. The 64 F» combinations are given m the Roman square,
this time represented only by symbols.

1t should hardly be necessary to discuss all the results to be seen
in the square, for they are in prinaple the same as those found
in the dibybrid cross except, of course, for the numerical rela-
tions, Attention may be directed to a few details. Once more
the pumber of homozygous combinations equals the number of
F, gamete types, 8, and again these combinations are found along
the diagonal through squares 1, 10, 19, 28, 47, 46, 55, 64. Oneis
homozygous for all 8 dominants (square 1) and 1 for all § re-
cessives (square 64). 'The remaining 56 combinations are
heterozygous for 1, 2, or all § allelic pairs, equal numbers of
them being heterozygous for B alone, or §, or R, or BS, etc.
Counting the number of phenotypes, as before, and keeping in

mind the dominance of B, S, and R, we obtain 8 distinct pheno-
types, as follows:

27 among 64 with the phenotype of all 8 dominants BSR, e,
( appearing black, short, rough,
Nos 1-9,11, 12, 15, 17, 18, 20, 22, 23, 96, 27, 29,
43, 49, 50, 57 ) ..
9 among 64 with BS (2 dominants) and ¢ {1 recesswe), ie,
appearing black, short, smooth, ’

(Nos. 20, 1, 14, 16, 34, 58, 42, 45, 58.)
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ing, for simplicity, brother-sister matings) more than a quarter
of a million F; families to have a minimal opportunity for each
possible combination to appear even once in the Fa. In another
case, we may have 2 strains of domestic plants or animals differ-
ing in 10 pairs of alleles, each line having some of the dominants
and some of the recessives. We wish to establish a breed having
all the recessives. As we can now understand, only 1 individual
homozygous for recessives for all 10 genes is to be expected among
more than a million F; individuals, Imagine carrying out this
experiment with horses or cattle!

Eaos DBSR  BSr DR BSR D BSr bR by
BSR | BSr | BsR | bSR | Dar bSr bR | b
g BSR | BSR | BSR | BSR | BSR | BSR | BSR | BSR | BSR
@ 1 2 3 4 5 ¢ 7 8
BSR | BSr | BsR | bSR | Ber 55r | bR | bar
BSr | BSr | BSe | Bsr | BSr | BSr | BSr | BSr | BS
0 10 u 12 13 " 15 16
BSR | BSr ( DsR | SR | Dsr &Sr bR | bor
Bt | BaR | Bs | BaR | BsR | BsR | DeR | BeR | DR
17 18 10 20 2t 22 23 o
BSR | BSr | Balt | 6SR | Ber bSr bR | ber
ssn | bsk | bSR | 8SR | 8SR | bsR | 0SR | ssR | USR
28 20 27 28 20 80 31 8
BSR | BSr | BsR | bSR | Bar bSr bl | br
Bsr Bar Dsr Dsr fsr Dar Ber Der B
33 31 35 96 37 33 39 40
BSR | BSr { Bsll | bSR | Bar &Sr bR bor
bSr Sr &8r &8r bSr 35r bSr 587 &Sr
a1 42 43 44 45 46 47 49
BSR | BSe | BsR | 6SR | Ber &Sr beR bsr
1219 b bslt beR belt st bR bl beR
49 50 51 52 53 £33 85 56
BSR | BSr BR[| SR | Ber &Sr et bar
bar ber bsr ber bar bsr ber bar bsr
57 &8 59 [ o1 62 03 o6
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Mendelism and breeding

{We are now prepared to examine certain general consequences
of the elementary roles of Mendel gregation, la the first
chapter we dit d the proced of the plant imp and
animal breeder; it was emphasized there that the old and widely
ssccesshul method for developing better csop plants and live-
stock 15 selection of the best indwviduals In each generahon for
further breeding, We learned that the breeder is successful be-
cause what inttially seems to be a single, though variable, line or
face is actually a mizture of several to many hereditary constitu-
tions, which are separated by selection. It was further noted
that a better understanding of these facts would be possible for
us after study of the laws of inheritance. The information we
have acquired up to this point is not, in fact, sufficient for a full
understanding of what happens in practical selection work,
and we shall need to return to the problem after consideration of
certain special features of Mendelism in a later chapter, One
aspect of successful breeding is, however, a direct consequence
of Mendel buation and may therefore be di 1
bere,

A famous engraving by Albrecht Durer depicts the prodigal
son with his hexd of swine, Here the artist has preserved for
us the external form, the phenotype, if you will, of the domestie
pig of Bltcenth- and siteenth-century Europe, an animal not far
femoved from the wild boar, Compare 1t with the modern
porher: The twentieth-century provider of lard and ham is more
than twice the size of his ancestor, many times as heavy, padded
with a thick coat of fat, and so formed that its belly almost
sweeps the ground, while the legs and snout are short, The
contrasts reflect the efforts of breeders over the past four or five
centunes  Could they have accomplished so much simply by
breeding from, say, the fattest indivadnals in each generation?
As we shall see, only himited success would have come from sp
dong, Today's prize hog would not exist had not Brtish breed-
ers imported from Eastern Asia a strain of pigs with an inherited
tendency to accurnulate great masses of fat and hybridized this

(‘:r:in with !hexr.damestic pig. Later on, still other foreign lines
a“;e crossed with the pantly impraved native breeds, Eventu-

out of the rich store of genetic diversity thus brought to-
20



9 among 64 with BR (2 dominaats) gad s (1 ive}, le,
appearing black, long, rough.
(Nos, 19, 21, 23, 24, 85, 89, 51, 53, 59.)
9 among 64 with SR (2 dominants) and b (1 recessive), ie,
appearing white, short, rough.
(Nos. 28, 30, 31, 32, 44, 47, 52, 54, 60.)
8 among 64 B (1 dominant) and sr (2 recessives), i.e, appear-
ing black, Jong, smooth.
(Nos. 87, 40, 61.)
8 among 64 S (1 dominant) br (2 recessives), ie., appearing
white, short, smooth.
{Nos. 46, 48, 62.)
3 among 64 R (1 dominant) bs (2 recessives), i.e., appearing
white, long, rough.
{Nos. 55, 56, 63.)
1 among 64 bsr (all 3 recessives) {homozygous), ie., appear-
ing white, long, smooth.
(No. 64.)

Here we have an obviously varied F,. But now imagine a
situation like that seen in the four-o'clocks, where the heterozy-
gotes could be distinguished as intermediate pink-l d plants.
If Bb and Ss and Ry were similarly distinct, we should be able
to identify the heterozygotes and their combinations and have an
even greater number of F. phenotypes, as can be read from the
Roman square.

It was previously noted that these expectations can be derived
arithmetically. A single example of this procedure may suffice
for the present, The phenotypic ratio, assuming dominance of
one member of each pair of alleles, can be obtained thus:

No. of airs CGametre DPhenotypic
of Alleles Assortment Ratio
1 G+1) 31
2 @B+ XE+D 9.8:3:1
s B+DXE+UXE+D 27:0:9:0:3°3:3:1
4 BHFDXE+DXE+DXE+D 81:7:2Y: 971872
p:g:9:9:0.0:
8:8:8:8:1

Essentially similar calculations will give the number of types of
gametes, of F; homozygotes, of Fz heterozygotes where hetero-
zygotes are distinguishable, ete.
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st cases—other possibilities will be considered later on-he
:\r:ssed existing mc}ls, generally in a haphazaxd way, looked for
binations in the g & fons which struck lum
as good, crossed and selected again and perhaps again. When
he had finally combined the nose of ope race, the leg 1efxg\h of
another, the color, hair texture and length, head shape, 1ail form,
bady size, elc, from still others fnto & promisng, mixture, .he
made the combination as homozygous as possible by inbreeding
and discarding the non-conformists, vntil the new type was
felently pure-breeding or ygous to be marketed. Usu-
ally, in such eases, sepregat for characters that,
for genetic Teasons, cannot be homozygous; in practice this
genetic wituation is taken care of by killimg off the “runts” and
“eulls”

Qur } ledge of e g Mendeli also permits us to

view in proper perspective the claims of the so-called “plant
wizards” who, 1n varous countnes, have claimed to have acheved
success, itself mcontestable and valuable, 1n the production of
new varieties by all sorts of mystical procedures and techniques.
As we can clewtly understand, what they actually did was to
collect from all over the world strains and lines of the plant to
be improved and to choose—and here the practical genius of
these men came into play—those with the most promismg char-
acteristies  These were hiybndized and the hybrids again erossed
to other types, the crosses being based not on a seientifically
guded plan but on a Mt-or-miss method, so that their results
could not fater be led. B dly, in i ble tnals,
chance supphied the Mendelian recombinations sought, In many
Plants these could be used immedately, without being made
bomozygous, smee they could be propagated by cuttings. The
wizard had been no more—f no less~than an unwitting but
clever Mendelian; the sorcery was the Mendelian processes of
inbentance,

Man ggain

This chapter may end with a note on man, 1t
been stressed that oWl sphered tratts in \v}u(:hI p:;]:k&;\;ieyr
depend upon Mendehzing genes, meludiag factors whose he-
redity is of the more complex types that we shall study later.
Among buman inherted traits we caa bist, skull shape, as ]oné



gether, Mendelian recombinations appeared which, when selected
and made homozygous, sired the modern breed. The breeders
thus carried out a complicated Mendelian experiment, although
they approached the problem empirically. Had they been aware
of the laws discovered by Mendel, their task could have been
completed more rapidly and efficiently; contemporary breeders
go about their projects in essentially the same way, hybridiza-
tion and sclection of recombinations.

Another example can be taken from plant breeding. In
Sweden, extending from moderate temperate to arctic latitudes,
it is of obvious economic importance to move the wheat-growing
region as far north as possible. The good wheats grown in
the south of Sweden originally could not endure the frigid win-
ters and short summers of the north. Strains of wheat were
¥nown which are genctically adapted to survival in the more
rigorous climates, but they are poor in yield, nutritive and mill
ing qualities, ete. The problem confronting Swedish geneticists
was to combine, by crossing and extraction of segregating re-
combinants, the desired qualities of southern wheats with the
cold hardiness of the poorer wheats. So successful were thcy_ in
putting together the necded combination that the wheat-growing
region was pushed much farther north and great additions ac-
crued to the national granary.

A different but highly important aspeet of the same practical
problem arises from the necd for resistance in erop plants to
disease, such as smuts and blights. Wheat, for example, suffers
from a smut that causes millions of dollars’ damage cach year.
Gencticists found some otherwise poor strains of wheat which
carried a hereditary factor making them smut-resistant. /!C-
cordingly, an experiment was inaugurated to inscrt this cap:tcxty
for resistance to smut into a plant having the other good quali-
ties of the susceptible varietics, using the method of hybridiza-

3 i 1. \i
tion and extraction of Mendelian reec The fi
result has been of benefit to prod and consumers
alike.

Another example can be taken from everyday life. A new
“race” of dogs may appear on the market and sweep the ficld,
as did the Doberman pinscher not very many ycars ago. How
did this novelty originate? The breeder will certainly not di-
vulge what he did. But we can now take it for granted that in
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mott eases—other possibilitl will be idered later an—he
crossed existng, races, generally in a haphazard way, looked f.or
combipations 1 the segregating generations which struck him
2 good, crossed and selected again and pethaps again, When
he bad finally combined the nose of one race, the leg length of
another, the color, hair lexture and length, head shape, tail form,
body size, ete., from still othets into a promising mixture, he
made the combination as homozygous as possible by inbreeding
and discording the non-conformists, until the pew type was

Herentl breedmg or b ygous to be marketed. Usu-
ally, in such cases, segregation continues for characters that,
for penetic reasons, cannot be homozygous, in practice this
E,m;u: situation is taken caxe of by Willing off the “runts” and
culls.”

Our Jaowledge of e y Mendehsm also permits us to

view 15 proper perspective the clajms of the so-called “plant
wizards” who, 10 vanous countries, have claimed to have achieved
sucsess, itself incontestable and valuable, in the production of
Tew varieties by all sotts of roystical procedures and techmques.
As we can clearly understand, what they actually did was to
ml!{tt from sll aver the world stramns and lines of the plant to
be improved and to choose-and here the practical genivs of
ibe«e.xrfen came into play-those with the most promisimg char-
acteristics. These wexe hybridized and the hybrids again crossed
to other types, the crosses beng hased not on a scientificalty
guded plan but on 2 hit-or-miss method, so that their results
could not Iater be led, E: Iy, in ble trials,
d!xzmce supplied the Mendehan recombinations sought In man;'
l}lxmts these could be used imnediately, without bemg made
amozygous, snce they could be propagated by cuttings. The
:‘Weﬁrd;;::d been no more—f no fess-than an unwitting but
- t’r:lance elian, the sorcery was the Mendelian processes of

Man ggain

This chapter may end with a note on man.

L Tt ha
g'i(;\n?rissed ;‘haz all inhented traits in which peogljkss?fg
s :im:h fendezing genes, meluding factors whose he-
Pl ‘e mose complex types that we shall study later,
3 buman whented traits we can hist: gl shape, as long‘



vs. round; form of forehead, nose, jaw; arrangement of tecth;
overall body size; form and number of specific bones, as length
of femur and number of digits; details of arrangement or struc-
ture of specific les, as the calf les and facial muscles;
form of the cyclids; type of hair, whether straight, curly, or
kinky; color of hair, eyes, and skin; longevity; tendency to bear
twins; details of blood chemistry; metabolic variations; secretory
differences; body build, as stockiness and slenderness; shape of
eycball, as involved in near-sightedness; sensory discriminator
ness, as ability to taste and smell a given substance; the majority
of non-infectious eye, skin, and car abnormalitics of function; &
large number of other abnormalities or discases of all organs;
numerous mental and nervous qualities, within and beyond the
range of so-called normality; and specific talents, as for music
and mathematics. (In all cascs, of course, alleles are paired
alternatives: allele for normal vs. allele for long life span; allele
for clubfoot vs. allele for normal foot; ctc.}

From this fragmentary list we can be sure, especially in view
of the former discussion of the work of plant and animal reed-
ers, that any Martian superbeings who may come to Earth and
begin breeding men for pets or for perfect efliciency would use
exactly the same methods, conscious or unconscious, as the
livestock improver. As visualized in a widely read satire, the
Martian could obtain, from such Mendelian recombinations,
stupid muscle machines for heavy labor, long-lived brain-men
as inventors, fat and succulent porkers for meat, and dwarfs
with sphit noses, bowlegs, and similar attractive features as pets
for the conquerors” ladies.
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Chromosomes
and Mendelism

Introduction and statement of basic facts

We have now learned that the essential facts, the elementary
rules, of Mendelian in} ce are the following' (1) The
gametes formed by a hybrid are pure for one or the other alllele
of each pair of factors present in the hybrid itself and derived
from its parents (2) In the sex cells of the hybrid all possible
combinations of alleles of all the dafferent pairs occur, each
gamete containing one partner of every pair. (3) Equal num-
bers of the several genetic kinds of gametes occur.  (4) Fertiliza-
tion takes place according to chance, so that each kand of gamete
formed by the F; female may be fertilized by any of the kinds
of male gametes. It is obvious that further understanding of
the meaning of these facts is to be sought in the sex cells. In
them must resde mechanisms ensuring the purity of gametes,
the random of alleles in f of gametes by a
hybnd, and the chance result of ferthzation, Chapter & has,
in fact, already taught us what we must know about the cell if
we are to mterpret the facts of heredity.

Let 1t be remembered that Mendel knew nothing of cell di-
vision, the processes of fertihization, the chromosomes, or reduc-
ton division.  But by the time Mendel's laws were yediscovered
in 1900 all these facts of cell biclogy had been explored and
their probable significance for heredity had already been widely
discussed, some relations had, mdeed, been correctly forecast,
1t was therefore not difficult to relate the facts of Mendelism to
the nature and behavior of sex cells. Ever since this early union,
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Mendelism and cytology (the study of cells) have collaborated
intimately; from this union has arisen a virile hybrid, cytogenetics,
the study of the cellular basis of heredity. The essence of this
science can be stated in a single sentence: Each pair of Men-
delian allcles is located at definite twin points on a pair of
homelogous chr s what normal or abnormal dis-
tribution of the chromosomes takes place will be predictably
reflected in the distribution of inheritable characters in the off-
spring; whatever happens to the chromosomes will become mani-
fest in exactly parallel events related to inheritable characters.

Here may be recapitulated previously discussed facts of cy-
tology which we shall now use: (1) The number of chromosomes
in the cells of n given organism is typical, constant, and (gen-
erally) even. (2) In ordinary cell division cach chromosome is
duplicated by formation of an identical daughter chromosome
(or scems to split lengthwise). (8) Egg and sperm bring to
fertilization the same number and kinds of chromosomes, cach
having 1 complete set, or half the number typical for body cells.
(4) In consequence, in the zygote and in all cclls derived from
it, with the sole exccption of mature gametes, each type of
chromosome is represented twice, as a pair of homologues, 1 of
maternal and 1 of paternal origin. (5) To make this possible
there occur, in the formation of sex cells, the reduction divisions
in which the ¢l me ber is reduced to 1 of each type.
One might immediately guess that these maturation divisions
have something to do with Mendelism.

Chromosomes and genes in the basic Mendellan eross
We return now to our first Mendelian experiment, the four-
o'clock with red or white flowers. Assume that the genes or
allcles controlling the production of flower pigments are lo-
cated at identical points on the 2 bers of a pair of I logous
chromosomes. To avoid probing into the very difficult and still
controversial problem of the actual nature of such a gene, we
may, taking the simplest possibility, consider it to be a minute
section of a chromosome, different from the rest of the element,
In one plant this segment or gene may be the kind conditioning
production of red color in petals; in another varicty it may be
somewhat dilferent, there determining the development of white
flowers. The normal chromosome number in this plant is 16, or
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i \agrams, since 16 chromosomes WO
. p:\:;s : Fo;\;):g\i;x‘:g‘we hall eliminate some and assux}x‘\: the~
u:z::hc: tzmhe 8, or ; pairs. To make identifable the chromo
™ s

< Y
o O

X
Qogf (%

Cells of parents

]
Gametes

e

o

F, Rybrg
Fit 25 The chromosomes of a cross between two plants differing m 1
pais of afleles {black dot vs, whute dot}. Four paus of chromosomes ave
sssumed, one of whuch, the longest, 18 supposed to contain the alleles, which
alone sre difierent in the 2 races.  First row the pormal chromosome sets,
second row the gametes of each form with the reduced number of chromo~
somes, Hord yow chromosomes of the Fy hybrid,

some in which we afe interested, that containing the gene for
Sower color, the 4 pairs of chromosomes will be depicted as
difening in sze. The chromosome with the color gene—it is
the largest ane in the Mustrations~is present as a pair in each
cell, 1 partner coming from the mother (seed parent) avd 1
from the Sather (polien parent). In the pure red-lowered va-



ricty both chromosomes carry the gene for red; in the pure white
strain both have the gene for white (Fig. 25, first row: black
dot = gene for red; white dot = gene for white). These are
the cells of the 2 varieties with which we shall experiment.

Mature sex cells contain only 1 chromosome of cach kind,
their chromosome constitution being that secn in the second
row of Fig. 25. Fertilization gives rise to the hybrid; all its cells
contain, in addition to the other chromosomes, 1 long chromo-
some with the gene for red color and its homologue with the
allele for development of white color (Fig, 25, third row), For
brevity we may hereafter speak of the red and white chromo-
somes; no one, surcly, will expect to find an actual red or white
chromosomel

The net step is to breed the Fo generation, watching the be-
havior of the chromosomes. Qur attention must initially be
dirccted to processes by which mature gametes are formed in
both sexes of the Fy hybrid. Remember the earlicr description
of these events: how a maternal and paternal cliromosome of
cach kind como together and pair side by side~the technical
term for this is synapsis (syn = together, haptein = to stick)—
and how the reduction division separates whole chromosomes,
the synapsed homologues. Each of the 2 daughter cells thus
reccives 1 of the homologues, In the four-o'clock hybrid the
synapsis preceding the reduction divisions brings together the
red and white chromosomes, as shown in Fig. 264. The suc
ceeding reduction division pulls the red chromosome to one
pale, the white to the other (Fig. 268), This happens in the
formation of all the sex cells, with the result that half of the
gametes carry the white chromosome, the other half having
the red (Fig. 26C, D). Think back, now, to the Mendelian law
of purity of gametes and production of the different gamete types
in the same number. Clearly, the mechanism underlying this
Jaw is the fact—which the cytologist can show onc with his
microscope, using suitable material—that the mature gametes can
contain only the red or the white chromosome, not both (mean-
ing, of course, the genes or sections which have been called
the red and white alleles).  The equivalence of numbers of the
2 types of gametes is simply the outcome of their origin by
division of 1 cell into 2 (for reasons already evplained, consid-
cration of a second maturation division is omitted).
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fendelian principle, the segregation in the 2 x}i
m:;;ﬂ; Egu;:zygo\xs pi\'ents\ types and th.e heterozygotes in
the ratio 1 red : & pink 3 1 white is clearly a simple consequence
of the yesults of the reduction division and the random natute
of fertilization, Since chance slone decides which gametes rlneet
at fertilization, an egg with a Ted chromosome is equally Iikely
to be festihzed by 2 pollen grain with a red chromosome Or oue

[ D
Fie. 96 Matuation dwisinus of the hybrid in the thd row of Fig. 25.
{A} Conugaton of homol h (B) 1 plate of the

reduction division, (C) separation of the 2 chromosome sets, {D) the 2
types of gametes contaning ether the black or the white allele.

with a white chromosome, as indicated by amows in Fig. 27,
upper row, fertilization of an egg with a white chromosome by
pollen with a white or pollen with a red chromosome will oconr
with just the same frequency as shown in Fig 27, lower row,
A-D. Thus we obtam equal numbers of the 4 possible kinds of
(c:h‘iuhons, which then gve rise to individuals having the

red-red, red-white, white-red, white~
white This 15 the typical Mendelian segregation, and it is fully
explained hy the fact that a pair of alleles 1s located at specific,

identical points an a pair of homologous chromosomes.
We can now

c ppreck e phcity and ful of
Mendel's original notation, in which he labeled the pairs of
nll?lcs As, Bb, ete. In Pogs. 25-27 we could have used the letter
Ain place of the black dot on the red chromosome and the Tetter
s the white chromosome.  1n Mendelian symbols the parents
\;:u\\:l ’\;h[:x; b;n AA and aq, the F, hybnd Ag, and the Fy segre-
f +aA +ad  Realizati 3
the novice to und d why Mend, 1‘0“ p ﬂ’:ls"f“ﬂr‘:;}:;:lg
] £
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“letters for each individual, for each letter represents a gene
within 1 member of a pair of homologous chromosomes. It
should also now be clear why the genetic constitution of an
individual was previously written as a fraction—for example,
Black Black Short S .
hite % white Tong * the line in the fraction represents the

line of separation between the 2 homologous chromosomes, the

Fic 27. (Upper row left) The 2 types of egg cells, (right) the 2 types

of pollen. The connecting hines indicate the 4 possible types of umon of

2 kinds of eggs with the 2 kinds of sperm. (Lower row) The 4 types of
fertihzation in progress,

space above the line being one chromosome, that below stand-
ing for the other.

Chromosomes and genes in Mendelian crosses with more
than onc pair of alleles

The next important point in Mendel’s laws is the free assort-
ment of Mendelizing genes in the gametes of a hybrid containing
more than a single pair of independent alleles, as in di-(2), tri-(3),
and tetra-(4) hybrids. We have seen that the dihybrid AaBD
will produce equal numbers of 4 types of gametes, AB, AD, aB,
ab, by random recombination of the 2 pairs of alleles Aa and Bb.
We must now see how this fact is the consequence of the location
of alleles on 1 1 chr and of ct be-
havior in reduction divisions. Earlier we studied the pertinent
cytological facts (p- 46); all we need now do is to apply them
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to 2 specific genetic situation. Once again we may use the
example of a cxoss between a Back, short-hawed guinea pig and,
2 white, long-haired animal; the actual chromosome number in
the guinea pig is 64, but we shall, for simplicity, assume it to be
4yairs of dustingnishable chromosomes. The reader has probably
anticipated the conclusion: The pairs of independently segre-
gating alleles are Incated on different pairs of chromosomes.
{Emphasis on “mdependently segregating” hints at the existence
of something outside the patter of the simple cases of heredity

R )

Y Reof

A a
Fic 28 (A, B) Cells of 2 “races” of an ammal duffenn;

, 2 ¢ by 2 paus of
allelet Jocated in 2 pases of chromosomes { the Lirgest and next largest pawr},
One palr of alieles {Large chromosomes) matked by Black and whate dats,

Tespectively; the other parr, by paralietbred vs suppled dots,

\“: have thus far examined, this we shall investigate presently.)
h: can put the pair of black-white alleles 1 the Jongest pair of
chnmmomes. and the allele pair short-fong in the next longest
chrvmosome pair {Fig 28). The chromosomal sections or genes
controlhing development of Yack or white we mark with a black
v)rw\\h\\e dot; the genes for har length, with parallel lmes for
short and suppling for long, Figure 284 and B represents the
cells of the two parent strains, black-short and white-lon, 1{1
theyr proper ch it the 2 sets of h S
gagelt; produced by these parents ate pigtured 1p the first row
dumg : ‘l:elaw the egg and sperm are cells of the hybrid pro-
o nllclcsy ; matiog A X B. It is heterozygaus for both patrs
v :::‘ dcfx:{:ms ..l “Black” F!\zumos&me and 1 “white,” phus
. :uc - m“t“‘;\yg,mx: c:;degmn to 2 othes pairs with which
TAR We can crpect that the decisive i
the chramosomes, which wilt explain theeivr?;uas“s]ul:i;l: ‘zyt}l:ﬁ
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pairs of alleles in the gametes, will take place during the reduc-
tion division, Reduction begins with pairing or synapsis of all
pairs of homologous chromosomes, as Fig, 30, first row, shows,
As always happens, the 4 pairs arrange themselves at the cell
equator, and then each chromosome separates from its partner,
the chromosomes moving as reduced sets into the daughter nu-

Q
@ ©f

8o

Y

AxB
Fic. 29. (A, B) Eggs and sperm of the two parents from Fig, 28. (AX
B) The chromosomes of the hybrids between them.

clei of the division figure. Assume that the short-long pair is
oricnted on the division spindle so that short goes to the north
pale and long to the south (Fig. 80, second row). The pair
black-white, if its activities are completely mdependent of the
other chromosomes, may be turned so that black faces the south
pole (second row, left), or white may be turned southward (Fig.
80, second row, right). The opposite, of course, could also hap-
pen, black going north in both cases, but with short facing south
in one case, north in the other. Since the result of this orienta-
tion is, after the completion of division, preciscly the same as
for the first arrangement, only the first is diagrammed. The
reduction division in these 2 types of cells, differing in regard to
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: duces the 4 types
“¥ion of the pairs of chromasomes, Pro K
:!;egg;s:lt];ns‘w‘m iﬁaFig. 30, 'They contain these c;m:u:tig;)s
of morked chramosomes: (1) blacklong, {2) black-short,

1 3
Fic. 30 Reduchon divisions in the sex cells of the hybad. {First row)
Confugation (synapss) of hemologous chromosomes. (Second fow) The
2 posabilities of arrangement w the equatorial plate, {e, white up, black
down vg blick vp, white down). (Third raw) 1-4, the 4 types of sex cells;
blackanggpled, black-parallelhined, white-sappled, and white-parafieffned

whitedong, (4) white-short. ‘These are exactly the 4 types of
gametes we expect from a Mendeban dibybrid, We see that the
of independently Mend

P lizing afleles in the
gametes of multple hybrids is the result of the independence of
the chromosomes in toking wp _their. positions on the spindle of
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the reduction division, this determining to which ecll pole each
chromosome moves.  We still have to account for the fact that
the 4 types of gametes are formed in equal numbers. This
equality, obviously, requires that the orieatation of the pairs of
homologous chromosomes during reduction division (in the dias
gram, north-south vs. south-north) is determined by chance
alone and therefore must happen as often one way as the other,
Again chromosomal behavior accounts fully for the breeding
results from a dihybrid and, needless to say, from trihybrids,
tetrahybrids, ete.

Let us interrupt this chromosomal analysis of dihybridism to
recall a previous statement that we can now document. It was
pointed out that not only all simple inheritance but also all
complicated and frregular cases of heredity can be reduced to
activitics of chromosomes. When the chromosomes behave in
the typical fashion just described, the results of crosses follow
the Mendelian laws.  But where the chromosomes do unexpected
things, for whatever reasons, perhaps because of experimental
treatment, the breeding results will differ from normal, though
they will still be exactly predictable provided that the unusual
chromosome events are known. Contrariwise, when things out-
of-the-ordinary crop up in inheritance, the gencticist can con-
clude that something strange must have happened to the chromo-
somes. One of the great triumphs of the seicnce of genctics has
been the correct prediction of results in both directions—namely,
from genctical results upon chromosomal behavior, and vice
versa~on many occasions. A simple example can be derived
from the elementary case we have just analyzed. Suppose that
for some reason, known or otherwise, the 2 pairs of chromosomes
in the dihybrid (Fig. 80) are prevented from entering the divi-
sion figure randamly, in regard to their positions, and are forced
into oricntations which direct all chromosomes from one parent
toward the same pole, so that, for example, black and short must
go north whereas wlite and long ahways go south. Only 2 types
of gametes will then be fonned, in the Fy it will scem that black-
short and whitelong are the clfects of only & single pair of
genes. 1f this abnormal result should appear in a cross, cxamina-
tion of the chromosomes would disclose a parallel aberration,
perhaps a stiching together of the short and black chromosomes.

102



i f the beanti-

i isualize all sorts of disruptions o
1!:1‘1: m:ei;ic:‘:r:a‘\’ihmmowmal mechanism w}nch woul}d 3:::56
to iyuepn'uble oddities in the outeome of treeding, evperiments.

Fo. 31 The 16 types of fertlization possible with the 4 types of eggs and
sperm of Fig 30 presented n the form of the Foman square, (on top) the
4 types of egas and (left) the 4 tyges of sperm. The Mendelan symbols
for the 16 combimations axe added. B stands for black = black dot, b, for the
tecesane allele white = whyte dot, §, for the dominant short hair = parallel.

Uned dot, 4, for the recessive lang harr = strppled dot.

After this digression we ¢an go back to complete the chromo-
somal analysis of dihybridism. The 4 types of exg cells and
sperm cells (Fig. 30) unste at vandom in fervilization; as long
as chante alone governs whith sperm meets a given egg, 16 types
of fertdizavions will occur in equal numbers  These 16 fertiliza.
Yions can be represented in 2 Roman square (Fig, 81), which
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now shows an cgg fusing with a sperm, the chromosomes of cach
being properly marked. In the same square the Mendelian re-
sults are given in the same symbols as weie uscd eatlier (B, b for
black, white; S, s for short, long). The completo identity of
genetic and cellular facts is at once apparent, Evident, too, is
the simplification introduced by the use of letter symbols for
description, as long as we remember that cach pair of letters
represents a pair of allcles located at definite, identical points on
a pair of homologous cliromosomes.

There is no necd for us to continuc this analysis for more than
2 pairs of alleles in 2 pairs of chromosomes, With pencil and
paper the reader can casily convince himself that 8 pairs of
chromosomes can be arranged on the equator of the reduetion
division figure in 4 different ways, so that division will produce
8 types of gametes. Actually this was illustrated previously in
Tig. 16 for 4 pairs of chromosomes (sce pp. 46, 47). How far
can we go with this kind of analysis of polyhybridism (polys =
many)?  Obviously, no more pairs of alleles can be traced in
this way than the number of pairs of chromosomes. Man, for
example, has 48 chr or 24 pairs; only 24 pairs of alleles
could follow the rules we have so far studicd. But no one can
think that man has a mere 24 hereditary units; the number of
his genes must be vastly greater. A complication cnters the
picture, to which we devote the following chapter, where the
chiromosomes, the carriers of the Mendelizing genes, will be
even more prominent and will afford dramatic insight into the
mechanisms of heredity,
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Linkage

At the end of the last chapter we noted that, 1f Mendelian
segregation is Dased upon the location of the pairs of alleles
wathin chromosomes and upon assortment of the chromosomes
1n the reduction division and if, further, independently Mendeliz-
ing genes are located in different chromosome yaix's, it io}\ows
that there can be no more independently segregating pairs .of
alleles in an organism than its number of chromosome pairs.
But this certanly cannot mean that the organism has no more
genies than half wts normal number of chromosomes. Hundreds
of allele pairs are known 1 man, though he has but 24 chrmfm-
some pairs; in the hitle fruit fiy so much favored by geneticists
almost 1000 have been found, though it has ouly 4 pairs of
chromosomes  In all adequately stucied plants and animals—
gumnea pigs, rabbits, rats, mice, chickens, certain wasps, corn,
Sweet peas, d certain molds~many more pairs of
alleles have been described than there are chromosome paus.
The 1

is ble that each ch
numbers of genes.

contains

Many genes in one chromosome

What does this mean for Mendelian heredity? A very rough
analogy can be drawn between vehicles and chromosomes carry-
ing genes. AWl the genes in any one chromosome must travel
with the ch b it goes, The signifi move-
menits of these sehicles are those seen in the maturation divisions,
which are for M All these
fenes must thus remain together—as long as there is no possi-
bility of thewr leaving, the vehicle—and amve together in the
gimetes and fertidized egg  In other words, these genes will
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Mendelize, segregating as a unit, just as though there were only
a single pair of alleles with many different effects. Therefore, 2
single 8 : 1 ratio in F: for all of them together appears. In tech.
nical terms, all the genes within a single chromosome would be
completely linked, inherited as a single package.

Parents

~ ‘
F, Hybrid

+
The 4 Fertihzations

Fic. 82. Behavior of linked genes within a single pair of cliromosomes after
crossing & forms differing In hohed pairs of alleles  Three pairs of allcles
linked in the same pair of chromosomes are assumed: nommal wings V3.
curved wings, mathed by bhick vs white bar; normal logs vs. bow lege,
marked by black V and white V, respectively; and red eyes vs. purple e3¢s,
marked by Dlick vs. white dot. The first row shows cells of parents; the
second row, the hybrid cell. The third row represents the gametes of the
hybrid; and the List row, the 4 possible fertilizations  (Chromosomes are
drawn diagrammatically as in Fig. 81, not as they look in Drosophiln}

Let us take an example from the genctics of the fruit By,
Drosophila melanogaster, which we shall use as a test organism
in much of this chapter. Among its many known allcles are the
following pairs: (1) Normally stretched wings vs. curved wings;
normat is dominant over curved, and segregation in the Fa of &
cross gives 8 normal : 1 curved.  (2) Normal legs vs. bowlegs;
normal is again dominant; in the Fy, 3 normal ;1 bowlegged
appear.  (8) Normal red eyes vs. purple eyes; red is dominant,
and the Fa scgregates mto 8 red @ 1 purple.  These 3 factors can
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arately, each Mendeliziop, as we have seen, in fhe
ﬁ:'g Butywe can also find flies having all 3 aberrant traits:
curved wings, bowlegs, purple eyes. We may cross such a fly
with a normal one, having normal wings, legs, and eyes—called,
because Bies in nature usually show these normal traits, the wild
type. "The Fy 13 the wild type, for all the normal characters are
domizant. 1€ the 3 pairs of characters are based upon 3 pairs
of alleles focated on different chromosomes, we expect (as de-
med above) in the Fy the segregation of 8 types in the ratio
97:9.9:9.8:3:3:1, What we actually obtain, upon
Dreeding the Fa, is almost {this “aimost” will be explained soon)
an ordinary 3+ 1 ratio for wild vs. eurved-bow-purple. In other
words, the 3 pairs of alleles are linked, they remain together.
Despite this fact, thewr separate existence proves conclusively that
they are 3 different allelic pairs and not merely different expres-
sions of a single gene. We conclude that the 3 pairs of alleles
are located in the same pair of chromasomes. What happens is
shown fn Fig, 32, different marks being used for the genes, as
explained in the legend. The first row shows the parental cells,
the second, the hybrid cells; the third, the gametes of the hyhrid;
and the fourth, the 4 possible combinations 1n fertilization.

Tests for linkage groups in different chromosomes

The hiokage of all genes located in the same chromosome leads
fo 2n interesting problem. Suppose that we ¥now hundreds of
paus of alleles in some organism, each segregating in conven-
tonal Mendelian fashion when tested in a breedwg experiment,
Now take an individua) baviog a c 2
be, based upon a homozygous gene A4, oross it with a
hasing the known gene B, alsa homozygous or BB, A
uot alleles (the allele of A would be o
but are different genes,

this may
specimen
and B are
that of B would be b)
though we do not yet know whether they
are located in the same or defferent chromosomes, This question

we can answer when we have the progeny of such a cross and
the F, ansing from t.

Test made with dominant genes

At tus point the beginner in i
genetics may find himself 3
trouble, What ts the Fy of the cross of the two homozygo::;



Hominants AA X BB? In terms of chromosomes, 4 is a section
of a chromosome and B is another section; these segments we
call the genes A and B. The AA individual does not eshibit the
character B, so it does not have the dominant allele B. Neverthe-
less, the section of a chromosome which is the gene B in the BB
individual must also be present in the AA individual as a chromo-
somal section which, however, is not B. This means that under
the microscope we see in both cases the same sections. But in
the BB individual the section, the gene, is chemically (or other-
wise) so changed that it produces the effect described as B (say,
rough hair), whereas in the AA individual it is not changed
(normal hair), is not B. Normal hair if contrasted with rough
hair (B) is its recessive condition. Hence, the scction that is
B in the rough-haired animal’s chromosome must be represcated
in the smooth-haired black guinea pig by the recessive allcle of
B. In the description we mercly omitted reference to the smooth
hair of the black animal, for smooth is the usual condition. For
a complete description one should have written black, not rough
(i.e., smooth), and rough, not black (i.c., wild-type color). The
cross was not AA X BB but AAbD X aaBB, cach parent having
recessives corresponding to the d ts of the other, It is
of the greatest importance that the reader understands clearly
these statements. This entire chapter requires attentive reading,
though the facts are rather simple.

Now we are ready to continue the analysis of the positional
relations of a large number of known pairs of alleles. We cross
a fruit fly containing A4, ie., a dominant gene different from
the wild type, with one containing BB, ie., another, different
Jominant: in Mendelian symbols, AAbD X aaBB. Two possi-
bilities are evident; (1) A and B are located in 2 dilercnt
pairs of chromosomes; if so, segregation for the Fy will yield the
ratio typical for 2 independent pairs of alleles, 9:8:8: L
or (2) A and B are located in the same pair of chromosomes;

they are linked. In this case the cross is %;—; X Sg. Fy thercfore

. Ab . Ab  Ab . aB
is and in F; segregate 1771 20 15 de, 14 of the 2
parental forms and 3; with both dominants. (We remember
that in this way of writing the line separates the 2 homologous

chromosomes, 1 above 1 below the ling.)  Thus the Fz result of
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4 each of the parental forms and %, with bath dominants proves
the location of the 2 domnants in the same chromasome.
Since we are working with fruit dies, we mow that 4 pairs of
3 are availlable, P Jing with the experiment,
e determine the sesults of all possible crosses between 2 dif~
fesent genetic types. 1f we have at our disposal the types AA,
BB, CC, DD, ¢te. {meaning different distinguishable dominant
trarts ke Lobed eyes, Curly wings, Bar eyes, short Bristles, Eye-
less head, etc.), we make the crosses AA X BB, 44X ce,
AAX DD, BBX CC, BB X DD, CC X DD, etc. ‘Whenever
we obtain in the ¥ a segregation into the phenotypes (A and
B naw describing the phenotype, not the gene) 9AB : 84 1 3B ¢
1ab, we can be confident that A and B are Jocated in different
h And wh the F; phenotypic ratio is (nearly)
14 : 2AB : 1B, we can conclude that the 2 genes A and B (or
Band C, ete.} are located in the same pais of chromosomes, We
can continue to test hundreds of known genes. The cumulative
result will be like this:

1 Testing A X B Fyostio1°251
2 Testiog AXC Fyratio 03 N
L Tetng A X B Pyt
4 Testiog C X 0 Fyratio9:
3 Testing 4 X £ Fyratio 9+
8 Testing C X £ Fyradod:
7 Testing 4 X F Fymalio8*
S Tetng DX F Frratod.
® Testiig A X G Faratwo® .
10 Testng € X G Feratiod»
N Teaug B X G Fyntos-

e,

A, B in same chromosote

A, € 1 &fferent Chromosomes
A, D s dsflerent chromosomes
C, D in different chromaosomes
A, E1n &fferent chromosomes
&, &in syme chrotsasame

A, F in &:fferent chromosomes
D, F m sawme chrotosome:

A, G in dfferent chromosomes
C, G wm different (hromosomes
B, G w &fferent chromosomes

o)

Test made with recessive genes

Before we contiaue this analysis it should be emgphasized
that the result would not be different in punaple if the char-
acters with which we were desling were recessives. In the
example mentomed 5 short time ago, pamely, wing,
€ye characters of the frut fiy (Fig 82), .
notmal or wild type, namely,

Jeg, and
> the types dufferent from
curved wing, bowleg, and purple
c)c;\wue recesswes, the normal condition being domin‘:u:pin
®3ch case. Let us assume that we have some such recessive

trauts, ag, bb, c¢ -+, and that 1 §s unknown whether they are



located in one or in different chromosomes. ‘Thus we cross aa
with bb and breed an F2. We remember that a recessive gone
must be homozygous to produce the visible effect. The one
form which shows a but not b is therefore homozygous for o but
not for b, and, similarly, the other one is homozygous for b but
not for a. Not homozygous for b may mean heterozygous for
b (Bb) or homozygous for the normal dominant BB. Let vs
assume, for simplicity’s sake, that the form aa is a homozygous
BB, i.e., normal for B, and let us assume the same condition for
the form Db, i.c,, that it is homozygous AA, Thus our two forms,
visibly aa and bb, are really genetically aaBB and AAbL. It A
and B arc located in the same chr , this ch

contains aB in one and Ab in the other form, the hybrid is

%g, and in Fp we shall find the segregation into 1%’ l%—g, and

2%%. The first two are the parental phenatypes aa and bb;
the last ones are normals, as hoth dominants A and B are present.
The segregation is therefore into the phenotypes—1 6, 2 normals,
and 1b, If however, @ and b are located in different chromo-
somes, the Fy cross is gg X ,%I,Il' the Fy flies are %g—. and the
F; segregates in the typical dihybrid way into 9 phenotypes
with AB (ie, normals), 3 phenotypes with aa homozygous {i¢.
shawing the @ character), 8 with bb homozygous showing the b
character, and 1 aabb shawing both recessives.  Thus the alterna-
tive, same or different chromosome is decided in the case 9( a
recessive trait just as in the dominant case by the scgregations
1:2:10r9:8:3: 1L

Interpretation

How are these data to be interprcted? Cross 1 in the tabula-
tion on p. 109 proves that A and B are in the same chromosome
pair, which we may arbitrarily label chromosome 1, defined as
the pair containing genes A and B. Cross 2 shows that C Is not
in chromosome I but in another, which we may eall chramosome
1I. According to No. 6, the gene E is located on this same
chromasome. Cross 8 proves that gene D is not on the same
chromosome as A, the first chromosome; nor is I on chromo-
some 11 {cross 4), we assign 1t o chromosome 1L The gene F,
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when tested (cross 7), i found not to be linked to A, though it
is linked with D7 (cross 8). In cress 9 we find gene G to be
independent of A; No. 10 shows that G i vot Yinked to C; and
2 third cross {No. 11) excludes it from the chromosome contain-
ing D. Thus G, sinee it is not on chromosome 1 or 1Y or 111, must
be placed on a chromosome . We amve, at length, at this
arrangement:

Chromosome 1 S ity w
A [ D G
B E F

We can now predict, and verify by crosses, that however many
more genes, dominant or ive, of Drosophila
a species with 4 pairs of chromosomes,

we test in this way, we

I Jie

X X X Y
Fic. 33, The chromosome sets of !;mn!e and male Drosophule melanogaster
elg
s;x::lnbc t’x)b‘e ;o’ lal;ate them on chromosome I, 11, III, or IV,
umber of linkage groups is cxactl, 2 as the .
o ;m" oo ke & py is cxactly the same as the number
igure 33 depicts the 8 chromosomes, ran,
| , ranged 1n pairs, i
!3“ { l‘he difference between the sexes will be studigdlin :flgtl:-
olnxs’o::x;; d’fé\: l}; itself appears in Fig 84 The chromosomes
ously T in s1ze, ene pawr being very small. C
l‘r:cg\zs.s :n the testing of several hundsed genes only aofre!\evs pc:mllq;
zned 10 one of the chromosomes. Thus, called the iou‘:th
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chromosome, was clearly the very small chromosome identified
under the microscope. Here was powerful verification of the
chromosome theory of heredity!

Since these pioneering studies many species of organisms with
diverse chromosome numbers have been similarly evamined.
Thus, there are Drosophila species with 8, 4, and § pairs of
chromosomes; in every case the number of linkage groups has
been shown to equal the number of chromosome pairs.  Maize,

Fic. 34. Female and male of Drosophila melanogaster.

with 10 pairs of chromosomes, has proved to have 10 linkage
groups. Snapdragons have 7 pairs of chromosomes and 7 linkage
groups. Where the number of cl is large it 1

more difficult to determine all the linkage groups. Much time
and enormous labor will be needed before the results of the
Drosaphila and corn studies arc matched in man, who lms.ﬁl
pairs of chromosomes and for whom, experimentation being
impracticable, the geneticist must rely upon complicated mathe-
matical methods for testing for linkage of such genes as happen
to be picked up in particular pedigrees.

The order of genes within the chromosome

1t is thus clear that each chromosome contains a number of
linked genes. Chromosomes, when they are not cnn!mclc'd into
rods and dots, are threadlike bodies, and their duplication in cy“
division js always by what looks like a longitudinal, lengthwise
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splt. Soon after the true facts of cell division became known,
some heen thinkers (Roux, Weismann) realized that genes {then
called determiners) must be arranged in a row along the chromo-
some if they are to be divided or reproduced simultaneous\'y stnd
equally when the ct is dupficated. This

was enturely logical, but experimental proof was still needed.
As a matter of fact, the linear arrangement of genes on chromo-
somes was generally accepted even before the 1ise of modern
gevetics. But an added problem appeared as some jnvestigators
began to wonder whether the genes occupy definite positions
along the chromosomes. The reader will zemember that evi-
dence was presented Jocating the Mendehzing factars on homo-
logous chromosomes and that it was implictly asswmed that
defimte positions of the genes is o fact. This must now be
proved. Proof will be obtained by following experiments of
T. H. Morgan and his collaborators, who transformed a reason-
able assumption arrived at by logical analysis into an experi-
mentally d d fact of great signifi

The double backeross

To understand these experiments we must go back once more
to the simple Mendelian ratios, We previously studied the Men-
deluan backeross, noting its importance in analyzng human
heredity, but 1ts importance as a general tool in gevetic analysis
bas no! yet been discussed. Actually the backeross is a basie
method in the study of hinkage, as well as of many other prob-
lems. Now Inkage must dea} with a minimum of 2 pairs of al-
l‘e'!es fn:‘\he‘ same chromosome paur; for this purpose the simple

& {Aa X aa prods Y A, Y, ao) is obvi-
a We must, therefore, examine a back i
solving, Brst of all, 2 independent paiss of alleles,

Let us use a famibar example, the cxoss of black shost-haired
with white long-haired guinea pigs  The Fy from this mating is
Black short hared, these being the 2 dominant charatters. This
:llybnd is backerossed by breeding to the double recessive parent,

he long-hawed white: BbSs X bbss. As we expect, the hybrid
mws 4 Minds of gametes in equal proportions: BS, Bs, bS, bs.
u c‘ of these can be fertilized by (or fertilize) the gametes of

\e WmoTygous tecessive parent, Ml of which carry bs, Th
result bs, elearly, 4 combinations~BSbs, Bsbs, bSbs, bsb:~ix.\ eq“;;
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chromosome, was clearly the very small chromosome identified
under the microscope. Here was powerful verification of the
chromosome theory of heredity!

Since these pioneering studies many species of organisms with
diverse chromosome numbers have been similarly examined.
Thus, there are Drosophila species with 8, 4, and 5 pairs of
chromosomes; in every case the pumber of linkage groups has
been shown to equal the number of chromosome pairs.  Maize,

Fic. 84. Female and male of Drosophila melanogaster,

with 10 pairs of chromosomes, has proved to have 10 lf'nlagc
groups. Snapdragons have 7 pairs of chromosomes and 7 linkage
groups. Where the number of chromosomes is large it becomes
more difficult to determine all the linkage groups. Much time
and enormous labor will be needed before the results of the
Drosophila and corn studics are matched in man, who has 1
pairs of chromosomes and for whom, ecxperimentation being
impracticable, the geneticist must rely upon complicated mathe-
matical methods for testing for linkage of such genes as happen
to be picked up in particular pedigrees.

The order of genes within the chromosome

1t is thus clear that cach ehromosome contains a number of
linked genes, Chromosomes, when they are not mntrx‘wtod into
rods and dots, are threadhike bodies, and their duplication In c'(‘“
division fs always by what looks like a longitudinal, lengthwise
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individuals fell into
0od. In these fly crosses, most of the RF; fndivi
:the expected classes, equal progortions of the phenotypes AB

ab .
and ab {genotypically i‘—-g audﬁ). But a certain number‘of. the
progeny had the 2 unexgected and, for linkage, non-permissible,

. A
combinations, the phenotypes Ab and aB (genotypically @&

and %—BS), the ¢ aberrant classes appearing in equal rwmbers.

Lintage had heen broken in a defimte percentage of cases,

Break of linkage or crossing over

Let us consider an actual example of linkage apd breakage of
linkage, involving recessive traits. We shall use the genes for
2 Mendelizing traits, genes which, from hnkage expesiments of
the type already described, were known to be on the so-called
second chromosome of Drosophila {one of the large paits in Fig.
31}, One is a yecessive allele cavsing black body color {); its
domunant (B} controls the so-called wild-4type, yellowish brown
Dody with black cross bands, giving a graysh impression when
seen ata hittle distance. The second gene, v, also recessive, re-
duces the wings to small stumps, called vestigial wings: its domi-
nant allele Vi stands for normal,

At this pamt another simplifying symbol can be introduced.
One of the alieles of a pair typically eontrols the normal char-
actey of the fly, rabbit, mouse, or other organism we are using.
e can denote any and all such genes controlling the normal or

wild type by + (plus). Thus, % would be the same as Bb in

our previous notation, and vi is the same as %g. 1f many wild-
tpe genes are considered sumultaneously and it is necessary to
male cl]car which particular one is meant in a specific case, we
use +* or 4% for the normat allele of & or vg,

respeatively. A
By homozy gous for both the secand chromosa o i

4 me secessives listed
T}

above would be B—;‘E; the homozygous wild-type fiy, £F o
PO + 4 M
e the Fy hybnd, s As 1 other notations, the frachon
indicates a pair of homologous chromosotnes.



numbers, a ratio of 1:1:1: 1 Phenotypically the first type
exhibits the dominant traits, black and short; the second, domi-
nant black with recessive long; the third, dominant shart with
recessive white; and the fourth, the 2 recessives white and long.
These 4 phenotypes thus directly paralicl and refiect in their
visible characters the genotypes of the gametes of the Fy hybrid,
Thus we have the 4 types of gametes {(and, in parentheses, the
4 phenotypes from the backeross): B{black) S{short); B(black)
s(long); b(white) S(short); b(white) s(long). From the
phenotypes segregating in a backeross we can read the genie
composition of the gametes of the hybrid, as the Jast enumera.
tion should make abundantly clear. Morcover, the fact that the
phenotypes appeared in equal numbers (ratio of 1:1:1:1)
praves that the corresponding types of gametes were produced
in equal nombers.  Had the experiment given us, say, 7 black-
short: 1 black-long : I white-short : 7 white-Jong, we could
therefore, legitimately conclude that the hybrid had produced
7 times as many gametes carrying BS or bs as gametes with Bs or
1S. Backerossing the hetcrozygote (the hybrid) to the homo-
zygous recessive tells us the relative numbers, as well as the
2ypes of gametes involved,

We arc now in a position to sec that linked genes would give
us similar results. For the genes A and B, representing any suit-
able characters, located on the same chromosome (s is ndi
cated by writing them as a single fraction) the bachceross ex-
periment would run ps follows:

%IZ% (the double heterozygote) x :zll[f (the doublo reeessive)

1AB 1abf, AR AR _ab _ab
O kA

These results clearly mean that the hybrid formed only the
gametes AB (linked) and ¢b (linked), in equal numbers, How-
ever, when such a backeross evperiment was actually carried ont
in Drosophila with £ pairs of alleles known to be on the same
chromosome, quite surprising resulls were obtained {his s what
has been repeatedly alluded to as the “special features™ of Tinke
age). Similar findings had, indeed, previously resulted from
studies with sweet peas, without their being properly under-
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Fic. 35, Diagram of the hackeross of a male, himself the offspring of a
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vepeeseoted  Black indicates the normal chromosome (B and Vg); white,
the chmmowme containing the 2 mutant alleles b and cg  (Thisd row)
Celh of the hybaids, (fourth souc} the hybrid male to be backerossed to the
wute dovtle tecowhve parenta) type, {fith row) sex cells of the hybnd,
{stath 1010} the 2 types of ferthzation and the resulting 2 backeross types



Now let us backcross a phenotypically black vestigial, geno-
typically doubly homozygous female to an Fy male, pheno-
typically wild type and genotypically heterozygous for both of
these genes. In symbols the cross is (note the customary prac-
tice of listing the female parent first)

by ok
brg by

The backeross progeny include, as we expect where linkage is
complete, equal numbers of the parental types, normal and
black-vestigial, or

1o 14+

Ebrg' 2 bry

Figure 85 illustrates the cross and progeny in terms of chromo-
somes, and the old notation of capital letters for the dominant
wild type is still used in this and the following figures. In the
first row are the parents—normal female and black vestigial male
—and, below them, their mature sex cells with only the second
i drawn, containing the linked black and vestigial
genes and their normal alleles.  The chromosome containing the
normal genes is drawn black; the one with the recessives, white.
The third row depicts cells of the Fy hybrid. The next row
pictures the flics used for the backeross, the double recessive
female and F; male. Below them are their mature gametes, of
which 2 types are produced by the hybrid. Arrows indicate the
2 possible kinds of fertilization, Resulting progeny are shown
in the bottom row: equal proportions of the 2 parental types.
Although only one sex is drawn, an equal number of the other
sex occurs.  Half the individuals of both sexes are black-vestigial;
half are wild type. Linkage of the 2 genes within the chromo-
some is, in fact, complete in this case,
When, however, a comparable bacheross was made, this time
with an Fy female instead of a male, giving

by o bw
+ + bey

a quite different result was obtained.  As in the preceding experd
ment, the majority of the offspring were of the parental types,
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Now let us backeross a phenotypically black vestigial, geno-
typically doubly homozygous female to an Fy male, pheno-
typically wild type and genotypically heterozygous for both of
these genes. In symbols the cross is (note the customary prac-
tice of listing the female parent first)

bry + +
bT'g X by

The backeross progeny include, as we expect where linkage is
complete, equal numbers of the parental types, normal and
black-vestigial, or
lbrg 14+
2 brg' 2 by

Figure 85 illustrates the cross and progeny in terms of chromo-
somes, and the old notation of capital letters for the dominant
wild type is still used in this and the following figures. In the
Girst yow are the parents—normal female and black vestigial male
—and, below them, their mature sex cells with only the sccond
chromosome drawn, containing the linked black and vestigial
genes and their normal alleles. The chromosome containing Shc
normal genes is drawn black; the one with the recessives, white.
The third row depicts cells of the Fy hybrid. The next row
pictures the flics used for the backeross, the double recessive
female and Fy male. Below them are their mature gametes, of
which 2 types are produced by the hybrid, Arrows indicate the
2 possible kinds of fertilization. Resulting progeny arc shown
in the bottom row: equal proportions of the 2 parental types.
Although only one sex is drawn, an equal number of the other
sex ocours. Half the individuals of both sexes are black-vestigial:
half are wild type. Linkage of the 2 genes within the chromo-
some is, in fact, complete in this ease.

When, however, a comparable backeross was made, this time
with an F; female instead of a male, giving

by o be
+ + beg

a quite different result was obtained.  As in the preceding experi-
ment, the majority of the offspring were of the parental types,
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black-vestigial and normal; but, in addition, the unexpected and
illegitimate types, black-not vestigial and not black-vestigial,
appeared. Linkage between black and vestigial had here been
broken, and the 2 pairs of alleles behaved in a part of the off-
spring as though they were located in different chromosomes.
Such breakage was, be it noted, incomplete, for the number of
unexpected types was smaller than the total of cxpected ones.
Linkage had been incomplete, had been broken jn the hetero-
zygous female, though it was not broken in the heterozygous
male, Figure 36 presents this case in a diagram (see legend).

At this juncture it must be stressed that this difference bebween
heterozygous female and heterozygous male as to whether link-
age is complete is a special feature of Drosophila and definitely
not a general phenomenon, For the discussion we could wel-
come the diffesence, for it permits describing complete linkage
and breakage of linkage in so-called reciproeal backerosses, dif-
fering only in the sex of the heterozygous individual, This prop-
erty of Drosophila contributed in some way to the original dis-
covery of this phenomenon, simplifying its analysis. There are,
however, plant and animal species in which breakage of linkage
occurs only during gamete formation in males, and there are
many other species in which such breakage occurs in both sexes;
the reason behind the existence of these different types, we must
frankly admit, is as yet quite unclear. In what follows we shall
restrict ourselves to the Drosophila type, | of its comy
tive simplicity.

It is by now readily scen that breakage of linkage must, in our
example, have involved some kind of exchange of genes be-
tween a pair of homologous chromosomes dunng gametogenesis
( = formation of gametes) in the heterozygous female. One of
the second chromosomes of this female contained the genes
BVg, its partner having beg. In order to produce the un-
expected backeross phenotypes black body-normal wings and
wild-type color-vestigial wings, the chromasome scgment con-
taining B must have “crossed over” to the segment of the homo-
logue containing vg, and the segment with b must have joined
with the segment of the partaer having Vg { This is indicated
in Fig, 86 in the row “Crossover Eggs.”) Thus the un('qn‘ctl‘:l.
the crossover gametes bearing the combinations B ez and LAY
could be formed, along with g having ¢} like
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over phenotypes {they appear 1 both seves, mn the drawing erther females
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black-vestigial and normal; but, in addition, the unevpeeted and
illegitimate types, black-not vestigia] and not black-vestigial,
appeared.  Linkage between black and vestigial had here been
broken, and the 2 pairs of alleles behaved in a part of the off-
spring as though they were located in different chromosomes.
Such breakage was, be it noted, incomplete, for the number of
unexpected types was smaller than the total of expected ones.
Linkage had been incomplete, had been broken in the hetero-
zygous female, though it was not broken in the heterozygous
male. Figurc 86 presents this casc in a diagram (sce legend),

At this juncture it must be stressed that this diffcrence between
heterozygous female and heterozygous male as to whether Tink
age is complete is a special feature of Drosophila and definitely
not & general ph on. For the di ion we could wel-
come the difference, far it permits deseribing complete linkage
and breakage of linkage in so-called reciprocal backerosses, dif-
fering only in the sex of the heterozygous individual. This prop-
erty of Drosophila contributed in some way to the original dis-
covery of this phenomenon, simplifying its analysis. There are,
however, plant and animal specis in which breakage of Jinkago
occurs only during gamete formation in males, and there are
many other species it which such breaknge occurs in hoth sexes;
the reason behind the existence of these different types, we must
frankly admit, is as yet quite unclear, In what follows we shall
restrict ourselves to the Drosophila type, because of its compara-
tive simplicity.

1t is by now readily scen that breakage of linkage must, in our
example, have fnvolved some kind of exchange of genes be-
tween a pair of homologous chromasomes during gametogenesis
( = formation of gametes) in the heterozygous female. One of
the sccond cliromosomes of this female contnined the genes
B Vg its partner having bog. In order to produce the un-
expected backeross phenotypes black body-normal wings and
wild-type color-vestigial wings, the chromosome segment eon-
taining B must have “crossed over” to the segment of the homo-
fogue containing vg, and the segment with & must have foined
with the scgment of the partner having Ve (This is indicated
in Fig. 36 in the row “Crossover Eggs ™) Thus the unvqwcn-:l.
the crossover gametes bearing the combinations Beg and VR
could be formed, along with gametes having chromosomes tike
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those of the parent female. The formation of two comple-
mentary kinds of unexpected gametes argues that crossing orer
~this is the technical term~results from an cxchange of material
between homologous chromosomes.

The crossover perceniage

In our experiment we found the unexpected types, the products
of crassing over in the second chromosomes of eggs of the hetero-
zygous female, only in smaller nurbers than the parental com-
binations; were genes in different chromosomes involved, we
should, of course, expect like numbers.  Of the RFy, 40.75% were
wild type (gray body-long wings), 40.75% were black-vestigial,
9.95% gray-vestigial, and 9.25% black-long-winged. Crossing
over or breakage of linkage was thus a relatively uncommon
occurrence,

In the introduction to this chapter we learned that in a e
cessive backeross the ratio of the phenotypes tells us directly the
ratio of types of gametes produced by the hybrid. From the
data in our example, therefore, we know that the hybrid formed
4 types of gametes with the freq ics: non-crossover gametes,
B Vg, 40.75%, and b vg, 40.75% crossover gamctes, B og, 9.25%,
and b Vg, 9.25¢. In sum, 18.5% of the gametes were crossoves
gametes. Further, whenever we repeat this same experiment
under the same conditions, we should find precisely this same
percentage of crossing over (both as to crossover gametes ond
backeross phenotypes) between the second chromosome genes
black and vestigial. This unformuty of results is, we shall see,
an important fact.

Another experiment will lead to further insight.  The foregoing
crosses were made between 2 hereditary strains so constituted
that 1 carried both dominants (normal color and wings), the
aother both recessives (black and vestigwl). Crossover indi-
viduals were therefore black-not vestigial and not black-testigial
But we can just as easily begin with 2 other stocks, 1 having black
body but long wings, the other gray body but vestigial wings,
like the crossover individuals of the preceding crosses, By cross
ing these 2 hereditary lines we shall obtam an Iy hybrid with

the sccond chromosomes gT—l,ﬁ Now when crossing over takes
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place between the 2 homologous chromosomes, the erossover
gametes will be b vg and B V. What were in the first exper-
ment the linked and expected combinations are here the unes-
pected ones involving breakage of linkage or crossing over, and
vice versa. \What about the frequencies of the 4 classes of prog-
eny, the 2 non-crossover classes black~not vestigial and vestigial
—not black, and the 2 crossover classes rormal and black-vestig-
ial? We shall find exactly the same frequency as in the preceding
experiment: §1.5% non-crossovers and 18.5% crossovers, irrespee
tive of the fact that what were non-crossover phenotypes in the
first experiment are here crossover phenotypes. In brief, the fre-
quency of crossing over is constant for the 2 pairs of alleles stud-
ied, and is wholly independent of whether 2 dominants, 1 domi-
nant and 1 recessive, or any other combination occurs in a par-
ticular chr . Ther age of crossing over in a double
heterozygote is a fived property of the 2 genes located on a ghen
chromosome.  Figure §7 illustrates this experiment, paralleling
Fig. 86 for the first experiment,

The evident nest step in this analysis is to determine the cross-
over values between other gene couples known, from experiments
of the hind previously described, to be located on the same
chromosome.  All such tests give the same sort of segregation in
backerosses, a majority of progeny being non-crossovers, half of
this group with cach original combination of linked genes, and a
smaller number being erossovers, half of these with cach of the
2 possible changed combinations. Morcover, the frequency of
crossing over is always typical of the genes used, though vot the
same as in our experiment.  Thus, 2 genes, call them a and b, in
the first chromosome always give 3% crossovers; the genes m
and n in the third chromosome give 12%, ete.  The crossover vale
ues for a given couple of genes may be anywhere from 19
(occasionally less) to 50% (note that 50% crossing over would lead
to the same results as free recombimnation, a gametic ratio of
1:1:1:1).

Crossing over and map distance
What Jies behind these facts?  The answer to this question was
discovered by thinking out what could he happening In the
chromasomes when the exchange of genes occurs.  Two possi-
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homologous chromusomes, tumed out to be correct, anﬂ s
suce been shown to be a denwnstrahle. fact, The details 31:
byt more complicated than has been wdicated, and for an un ert:
standing of advanced genetics such details are very unpn‘rmfn
But for this elementary presentation 1 shall avoid any possibility
of confusing the reader by sunply sheking to the essential facts
ueeded to grasp the relation of geves and chromosomes, merely
noting that matters are bemg somewhat simplified. What ha})‘
pens 1 crossing over, in this wmplified scheme, 15 shown by Fig.
88, A parr of chromososmes is drawn in synapsis; that from one
parent of the hybnd is black, and has the dominant alleles A and
B, that from the other parent is whnte, with the recessive alleles
aand b, The 2 homalogues then twist about one another, form-
ing a chiasma, and subsequently break, possibly as a result of
the torsion.  After breakage the broken ends remite, but in the
“wrong” way, so that each chromosome bas exchanged a black
for a white segment. The segments, of course, contain genes;
thus the cxossed-over chromosomes are marked by the gene
combinations Ab and gB: Crassing over, thus, is seen to be an
exchange of chy o between homalogues, the
break occurring between the loct of the 2 pairs of alleles which,
m effect, Yabel the sectrons of chromosomes, {May T repeat
that the details sre 2 htle mave compheated and hunt at this
occasion that the amutted pk explains the ity of
2 maturation dwvisions?)

191



Let us look further at this matter of the point of breakage of
the chromosome. In Fig. 88 this point lies at the middle of the
chromosome. There is no apparent reason why it should actually
occur there in preference to any other spot along the chromo-
some. Indecd, microscopic investigation reveals that chiasmata,
which somchow reflect the locus of breakage, appear at many
different positions along the clongated, threadlike chromosomes,
From such observations it was concluded that the point at which
a break occurs is a matter of chance. If genes have specific posi-

A s a A [} 4 e a4
B 5 B s B 13 B b
Fic, 88. Simplified ion of evchange of chro 1 segments

between & pair of homelogous chromosomes via chiasma formation and

crossing over between the pairs of alleles Ag and Bb.  (The et process

is more complicated, but the details are not needed for the understanding
of the simplest facts.)

tions, definite loci on a chromasome, a break should be more
probable between 2 genes which are apart than between S genes
close together, provided only that the likelihood of breakage at
every point on the chromosome is the same as for breakage at all
ather points. Assume, merely to visualize this situation, that
along a chromosome are 100 equally spaced points at which
breakage can take place. IF 1 gene Hes between points 20 and
21 and a second between points 50 and 51, there are 80 possi-
bilities out of 100 for a break between them; in other words, the
probability that a break on this chromosome will come hetween
the 2 genes is 807 In contrast, if 1 gene is located between
poiats 20 and 21 and the other between points 22 and 23 there
are only £ chances in 100 of a break between them, or the prob-
ability of such a break is only 2%, The converse is also true, if
the actual number of breaks, the number of crossovers between
2 pairs of alleles, Is known, we can from that information deter-
mine what distance on the chromesome scparates the 2 genes.
1f experimental test finds 307 crossovers between genes 4 and B
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but ocly 28 between C and D, it foliows that A and B gre 15
fimes as for apart as axe C and D, Grossover {requencics are @
measure of the distance separating 2 genes on @ chr.amasome.
always assuming equal chance of breakage at any point. Coti~
firmation arises from the constancy of crossover values for any
2 given genes on a particular chromosome, a3 sho\\{n by repeated
expetiments. Demonstration thus proves the ogieat deduction
of eartier thinkers. Genes do occupy definite positions on the
chromosomes.

The measure of distance between 2 genes in terms of cross-
over percentages is clearly not an absolute one. We could not
express such distance as 30 centimeters or millimeters or microns
In our description we assumed 100 breaking points merely to be
able to express the probability for a particolar break in terms
of percentages  All measurements teally vest upon arbitrary but
useful scales. Centigrade degrecs are obtained by dividing the ex-
pansion of a mercury colurmn from the freezing poist to the boil-
ing point of water into 100 sections; the meter is 1/40,000,000th
of the circumference of the earth along the meridian through the
poles 1n a similar fashion, the umt for determining spacing of
geves along chromosomes was aken to be 1% crossing over. In
tis way the Plack and vestigral loci, the sites of e black and
vestigial genes an the second chromosome of Drosophile melano-
guster, were determined to be 185 units apart.

Mapping the entire chromosome

A tyossover experiment with 2 genes gives us information on
the distance separating them, but it tells nothing about whether
the 2 ave near ane end of the chromosome, near the smiddle, ete.
How is localizatron to be made mare precise? We may continue
to consider the problem of the positions of black and vestigial
op the second ok of Drosop! Experi deter-
minmg comparalile localizations of genes turned up another re-
cessive on the second chromosome, a factor changing eye color
From the nommal red to purple. A tymeal backeross crossover
test was then made for the 2 genes black and purple;

over was found, and the distance Plack-purgle dete
units,

6% crossing

Troined as §
Next a crossover test was carned out with vestigial and

purple, this gave a distance for vestigial-purple of 125 upits,
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Since the distance black-vestigial was already known to be 185
units, the purple locus must be between black and vestigial, thus:

»
6 4 125 ¥

185

A fourth gene in the second chromosome was found to change
eye shape from the normal roundness to an irregular bean shape;
it was called Lobe (L) and was dominant to the wild-type
allele I Lobe in crossover experiments with black proved to be
23.5 units from black; similar experiments with Lobe and purple
gave the distance between them as 17.5 units; and experiments
with Lobe and vestigial fived their distance at 5 units. The order
and spacing of the 4 loci on the chromosome must therefore be

o~

3
6 4 125 Ss

185

235

Other genes can be tested by the same method; they will be
found to lic between 2 genes previously localized, or to the left
of the first one, or to the right of the last one. A gene giving
8% crossovers with vg and 2% with Lobe must be located be-
tween the two. A gene giving 5% crossovers with Lobe but 107
with vestigial must be 5 units to the right of Lobe (285 units
from b beyond Lobie). One giving 4% crossovers with black and
10% with purple must be situated 4 units to the left of black. If
a large number of genes are available for testing, onc will
eventually tum up which in all combiuations lies farthest to the
left. This locus can then be taken as the zero point, and the
positions of all other genes rechoned by their distances from it.
When relatively full data were obtained for the second chromo-
some, for cxample, many genes were found to be left of black
up to a distance of 48.5 units; none could be shown to lie farther
left. In the Bnished map of this chromosome, then, hlack is
assigned the locus 48.5, this puts purple at 5.5, vestigial at 67,
and Lobe at 72 The other chromosomes of Drosophila have
been similarly mapped, so that cach known pair of allcles can
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Chromesomes
w
1 I b
107 - black det
105] brown eyes.

101} plesus veins. 101 - brght red eyes

gol- prickly bnsties

tobed eyes. 71} ebony color

vestygal wings

stubble tiawr

bar eyes
fohedbnstes 55} purple eyes
‘seafloped wings.
49} blatk body deformed eyes.
gamet eyes thin antennae

a1} ammed wings. L}

mimature wings

dachs legs 32} rotated abdomen

tan color harrless body
etwngs atnormal bristles

Javeln bristles.
1 cx0ss vein truncated wings

15| white eyey
OC yelow by thsarey ol mugeyetmtoe €T
Fic 99, Ach map of Drosophila mel

i only a

small part of the mutant loci  The names for the phenatypes are given fmt

always in the technical language but rather so as to convey an 1dea of the

sisible effect. The numbers correspond to the distances in crossover umts,
omitting decimals
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; 1t Tocation; for example, black (b) 2-4885 (the
e Bt by o entionaly cited fist, followed by tho
tocus}, and yellow (y} 1-00. Yellow is the locus at the extreme
Jelt end of the frst chromosome, Sueh chromosome maps, “"Eh
only a fraction of the known loci included, are represented in
Fig, 59, with descriptive names for the genes rather than those
found in genetic work. No reader will be surprised that the
observed lengths of the 4 chromosomes check with the lengths
of their genetic maps.

The critieal reader will recognize that these maps, hased as
they are on the assumption that crossover breaks otvur exactly
as frequently at one poiut on the chromosomes as at any other,
will reBect the true distance relations of loci only if this assump-
ton can be shown to be valid, If some sections of the chromo-
some break more readily than others, the positions of the Joci
vall be distorted from their real sites, though the order of loci
will be unchanged. We shall retun to this problem later on,
for we shalt find that there are methods for comparing actual
positions with those determined by crossover methods,

The chromosomes of many organisms have been mapped since
these toals were wtroduced. Some maps are impressively long
and well-filled, as those for various Drosophila species; others,
though further from l ate quite satisfactory, as for
maze (Fig 40); those for species like snapdragon and sweet
pea are useful buk much less detailed; and many, including those
{or most mammals, among them man, are only fragmentary. The
Berumely astonjshing thing, however, is that mapping has never
gﬁ:cfd any freakish results, despite the enormous number of

rical relahons which must tally precisely to prove the
g{mcme. Tt was a proud exhibit that the

y © encticists of Cornell
low in\res,ﬁgam 5 ;&gﬂ A the end of blage of their fel-
s in 1932, toward the en, :
devated ively to such probl o a‘pe‘nod of research

P of strains of
com zepresenting the many sets of alleles, grown i their due
and proper positions in beds simulating the sizes and shapes of
the chromosomes of Indisn coral
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e deserihed by its locabon; for example, black (b} 2-485 (the

i number is tonally cited first, followed by the
focus|, and yeliow (y) 1~00. Yellow is the locus at the extreme
Jeft end of the first chromosome.  Such chsomosome mags, with
only a fraction of the known loci included, are represented in
Fig, 29, with descriptive names for the genes rather than those
found in genetic work. No reader will be surprised that the
abserved lengths of the 4 chromesomes check with the lengths
of their genetic xnaps.

The erincal reader will recognize that these maps, based as
they are on the asswmption that crassover breaks oocut eactly
as frequently at one pont on the chromosomes as at any other,
will reflect the true distance relations of Joci only if this assump-
tion can be shown to be vahd. 1f some sections of the chromo-
some break more readily than others, the positions of the loci
will be distorted from their real sites, though the order of loci
will be unchanged. We shall refurn Yo this problem later on,
far we shall find that there are methods for comparing actual
positions with those d d by hod

The chromasomes of many organisms have been mapped since
these tools were introduced. Some maps are {mprestively long
and well-filled, as those for various Drosophula species; others,
though further from completon, are quite satisfactory, as for
maze (Fig, 40); thase for species like snapdragen and sweet
g:: :e useful but ruch less detasded; and many, including those

tost mammals, among them man, are only fragmentary. The
gentiinely astonushing thing, however, is that mapping has never
produced any freakish results, despite the enormous number of
pumenical yestions whch st tlly precisely 1o prove the
priciple, It wes 3?:2\13‘ e'xh\'mt Qla! the genfﬁcisls of Cornell
Y p \ lage of their fel.
’é’:"lxgsu@‘m in 1?:2, !u}\r:ud t!‘ze end Lof a period of research
com Y 1o suc] dreds of strains of
vepresentiog the many sets of alleles, grown in theis &
2ud proper positions in beds simulating the sizes and sha e
the clsomostmes of Indian cornl shapes of




Mutation

The knowledge of genctic and cytological facts acquired by
the reader up to this point makes it imperative to study now a
basie and important phenomenon heretofore pushed aside to
simplify our analysis. \We have constantly used for the various
problems of Mendelian inheritance crosses between strains, va
rictics differing in one or more pairs of Mendclian alleles. These
were referred to as horticultural varietics, strains, lnes, races,
cte., without offering any explanation of their origin. For ev
ample, it was stated that almost a thousand genie differences
are known in Drosophila. How did these reach the experis
menter’s Inboratory?  Were they somchow discovered in nature
and collected? Did they originate under the investigator's cyes?
Were they produced at willP

General information

In earlicr chapters reference was made to Darwin's theory of
evolution; it was pointed out that this cxplanation of evolution
as the result of sclection of lLereditary variants was, in part,
based upon the experience of the plant and animal breeder.
Darwin argued that the domesticated breeds of horses, dogs,
pigs, sweet peas, chrysanthemums, ete., must have been derived
by man from wild ancestors of these animals and plants, which
were domesticated and bred. Examination of the wild forms
probably ancestral to the domesticated types discloses that the
different wild species are rather uniform, without conspicuous
variation. Onc may think of the wolf, coyote, or fox as wild
species ancestral to dogs and compare the similarity of wolves
to the scores of extremely divergent breeds of dogs; or one may
contrast the uniformity of wild boars to the many breeds of
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e swine, How did this diversity origmntenafter domesti~
S:;::T( the wild ancestral forms? Darwin behe'vefi that t}{e
breeder created thus diversty by watching for variations in bis
focks, herds, and crop plants, then. selecting the most Pmm\smg
variants for breedmng and contipuing this selection until a stab}e
pew breed or line was established. In a gener:{l way D:.m?m
wasright, but we now better uaderstand the g of v
and selection, One aspect of the problem has been discussed
previously, where it was pointed out that variation can ‘be pro~
duced by the breeder hy crossing different races found in nature
or under domestication. The example concerned British and
Asintic pigs, the crosses resulting in Mendehian segregation, Sux.:h
a tng, Fa populaty pecially where many allelic dif-
fereuces are mvolved, clearly includes a very great deal of
vanshon. Selection from such a population, we saw, simply
means the isolation of new h g gene i
which become the new breed produced by the breeder. This
procedute we may call selection of vanants because the breeder
selected what Darwin called vanants, bred these, and repeated
the procedure until he obtamned the desired type. In the light
of present-day knowledge, he carried out a Mendelian recom-
biation experiment,

This, however, is only part of the story. It seems very un-
bkely that the bowlegs of the dachshund, piebald patterns of
cattle, Angora hair of dogs or guinea pigs, or abnormal jaws of
the bulldog or pug were collected from existing varieties and
crossed into the chosen ones. Daswin himself was well aware
that such hereditary traits appear occasionally as freaks, a5 it
wele, in one or a few ab 1 indwiduals in a letely
hamogeneous herd, flock, or flower bed, He also knew that these
sudden ar “single” vanstions—sports” the breeders called them

—smmedately bred true for the new character, He knew that
ig plants even a sin;

| gle twig or shoot, autgrowth of a solitary bud,
m{g}z! suddenly change its type (bud variation or bud sport) and
this new type breed true. His wellknown example was the

origin of the nectarine 2s 2 single bud variation on a peach tree,
The most Fxmous nstance of a

sport among domestic animals is
the Ancon {or Otter} sheep, 2 sheep with legs ke those of
dachshund, a trast that appeated in a single individual born in
 New England herd more than a ceutury agn. Bred to normal,
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Mutation

The knowledge of genetic and cytological facts acquired by
the reader up to this point makes it imperative to study now a
basic and important phenomenon herctofore pushed aside to
simplify our analysis. We have constantly used for the various
problems of Mendelian inheritance crosses between strains, va-
rieties differing in one or more pairs of Mendelian alleles, These
were referred to as horticultural varieties, strains, lines, races,
ete,, without offering any explanation of their origin, For ex-
ample, it was stated that almost a thousand genic differences
are known in Drosophila. How did these reach the evperi-
menter’s laboratoryP? Were they somchow discovered in nature
and collected? Did they originate under the investigator's cyes?
Were they produced at willp

General information

In earlier chapters reference was made to Darwin's theory of
evolution; it was pointed out that this explanation of evolution
as the result of sclection of hereditary variants was, in part,
based upon the experience of the plant and animal breeder.
Darwin argued that the domesticated breeds of horses, dogs,
pigs, sweet peas, chrysanthemums, cte., must have been derived
by man from wild ancestors of these animals and plants, which
were domesticated and bred. Examination of the wild forms
probably ancestral to the domesticated types discloses that the
different wild species are rather uniform, without conspicuous
variation. One may think of the wolf, coyote, or fov as wild
species ancestral to dogs and compare the similarity of wolves
to the scores of extremely divergent breeds of dogs; or one may
contrast the uniformity of wild boars to the many breeds of
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the new and changed geve, which we call the wutated gel:;, mg:t
necessanly start seproducing its lkeness. In otbe}' wo. e;}t e
change in the gene by mufation, the mutant geoe, is hereditary.
Cene mutation {msneditely produces a new hereditary ‘element.

Now let us connder Tntation in terms of Mendelmrf gene
theory. We may think, for example, of the Joeus, the point, on
2 11 in Drosophila which we d ined in the pre-
ceding chapter a5 the locus 47 2-67.0, This 15 a gene necessary
for the formation of a vormal wing, A wmutation at this locus
would change the gene inte a dufferent one which so controls
development that a vestigial wing appearss 4% has mutated to
g, further, since og is only a changed 4+, it foliows that 7
and og are alleles, different conditions of one and the same gene.
The same rules agply to all loci. A mutation produces an allele
of the mutated locws, and the pew mutant must show simple
Mendelon behavior when crossed to the original form.

This fasight at once answers the question which started this
discussion: How do the vanous strains used in our Mendelian
erpenments originate? The fact that each of them exhibits
simple Mendelian relations with the original wild type proves
that all originated by mutations  Vestigial was a recessive mu-
tant of jts wild-type allele at the proper locus; so were black,
parple, and all the others we mentioned. Lobe was 2 dominant
mutant at ity locus, All the 1000 dominant or recessive mutants
at different loci, used to establish the chromosome maps, simi-
Latly arose by mutation, What we previously lobeled strains
were actually individual mutants that had originated suddenly
13 been wsolated by the experimenter as true-breeding homo-
Zygotes,  Mutation Is the means whereby new hereditary types

e produced.

We have said that these matants were isclated by the experi-
menter; this deseriphion i related to a further interesting fact,
Tn every organssm the ehromosomes occur as paired homologues,
2of each kind. Each gene 1s therefore present as 2, Mutaton
cauld cerur in 1 or both, the frst making the individua) hetero-
Zygous and the second making it homozygous for the mutast
:hmfm. hhreahty mutatians ariginally occur 1 only 1 of the

in hets a -
a problem: How can the mutants b;bfuund, and MWTE;::X:Q\SI:S
proved that mutation hay actually taken place? Clearly, no dife:




the variant could be extracted in the Fa as what we know now
to be a Mendelian segregant. A breed of Ancon sheep was
therefore established, and it flourished for some years, for fam-
ers liked a sheep unable to leap over fences. Many stmilar,
though rare, occurrences had come to the attention of animal
breeders, sced growers, and horticulturists before the rising
science of genetics analyzed the phenomenon.

The terms “single variation™ and “sport” have disappeared from
our vocabulary, A hereditary change produced in a single step
is called 2 “mutant,” and the process producing a mutant is
“mutation.” Remembering the facts of Mendelian heredity and
its chromosomal basis, we may expect—and rightly so—that mota-
tion is a process affecting chromosomes and genes. We shall
restrict ourselves for the present to study of gene mutations,
though it is possible that a whole chromosome, or even more than
one, can change so that the product is 2 mutant.

Gene mutation

We have scen that at different and definite points on the
chromosomes there arc structures called genes, whatever this
name for a tiny chromosome segment, separable from its neigh-
bors by crossing over, may mean. Each gene must be in charge
of controlling or producing a chain of chemical Teactions which
in the end determines the visible character. It is here quictly
assumed that all the other genes simultancously carry out their
praper work and that the environment remains ever the same
(these ptions will be di d later). For the results of
2 Mendelian cross to be reproducible time after time these genes
must remain constant; this means that before each division of a
chromosome each gene must fashion jts own completo likeness.
We do not yet know how this process of self-duplication of the
gene s accomplished, but we are certain that it must always
take place. In view of these circumstances, we should expect
the hereditary nature of an organism to remain completely un-
changed, constant through all the generations. But if, as we
have just seen, changes occur by mutation, the new mutants
being th Ives hereditarily and invariable from their
first appearance, it is clear that mutation is a change within a
gene, perhaps an error at the time of sclf-duplication. Sincc_thc
gene repeatedly forms its own likeness at the time of duplication,
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such decision cam, in foct, be wode. But in plants a different
qtuation may exist. For we may be able to propagate the
changed portion as a eutting, and it may tum out (subject to
cestan features of plant Qevelopment) that Bowers, pollen, and
seeds will be formed from the aboormal patch. It an actual
mutation had originally occurred in the body cell, the new char
actet or—it is belter to say~the underlying mutant gene will be
irherited  Body cells are called somatic cells {soma = body),
25 contasted to the sex cells, We might therefore say that we
bad found a somatie mutation which could be propagated.  As
2 nule, however, the mutants we study originate in the sex cells,
1 2 dominant mutank appears 2t some locus before the matura-
twn diwisions, 2 of the mature gametes will contain it and, in
favorable ¢t e, with ful fertihizati e
pew mutant will appear in 2 individuals. But sex cells undergo
many dwisions before the reduction dwvisions. A mutant gene
appearing at an earlier time during this series of divisions wil}
therefore be distributed to a larger number of gametes, and a
conespondingly higher number of mutants will appesr among
the offspring. Mutations may also occur immediately before
fertilization, so that only a smgle mutant ndividual results.

. 4 recegsive mutant 1 2 somatic cell will not be evident if, as
is usufxl. only 1 of a pair of genes has mutated. Similasly, a
mutation 1 a sex cell will not be seen in the heterozygous off-
spang. If ondy 1 or 2 gametes contam the recessive mutant, it
may be lost of the gamete fails to fertlize or be ferblized. An
earlier mutation, producing many heterozygous gametes, affords
a better hkelthoad that @ number of ¥, individuals ’will be
?:::Zzz’lgwé, ﬂn{dhth;: indtum increases the probability that

umber ot haphazars & §
%]homuzyguus renegsive muE::‘s‘.‘%s some sf the B vl include
t i3 interesting to consider the chances for discoverin

mutints 1 man, A woman produtes about 500 fertilizable egggs

dunng her fertile years. Milli
e e ayy' s. Millions of sperm are produced by the

4 eggs and sperm cells umte for the
t:;xrc:ev:ln.nf‘;hddxen. The probability that mutants will be 1;2:
ved \‘so vs very shar, 1if mutations are rare events, and the
e ‘: r‘emvenng new recessive mutants after the mating of
- )é eterozygous individuals is stll slighter, Neverthele:

mber of rather reliable records of dominant mutants ::e;
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ficulties arise when dominant mutants ate involved. 1£ a type of
animal or plant, inbred for generations, preferably by brother.
sister matings or self-fertilization, remains true-breeding, the sud-
den appearance of one or a few new hereditary types indicates
a mutation. A cross to the original form may show the new form
to be a Mendelian dominant, which must be & mutant since the
dominant could not have been previously overlooked. Many
mutants have been isolated in just this way in practical and
experimental work.  But in the case of recessive mutants further
precautions are needed. We have already learned that a re-
cessive can be carried in heterozygous condition through many
g ions and b ifest only when 2 heterozygotes
chance to mate and the homozygote segregates out. Thus, the
appearance of what may look like a recessive mutant in a line
carried along without proper checks may in fact be the segrega-
tion of a recessive already present. Methods are available to
avoid this error. If brother-sister matings are continued for many
generations, the probability that recessives can remain hidden by
failing to meet another heterozygote at fertilization becomes
smaller and smaller; finally, the line can be judged free of hid-
den recessives. Morcaver, geneticists have devised some rather
complicated methods for removing all heterozygosity from all
chiomosomes, and such undoubtedly homozygous strains will
reveal recessive mutants reliably. Such precautions, however,
are necessary only when experiments aim at a study of mutak'ion
frequency. After all, any recessive allele must once upon a time
have originated as a mutant.

Mutation in sex and body cells

Let us look a little more decply into the origin of mutants. 1
mutants originate in 1 allele or a pair of alleles at any point on a
chromosome, it is safe to assume that mutation may occur In
any cell. We have previously noted the distinction between the
unbroken line of sex cells and the body. If a mutation occurs in
a body cell of an organism during development, the mutant
character, if dominant, will be visible in all cells derived from
the mutated one, and a patch or mosaie spot of different charac-
ter will be formed. But can we be sure that this is a mulnl‘ion
and not a chance effect, a purely phenotypical chamclcf' having
nothing to do with the chromosomes and genes? In animals no
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Some facts with beasing on different problems of genetics will
ed below. .

be(‘i"\l:lg aac; once more to the localization of the genes in the
chromosomes in Drosophila, we can now see that all the different
hereditary strains or types used were mutants. This wqu actually
began in the laboratory with the breeding of the wild type of
Drosophis, captured in the field. Each female fly in the breed-
ing bottles lays 200-300 eggs, and a pew generation ha\chesnat
25° C, every 10 days, thus not Yess than 1400 generations with
ioilions and milbons of fies have been bred smce Drosophila
besame the “guinea pig” of genetiasts. What this fgure means
can best be appreciated by contrasting it with the number of
geserations of man smee the dawn of history in Egypt—tess than
300 generations. From all those generations of Drosophila some
1000 mutants were isolated; nobody can say how many appeared,
except by caleulating from the total number of fhes studied in
alt laboratories in the world—a scarcely rebable figure. These
mutasts, 2 few of which are sketched in Fig. 41 {see legend),
affect all pants of the fy: color of eyes, body, hair; number and
presence or absence of pasticular brstles; length, shape, thick-
ness, stffoess of bristles, size and shape of body, form and
finer features of eyes, segmentation of the body, size, shape,
texture, compl even p of wings; p struce
ture, and shape of antennae and their parts; structure, shape,
hainness of legs; structure of mouth parts, color of testes; struc-
hira‘l ?et:ul of certain parts of the internal male sex orgaus;
physiological traits, Iike to ether, rep} of anten-
nae by legs, of wings by halteres, of halteres by wings, or wings
by legf,s Though more mutants have been found 1 Diosophita
than in any other arganism, it 1s evident that all observers who
;uave warked with any species of plant or animal far some tune
m\;euf::md mutations. The nature of these mutants can bs seen
\:recder: :}?\::c;lesd kmf)\vn1 to horticulturists anfi plant and animal
and bty ‘ypesxoei s 4? ©Q m'. vaneffes of flowering plats and color
mice, guinea pigs, dogs, rabbits, horses, all of

““\ wch must have arisen by mutations, since they reveal 1-gene
Lo s i s Ton o vl
N sion of the arigua of domestic vaneties by the cross-
3 clecting of new Mendelian recombinations.

It 15 now
Tt



known for characters which are so conspicuous that they could
not have been overlooked. A famous example is the appearance
by mutation of a skin abnormality in which horny excrescences
and spines are produced all over the body. Recessive mutaats,
too, can be discovered in man, but doing so requires a genetic
situation we shall study in the next chapter.

Exporimental mutation and types of mutants

In the reader’s mind a question has, no doubt, arisen: What
causes genes, known to remain constant, to mutate occasionally?
To the riddle of mutation continually occurring in naturc, in
flower beds, in experimental plots or cages, in the bottles in which
Drosophila are reared—so-called spontaneous mutation~it must
be confessed that a satisfactory answer has not yet been found.
The influence of cosmic rays has been suggested, but these rays
have proved not to be sufficiently powerful. The minute vibra-
tions taking place in all matter under the influence of tempera-
ture differences, which might break chemical bonds in the mole-
cule or part of a molecule or group of molecules called genes,
have been proposed as causes. Also suggested are mechauical
or chemical errors in the duplication of a gene which result in
a somewhat altered edition of the old type. If we knew what a
gene actually is, we should also know what mutation is—and
we could just as well reverse this statement. But, though the
causes of spontaneous mutation are still unknown, it fs certain
that mutation can be induced experimentally. The most efficient
method is the irradiation of sex cells {in Drosophila by irradiating
whole flies containing sex cells) with Xerays; the stronger the
dose applied, the higher the number of mutations produced.
One can then say that X-rays increase the small rate of spon-
taneous mutations; this spontancous rate is in the neighborhood
of 1 in 100,000 individuals, though strains of Drosophila, as well
as snapdragons, are known which have much higher rates. Al
other radiations, including gamma rays, neutrons, and ultra-
violet light, have a similar, though smaller, cffect. Mutations
can also be produced by heat shocks and poisons. Onc of the
poisons, mustard gas, is as effective as X-rays. Many details
have been discovered in experiments on production of mutations
which will onc day help us to understand the process of mutation.
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understood that another feature of successful breeding 15 the
discavery and isolstion of rew mutants

Role of mufation in naturc; mutation and evoltngon .

But what happens in natore? Do th? mutations of Drosop!

i breeding bottles and cages? Is

of mice o rats oceur only in our breeding

i sophila, the gray {or, better,
the so-called wild type of Drosophila, ;
“agonti”) mouse of yat or guinea pig, as found inA nlatufrle‘,1 :a;xe
pletely constant? These questions {ead to an appraisal o ol
of mutstions m nature. And in fact the same mutants occur in
nature as in the laboratory. It is rarely that 4 mutant is'found
{n 2 collection of wild Drosophila, But if these \'vﬂd ﬂxef are
bred, mutants appear in the secand generation which are iden-
tical to those found in expenmental botiles. This suggests that
smutants occut m nature but cannot establish themselves in home-
zygous condition, Why is this? Because the majority of i\\e;e
mutants are Jess strong, Jess viable, less fertile than the wild
type and are therefore wiped out in the competition for food
and mates or in the changing cycle of the environment. But
they may be carried in heterozygous eondition, as Jong as the
wild-type heterozygote 1s as viable as the wild-type homozygote.
Ths extermination of the less ft 15, of course, what Dzrwmn
called selection in the struggle for existence or survival of the
Ettest. Study of mutaton thus leads again to the problem of
evolution,

Let us 1magine the following situation: In a large population
of ssects living m a particular area a stock of Tany recessive
mutants 15 carrted in the heterozygous condition, whereas the
bomozygous mutants are unable ta compete successfully, Among
these mutants may be one for the reduction of wings. By migra-
tlon or some chance event, the hamozygous mutant, otherwise
doomed, comes to hive inside an anthill or on 5 windswept island.
At once 1ts defect, the inability to fly, by

The sndividual has found a proper “nich

ecomes an advantage:
adapted.”

€” ta which it was “pre-
This means that evolution does not proceed in such
8 way that a form invading a new envirosment or faced with a
Rew set of living conditions to which it is not fited begins ta
mutate, that the better-adapted mutants sutvive more readily
and give rise ta other new mutants, some of which are still bet-
ter adapted to the new condutions, until, by selection, a well-
TS
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understood that another feature of successful breeding is the
dicovery and isolation of new mutants.

Role of mutation in nature; mutation and evolution

But what happens in nature? Do the mutations of Drosophila
ot mice or rats occur only in our breeding bottles and cages? Is
the so-called wild type of Drosophila, the gray (or, better,
“agouts”) mouse or tat or guinea pig, as found in nature, com-
Pletely constant? These questions lead to an appraisal of the role
of mutations wn nature. And in fact the same mutants oceur in
Bature a5 in the Iabotatory. [t is rarely that a mutant is found
in a collection of wild Drosophita, But i these wild flies are
bred, mutants appear in the second generation which are iden-
tieal to those found in experimental bottles This suggests that
mutants occur 1 nature but cannat establish themselves in homo-
#ygous condition, Why is this?  Because the maiority of these
mutants are less strong, less viable, less fertile than the wild
type and are therefore wiped out in the competition for food
and mates or 1 the changing cycle of the environment, But

¢y may be carmed in heterozygous condition, as long as the
Wild-type heterozygote is as viable as the wild-type homozygote
This extermnation of the less ft is, of course, what Darwin
called selection in the struggle for existence or survival of the
ff‘:lsut;io:mdy of mutation thus leads agam to the problem of

Let us 1magine the following sitwation: In 2 large popufation
of nseﬂ{ lving in 2 particular area 2 stock of many recessive
80us condition, whereas the
compete successfully, Among

y be one for the reduction of wi -
ton ot some chance event, o, ol

the homozygous mutant, otherwis:
: 3
omed, comes to Yive ingide an anthill or on o winds\\’lept island,
ility to fly, becomes an advantage,

Proper "niche” to which it was “pre-



adapted type develops. The actual process is, rather, this: A
population always carries along an array of mutants, protected
by heterozygosity (sometimes also by selective neutrality or in-
difference or even by the complicated workings of chance under
definite conditions). When a new niche is occupied, volun-
tarily or not, those mutants which chance to be better fitted to
the new conditions will have the advantage, will be selected to
survive. The new type is sclected by the cnvironment from
among “preadapted” mutants and combinations of mutants in
the original population,

These few remarks illustrate how the problems of evolution
require knowledge of the phenomenon of mutation, for this is
the only known process of hereditary change which can provide
material for evolution. Contributions are also made by knowl:
edge of the viability of mutants under various conditions, of their
distribution in populations, of their preadaptive qualities, and
of the action of sclection in preserving or climinating specific
mutants. Genetics is thus the basic science for the study of evolu-
tionary problems. Study of genetics at a more ndvanced and
technical level than here presented must also include factual de-
tails of the types just listed.

Mutation of the chromosome set

In the beginning of our study of mutation we noted that muta-
tional changes may affect a single gene or locus but can also alter
whole chromosomes. Among the many groups of facts hinted at
in this statement, some of them rather complicated, only two will
be described because of their practical importance, as well as
their relation to evolution. The first is mutation by doubling of
the entire chromosome set, an event not uncommon in plants but
rare in animals. An example, which started investigation of this
field when it was first recognized, was the sudden appearance, s
a mutant, of a giant evening primrose (pictured in Fig. 42).
It was discovered that this, as well as many similar giant forms
among plants, originated from a doubling of the cl
number, which, in many cascs, entails doubling of cell size and
in consequence of total plant size. Such a plant has 4 of each
kind of chromosome rather than 2. Nowadays a very cfective
method is known for inducing the chromosomes to double in
this way, namely, treatment of the seeds with the drug colchi-
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doe. This obviously supplies the plant breeder who wants
Targer Jeaves ot fowers with 2 new tool, and it is widely so useds

The second gronp of facts can ‘be described as “mutation” only
Dy somewhat stretehing the meaning of the term. 1t is a type of
fereditary chasge 1o & swgle Nep which is frequent in plants,

N
o

P
e XN
=

gant mutant (gigas) by doubling of the chiromoseme set.

thoy; in avh
h:weg:;hf\:;: e\‘;n‘g\uwn.m avimals. Indeed, many plant species
have o {:': ated tmi, this process, When 2 plant species are
o, 3 somes es happens that the chromasomes from the
T g :s E: are 5o different, 5o incompatible, that they
ot 5: tpse properly before the maturation divisions
o ke bytmd g? ; es. Ahnotmal gametes are thus formed whach
e or e:l m)smwmes from each parent species. If such
by fem\u:\{’iun uced by both male and female Sower elements
o e :icm}:s between them, the product 3 an organ-
When s typo chromosomes, 2 from each parental specie:
orms gametes there 1s no Jonger any dﬁcﬂlty isu
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normal pairing, for the 2 sets from cach parental species pair
among themselves in the usual way. This hybrid “mutant” can
therefore breed true. The classic example of this situation is
the origin of our tobacco plants from 2 wild species and a cross
between horseradish and cabbage, resulting in o new constant
type. Many of our cultivated plants originated in this fashion;
and in nature new plant species have arisen by this means in
innumerable cases.

Lethal mutation

In describing the type of mutants it was observed that many
of them are weaker and less viable than the original form and
many are freakish monstrosities. All degrees of reduced viability
have been observed in various mutants, down to 100% inviability
or complete “lethality” (letalis-deadly). There are also varia-
tions in the killing process. One lethal mutant in Drosophila al-
Tows the fly to develop but prevents it from emerging from the
pupa case. Another permits the maggot to grow, though the
larva dies before pupation; death may also occur at earlier stages,
in embryos or even in fertilized eggs, in other mutants. Such
“lethal” factors are usually recessives and lethal as homozygotes;
in Mendelian experiments in such cases the class of recessive
homozygotes will be missing and unobtainable, Its absence is
reflected in i plete Mendelian ratios. Otherwise it scems to
have no visible effects, except those leading to monstrous develop-
ment as scen in a study of embryology of the lcthal class. An-
other type of lethal gene is remarkable in that the gene has a
viable mutant effect appearing in the heterozygote, though the
homozygous dominant is lethal. The best-known example is
yellow fur in mice; the gene that produces the yellow coat color
acts also as a recessive lethal,  Yellow mice are thercfore always
heterozygous; when 2 yellows are mated they produce 14 not
yellow, 2; yellow (ratio 1. 2), the homozygous ycllows being
absent, The latter, however, can be found dying at an carly
developmental stage in the womb of the mother. Also note-
worthy is the fact that many dominant mutants are lethal when
homozygous, a phenomenon not yet clearly understood. Some
factors of this kind have been important In animal husbandry,
geneticists having discovered that stillborn abnormal mlt'l‘s
were the result of the presence of such a lethal mutant, which
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eould be bred out of the stock once it had been identified. Such
mutamts ate known in man. Among, them, the dominant mutant
that produces fingers lacking one joint, as mentioned in ano(he:r
chapter, is respansible, when homozygous, for stiltborn monstrosi-
tes.

These last discussions require that we return once more to the
subject of exper dly produced ions. The most pow-
erful agent for the production of mutations is the radiations
which the physiesst calls jonizing radiations. Foremost among
these are the X-rays that cause mutations, incyeasing in pumber
n progortion to the mcrease of the dosage of rays (usually
measured in Koentgen units {r]). In the last decades the use of
Yorays for purposes of medical dragnosis apd treatment has in-
creased fmmnensely. Since the doses employed may well reach
the amount needed for induction of a perceptibl ion rate
it fs important that precautions are taken with people still liable
to beget chuldren, 50 as to prevent irradiation of their sex glands
with dangerous doses. As lethal mutants are so frequent among
the induced mutants and, in addition, other mutants tend to pro-
duce sbnormalities, even a small induced mutation rate may
tesult in sorrow for thase affected. Though there is no reason to
become hysterical on this subject, it 15 wise to take the necessary
precautians to protect the sex glands,

The same problem has become still more acute in the so-called
atomuc age, ﬁ"r atomic fission results in the release of immensely
powerful radiations that are expected (and actually known) to
produce large numbers of lethal and deleterious mutants. There-
fore, all people of reproductive age working in atomic plants
n;\lust be carefully screened from damaging todiations, 1t ever
b e o e
emplat, e susvivors are equally horrid to con-




Sex Chromosomes

and Sex-Linked Inheritance

The picture of the chr set of Drosophila scen earlier
(Fig. 33) revealed a peculiarity not discussed at the time: a dif-
ference between the female and male chromosome sets. On
other occasions, too, we have cncountered but thrust aside facts
which indicated that sex is somehow connected with heredity,
We are now ready to consider this important relation.

The cycle of the sex chromosomes
We have scen that the chromosome number is constant in
the cells of each species.  Further, we have established that the
mature gamctes contain only half the number, the reduced
ber of cf including 1 of cach type of chromo-
some. At fertilization the maternal and patemal set are brought
together and the normal number of chromosomes is restored, 2
sets of identical chromosomes, a pair of each kind. The chromo-
some number, therefore, must be an even one after fertilization.
In view of these reasonable expectations, it was rather a shock
to investigators to find in studying the sex cells of certain bugs
and grasshoppers an odd number of chromosomes; when the
individual pairs were 1 for, 1 chr was left
without n partner. After some detours and misinterpretations it
was discovered that this odd chromosome, called the X-chromo-
some because of its originally unknown function, has to do with
the determination of sex or, more correctly, the mechanism which
dnsures that, as a rule, equal numbers of males and females result

from fertilization.
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Let us first seek to understand the elen{entzsrx éacc;sx;;t:gngl
one of the dlasnical examples, a bug. InTFig, 433

Fie. 43, A dugram of he eycle of the sex chromosomes in a bug. 1n the
teuter, female and wale with a typieal nucleus drawn into them; 4 pairs
of chromosomes, the small black ones bemng the sex chromosomes. On the
elt, the matvration dwision of the sperm cells resulting n 2 types of sperm,
with and wathout sex chromoseme (the second maturanon divisian §s Jeft
ot to sunphiy matters)  Op the right, the maturation division of the egg
{again only 1) resulting in eggs o1} of which contam the sex chromosame.

Bejow, the 2 types of fertlization productng the 2 sexes,

cycle is Mustrated.  As on previous occasions the cortect number
of chromoasomes is not represented becanse their large number
{22 and more) would obscure the fipures; instead, a normal
number of § chromosomes 15 assumed, distinguishable as 4 pairs,
{ pair durge and horseshoe-shaped, 1 pair small and horseshoe-



Sex Chromosomes

and Sex-Linked Inheritance

The picture of the chromosome set of Drosophila seen carlier
(Fig. 83) revealed a peculiarity not discussed at the time: a dif-
ference between the female and male chromosome sets, On
other occasions, too, we have encountered but thrust aside facts
which indicated that sex is how ted with heredity.
We are now ready to consider this important relation,

The cycle of the sex chromosomes
We have seen that the chr
the cells of each species.  Further, we have established that the
mature gametes contain only half the number, the reduced
ber of cl including 1 of cach type of chromo-
some. At fertilization the maternal and paternal sct are brought
together and the normal ber of chr ist d, 2
sets of identical chromosomes, a pair of each kind. The chromo-
some number, therefore, must be an even one after fertilization.
In view of these reasonable expectations, it was rather a shock
to investigators to find in studying the sex cells of certain bugs
and grasshoppers an odd number of chromesomes; when the
individual pairs were 1 for, 1 ch yme was left
without n partncr. After some detours and misinterpretations it
was discovered that this odd chromosome, called the X.chromo-
some because of its origmally unknown function, has to do with
the determination of sex or, more correctly, the mechanism shich
énsures that, ns a rule, equal bers of males and females result

from fertilization.
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There is, we see, only 1 type of egg—v.vith the constitution
34 4 X~available for fertilization, along with 2 types of sperm;
in fertilization we must then obtamn equal numbers of the unions;
e2gs (34 -+ X) with spermn (4 4 X), fe, 644 2X; and (34
+X) with 34, ie, BA + X (see arrows in figure). In oth.er
words, half the offspring will have two X's, half only one, in
addition to the § pairs of autosomes. But these were the actual
chromosome numbers for the two sexes. The X-chromosome
mechanism thus takes care of the production of the two sexes in
equal proportions, the X-chromosome of the sperm cell, in this
wse, 18 female-determinng, 1ts absence having a male-deter-
miing effect (photos of X-chromosomes in ¢ and 4 Fig. 17C).

This astonishing fact has since been proved to be of general

. An X-ch for sex determi
bas been found 1 all animals with two sexes—mammals, includ-
g man, birde and reptiles, insects of auy description, and many
still Yower anuyals—as well as for plants with Separate sexes,
However, just as the detasls of chromosome structure, size, shape,
and number vary in fferent groups of organisms, so the detayls
of behavior of the sex chromosomes eshibit 5 sumber of varia-
tons. One, the relative size of the sex chromosomes, has already
been mentioned, there are alsg Some more {mportant variations,

One important vanation 1s actually more comman than the
simple type desenibed, although the decisive element, that 2% =
¢ sex and 1X = the gther sex, is completely unchanged, This
is the situation already fllustrated for Drosophila (Fig, 83), 1t
we merely count the chromosomes, we find that both sexes have
the same number, Byy Upon examining the pairs dosely we find
’(:r‘xiie&g)“hﬂl 1 f’f the Bawrs consists of identica] partners in the

u of entirely dissimular thromasomes in the male, Inthe
g:::fé’f:é: ::;\:; there are 2 pairs of lang chxomosomes, Y pair of
s, and 1 pair of rods. In the male cell, how.

ever, glthough the fong chromospmes and the dots are Uke those
T G
hed s of S\\l!ns;lmcs why, e &v:ng cf rcmosom?s and dots are
2 the female ang 1 in‘ lbee'm!s ot g the J\-Chromosomes,
the oo, g e the male X as Partner,
tire oo 3 We calf the Y-chtomosome, 1y g4 obvions thay ype
£ntire process of sex determination is exactly the same s ip the




shaped, 1 pair rodlike, and 1 pair dotlike. In the center are a
male and a female, each with a nucleus inside showing the typical
chromosome set. The female has the normal set, the 4 pairs just
deseribed. By following arrows to the right we see the well-
known processes of the reduction divisions in the cggs of this
female: first the pairing of homologous chromosomes, next the
division figure of the reduction division, then the xeduction divi-
sion (as before, and for the same reasons, we ignore the sccond
division), and finally the mature egg cell (with a polar body)
containing 1 set of the 4 chromosomes. Of ecourse, all mature
eggs will be alike,

On the left side the male is drawn. We sce at once that it has
the odd number of chromosomes which introduced this subject.
The 3 larger chromosomes are represented as pairs, just as in the
female, but the smallest chromosome has no partner, (It may be
added at once that it is of no importance that the odd cliromosome
is here the smallest. In another species it might be the largest or
anything in between.) We sce, thus, that females and males have
different chromosome numbers, 8 in the female, 7 in the male. We
have already labeled the extra chromosome in the male, the small
black one in the figure, the X-chromosome; since the pair of small
black ones in the female are clearly the same chromosome it is ap-
parent that the female has two X-chromosomes, and the male one,
in addition to the remaining 8 pairs, which are alike in both sexes.
The X-chromosomes ate also called sex chromosomes, for obvious
reasons, and a technical term for the other chromosomes is atilo-
somes. Now we are ready to follow the formation of the male
gametes, following arrows to the left. The first cell shows S]IC
pairing of chromosomes in the male sex cells prior to the reduction
division. The 8 pairs of autosomes pair exactly as in the female
cells. But the X-chromosome has no partner and therefore re-
mains single. The next cell shows the arrangement for the
reduction division, in which—as the following cell shows—the
autosomes are separated exactly as in the female. The X-chromo-
some, however, having no partner, is pulled to only 1 pole. After
completion of division, therefore, 2 types of sperm cells ar:
formed, those with and thosc without the X-chromosome. The 2
types of sperm are produced in cqual L so, calling the
autosomes A, we can say thot the sperms formed are one-half
34, the other half 34 4 X.
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certainly a historical element in their distribution. The ““{5“")'
réated birds and reptles bave the same type of mechanism:
fshes, which are the lowest vertebrates and near the roots of the
evolutionary tree of the whole group, have both types even
today. e cannot enter here upon 2 detaled discussion but
must test content 1o know the facts, whatever theis biclogical
history,

1 said that the X-chromosomes control sex determination. This
statement is correct so far as st goes, but not complete. 1f this
wete the eact situabion, a fly with two X-chromusomes should
dways be a female and one with a single X a male. This is
cestainly the usual case  But 1t i3 pot fnvariable. Indeed, genetic

ditions can be produced exp lly in which a 2X fly
deselops mto 3 male and a 1X fiy mto a female, In a moth,
where the female has normally only one X, the male twe, 2 1X
individual may become a male or any stage between a fully
formed female and a complete male—ie, a so-called intersex—
and, correspondingly, 2 2X individual may become a female or
oo intersex. ‘These aberrations show that the X-chromosomes
itate a device for distarbuting, hing, within them, some~
thing needed for sex determmation, 1n single or double quanti-
s:es. 1t the content of the X-chromosome, its genetic factors,
is changed experimentally, the normat result of the mecha.
aism may be overndden 1n whole (giving sex reversal) or in
part (gving y). Sex det though it is
accamplished by the 2X-1X machinery, is thus fund Ay 2
‘;',eut;lic problem, relating 1o the sex-determuning factors carned
o Gt et o o iy g Sstd
m introductory level,

Control of the chromosomal mechanism of sex
determination
:'\noﬂ\er problem is posed by the phenomenon of se:
'g*vn;lx;:n. namely, experimental control of the sex ofsoli({sii;xexrg.
d;nd ll do not sefer 1o the possibility of sex reversal in an in-
P x: :gder the expenmental manipulations st which I have
o wted.  What 15 meant is control of the nommal 1%-2X
mmea;;sm b:n produce at will females alone, males alone, or
—r 10 between them other than the normal equalaty, ¥, for
ple, we could prevent every sperm cell with an X—d\m,mv-



first example: 2X = ¢, IX = ¢. In the male-determining
sperm cell the lack of an X means also the presence of a Y,
which is thus handed down only from
father to son and normally never
enters a female.  Accordingly, the Y
chromosome does not seem 1o be es-
seatial for sex determination and
might just as well be absent. Why it
is so frequently found is a problem
that cannot be discussed without more
genctical knowledge than is presented
within the limits of this introduction.
Fic. 44 Sex chromosomes As was the case with the X-chromo.
in the maturation division of  some, the ¥ may be large or small,
man; the large X and the  different in shape from the X or not
short ¥ going to the poles (3 nay oyen be indistinguishable
ahead of the nutosomes {not . B
all autosomes drawn), from the X under the microscope, but
proper genetical analysis will find it
out). Man has very large X-chromosomes and a small Y (Fig.
44) which, at pairing before reduction division, appears almost
like a small knob at the tip of the X.

Types of the sex chromosome mechanism

A much more important variation of the X-chromosome mech-
anism exists. In our evamples thus far—the bug, Drosphila,
and man—the female has had & sex chromosames, the male only 1.
This is, in fact, the most common situation, found in mammals,
frogs, bectles, grasshoppers, and many other groups of animals,
as well as in most plants with separate sexes. But it is not
everywhere present. A number of classes of animals and plants
have cxactly the opposite condition, namely, 1 sex chromosome
in the female, 2 in the male.  This is typical for birds and reptiles,
for salamanders and newts, for butterflics and moths, and for
strawberries, The only real difference this makes in the sex:
determining mechanism is that in these cases 2 types of eggs and
only 1 of sperm are produced.  Everything fs thas cxactly as in
the preceding description, except that now we must speak r‘!f
“female” where we previously said “male,” and vice versa. It is
very diflicult to formulate an opinfon as to how and why these 2
types of sex-determining mechanisms originated, but there is
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Parthenogen.
females.

Ferthzation

Vare sperm el e Mt egg el

Fic. 45 The cycle of the sex chromosomes m the aphud of the grapevine.
In the center below (1) the stem mother, with the chromasomes of her

eells, producng parthenogenetically 2 generations of femdles 2, 3, 4).
Number 4 produces another

of females p (no
reduction of chramosomes 1 the eggs [No 61). Tne female (No 3) pro-
duces males {No 7) by discarding 1 sex chromasome dunag the forma-
tom of o polar body (No 5) The left outer circle shows maturation of
the sperm of the male (No 7} in § stages, A~E  In € and D, the redoe
tion dnision, sperm cells, with and without X, are produced The smaller
ane, without X, degenerates (E} and only sperm with X can ferulize  The
outer arcle on the right presents the maturation division of the egg (F-1).
All eggy contatn X K is the fertlization, and out of the fertlzed egg the
sten mother (No. 1} will hatch,

151



some from enteriag into fertilization, we could (in IX = male
forms) restrict ourselves to male progeny alone. Possible
methods of which one may think might depend upon different
rates of movement of X- as opposed to Y-sperms, or differential
susceptibility to poisons, or making eggs impenetrable to one
type of sperm. To date, no one has succceded in thus control:
ling fertilization in man or domestic animals. The only positive
results yet obtained relate to a moth, in which high temperature
modified the reduction division of the egg so that most or all
egps were Y-eggs, destined to become males; this is at least a
frst step in demonstrating the feasibility of influcncing the sex
determining mechanism,

Though the geneticist is, thus far, almost unable to force the
mechanism of the sex chromosomes to follow a desired pattern,
nature can do so in certain cases. One of these may be discussed.
In a considerable number of animals the life cycle does not in-
volve simply the production of one identical gencration after
another; their life storics arc more complicated, probably as
adaptations to very special conditions of life. In some instances
this special life eycle is linked to special features of sexual repro-
duction. Good examples are the plant lice, the aphids, and
especially a rather pemicious pest of grapevines. The egg of
this latter form (Phylloxera), after hibernating in the soil,
hatches in the spring. Every single individual emerging is a
female. Something must therefore have interfered with the pro-
duction of males. The females are able to reproduce without the
aid of males; their eggs can develop withont being fertilized.
This is called “virginal reproduction” or parthenogenesis (par-
thenos = virgin). From these parthenogenctic eggs only females
hatch out; they, in their turn, produce parthenogenctic daughters.
This may go on all through the summer until, in late summicr, &
batch of parthenogenetic eggs suddenly yields both sexes, males
and females. These males fertilize the females, and the fertilized
eggs overwinter. They are the eggs from which we started
tracing the cycle, and all of them develop into females. 1low 1s
all this possible within the framework of the sex chromosome
mechanism? In this case the mechanism is under the control of
the sex cells, as will become apparent when we follow the chro-
mosomes through the gencrations (see Fig. 45).

150



§ happens (C, D). But again an un\muwn condi-
auﬁc(n(i&mi‘iterfges ax(xd makes the reduction di ‘.smn an un-
equal one for the cytoplasm; the female-determining gamete,
the tell recefving the X, also receives most of the cell subs!::mce,
whereas the other cell, lacking the X, remains 2 smalk seerningly
rudimentary bud (D). Tn fact, this latter cell cannot tx.ansfm-m
into 2 mature sperm because all the ingredients for this trans-
formation have gone into the hager cell. The n'xdimsmaxy cell
Qies, and only female-determining sperm remains (E). The
intering fertihzed egg is therefore always female.

Sex-tinked inheritance

The X-chromosomes thus control sex fu the way alluded to
above They must contain sex-determuning factors that produce
o different effect when present in one vs. two quantities ( =
factors in ome or two X-chromosomes); we shall not discuss the
details of this zetion here. Moreaver, in view of the fact that
ZRchromosomes are frequently rather large and of the knowledge
that chromosomes contain many genes, we may expect the X-
chromosomes to contain genes of the same sort as those present
in the sutbsomes, in addition to the specific sex determiners just
diseussed. This is, indeed, the case, and genes in the X-chromo-
some are of the same types and variety as those in other chramo-
somes, But can the hereditary transmission of these genes be
the same as that of ordimary Mendelizing geves? Mendeli
segregation, we have learned, is the consequence of the pawing
of bomologous ch and their separation in the reduc-
tion dwisions. Regardless of whether the gametes of 2 hybrid
were produced in a male or in 2 femsle (ignoring some features
of crossing over), we always found that 2 types of gametes
were formed 1 equal numbers for 1 pair of alleles, located ta
1 pair of chromosomes. This certainly cannat be true for alleles
focated w an X-chromosome  1n the female, the 2X sex in most
cases, a purr of alleles lacated in the paw of sex chromosomes
will behave exartly as in any other case of Mendelian inhentance.

E}c male sex, in contrast, cannot have a pair of alleles Yocated in

_nx‘s chmrnnsnfue; it has but a single gene of each in the X,

xhc lmmmss:on of genes located an the X-chiromosomes and
e

g trants must therefore be different from th
otdinaty genes, “ordinaty” now 2t of

meaning “Tocated in the auto~
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We shall start with the first female hatching in the spring,
coming from a fertilized egg; this is the sa-called stem mother
(No. 1, below center of picture). In this species the normal
chromosome number is G, ie., § pairs, of which I pair in the
female are the X-chramosomes (marked black, whercas the 2
pairs of autosomes arc shown in white). The eggs of this female,
which develop parthenogenetically, do not undergo a reduction
division and therefare develop with the vormal number of chro-
mosomes. The daughters thus have exactly the same chromo-
some complement as the mother, including the two X-chromo-
somes which make for femaleness (parthenogenetic female in
Fig. 45(2), following arrow)., The same situation oceurs in
the succeeding parthenagenetic generations, which are not in-
cluded in the figure. Then comes the time when both males and
females are produced parthenogenctically, The eggs of 2 females
(Nos. 8, 4) are pictured, 1 producing females (No. 4), 1 giving
rise to males (Na. 8). O the right (female egg, No. G) we sce
the female-producing egg with a polar body, without reduction
duwision, just as in the preceding generations. The egg still has
2 sex chromaosames. To the left is pictured the male-producing
egg (male egg, No. 5), which also does not undergo a reduction
division. But when the division figure forms and one split half
of bath X-chromosomes should go to each polethis being an
ardinary cell division—one daughter X which should remain in
the egg “changes its mind” and goes into the polar body. Thc'
egg is left with only 5 chromosomes, 1 of which is an X; since 1X
determines maleness in this species as in our other examples,
this egg develops into a male (No. 7, top of the central group)-
Here, then, some unknown force at the time of formation of one
polar body by ordinary cell dwision threw 1 chromosome out
of the egg and thus made the egg male-determined.

The circle on the right starting with the last female (No. 8)
shows what happens in her cggs. This female is no longer
parthenogenetic,  An unknown condition causes her cgg o
undergo normal reduction divisions, the prerequisite for fertiliza-
tion, and g mature cgg results (shown by stages F to I} which has
1 sct of § chromosomes. On the left we sce the maturation of
the sperm cells produced by the male with § chromosomes
(A-E). According to all we know, 2 types of sperm mlls_ shonld
be formed in cqual numbers, 1 with and 1 without an X, This
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1ad studied the inhentance of re Mendelzing genes. The
fnal ddficulty, namely, the absence of transmission of the disease
from father to son but the occurrence of transmission to grand-
sons through 5 normal daughter, now becomes clear: Bleeder's
dusease 15 controlled by a sexlinked geve. Many sinnlar pedi-
grees could be presented for & sizable array of human abuor-
walities and diseases. We can elucidate the mode of inheritance
by following another well-known sex-linked trait fa man, color

€0
QQG&Q
de %99559g
690’6’9960’6@ fefegegefeXes

Fa 48 Pedigree of Bleeder’s disease, the same as Fig 1

blindness. This defect in vision is rather rare in women but fre-
quent o men. The reason is obvious. The defect is based upon
a sex-lmhed recessive, since every man has only one X-chromo-
some, the recessive trait will be expressed if an X-chromosome
cartying the gene 1¢ present; m other words, a man cannot simul-
h?musly have a sex-linked and 1ts d allele,
Women, having two X-ck way be but
such heterazygotes will have nommal vision, enly \h:;:a h’omo-
zygous for the recessive sex-linked gene will be color bind  As
:\“:e:a}u in ‘im eatlier clapter, human matings involving reces-
ues for nommality ate most commenly in the nature of a
of 2 heterezypote to 2 b H
t}tgc‘:\:q:;?“\“ thws have 3 smal) chance of oceurring e:égg;
Ula it
;:;::::g pgu km 3 ngn;;ﬁ: k:l‘));s is a)s;:uirvu;; ix:x l;;xmcrx'?l‘e, far
0 ma
e m“c ::lc !no\grr::xgee :fpao sh;éeﬂr:;ygous woman with :
*A oumber

f,:“,',“f,‘“’ N:r(m m«m“v ':&x:?; :ﬁ;, w":; tz\:a;\!ss‘:!{;: Yown, which ar

et type, ¥ studying only one, th
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somes.” We call a gene, as well as the trait controlled by it, that
is located in an X-chromosome “sex-linked,” and we speak of the
sex-linked inheritance of such genes or characters.

In order to derive the specific features of sex-linked inheri-
tance we must understand the following facts: If the mother has
two X-chromosomes and the father only one, all sons will reccive
their sole X-chromosome from the mother, because the male
producing sperm does not have an X (i.c,, it has a Y or nothing).
For this reason a sex-linked gene cannot be transmitted directly
from father to son but goes directly from the mother to her sons.
A daughter is produced by the union of an cgg with X and a
sperm with X; a daughter, consequently, can receive a sex-
linked gene dircetly from either parent. The following diagram
illustrates this:

MOTHER FATHER
XX Xy
XX Xy

DAUGHTER SoN

As may be expected, sexlinked inheritance has been found
in & great many organisms in which sex chromosomes are also
known. Man was actually the first organism in which sexlinhed
inheritance was observed, long before the rise of genetics af-
forded an evplanation. The genetic interpretation was first dis-
covered from a sex-linked character in a moth. Full insight into
the principle that characters following the sex-linked scheme of
inheritance are always based upen genes located in the X-chromo-
some was possible after numerous such mutant genes were dis-
covered in Drosophila. Turning back to Fig. 39 showing the
chromosome map of Drosophila, we may note that the chromo-
some called the first is actually the X-chromosome and many
more mutant loci than are there entered on the map are hnown.

To see clearly how sex-linked inheritance works we shall re-
turn to the pedigree of bleeder’s discase (Fig. 1) which started
us on our genctic studics; this {dealized pedigree is repeated as
Fig. 46. \hen we first encountered this pedigree, the appear-
ance of bleeders in the 4 generations scemed so irregular as to
defy explanation. Some features became intelligible alter we
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cells of any organism in which the male has but 'XX. {In
:zms ke birdsy,\\i:gere the female has the 1X, the same is true, of
course, for the eggs.) Sex-finked genes, we sce, always beha.ve,
in tegard ko crossing over, Dke all onsophilz} genes: Crossing
aset oceurs anly in one sex, that with the 2X's, even when the
antosomes exhibit crossing over in both sezes. ]
The foregoing facts clearly requue that 2 Y-chromosome, ¥
present, shall not undergo crossing over with the X-chromosome.
e bave thus far treated the Y-chromosome as something en-
txely different from the X and essentially vegligible, just as
though it were not there, as is frequently the case. The situa-
tion 15 getually ot quite so simple. Some Y-chromosomes do
contam alieles of some genes 1n the X-chromosomes. This
might be explained by assuming that the ¥ consists of 2 parts, 1
part being Y-substance proper (whatever that is) and another
smaller or larger section bemng homalogous to a portion of the X
but keking any sev-determining factors, \We can symbolize
sucht  structure in this way, the X being above the ling and the
Y below:
ABCDEFR Sex X
4BC Y-substance

ABC are the genes in the Y alfelic to genes in the X.  Now let us
suppose that A in the ¥ has mutated to 5. How 15 this 1nherited?
B 1s evident that ¢ can be transmitted {n the male line only,

from fathes to son, to grandson, ete. Such cases are known,
and a few diseases and ab itd

in man are ichented in this
fashyon, showing that the gene involved in each is Jocated in the
Y-chromosome ~ 1f the part ABC of the Y is homalagous to the
same section of the X, there 15 no reasan why crossing over
shauld not occur in that region. Thus 1t may be possible for a
sexlinked trat, 1f located in that segment which has a homo-
Yomue in the X, to change its type of inberitonce by crossing over
!’f;\::‘\cl s];cma\ pmnoi the Y. Thus, too, has actually been ob-
0 ha; N 11t 1ve
U \eil\:;‘xcal demﬂi.mun stop here befare we encounter

Anote on different genes with similar action

At s powt we are ready to consider a faq i
ct which may look
e nothung more than an Slustration of the dlfﬂc\ﬂti; en-



In detail, sex-linked inheritance will run as follows: Children of
a normal (homozygous) woman and a color-blind father will all
be normal; the sons reccive their only X-chromosome from the
normal mother, with her 2 “normal” X’s, and are thercfore free
of color blindness and unable to transmit it. The daughters re-
ceive 1X from the normal mother, the other from the color-blind
father, and are therefore heterozygous for that gene.  They have
normal sight but are transmitters of color blindness. Such a
heterozygous woman, imrespective of her mate, will pass on
to half her sons the X-chromosome carrying the gene for color
blindness, whereas the other sons receive the normal allele. Now
suppose that the heterozygous woman marries n color-blind man.
Again half of her sons will be normal, the other half color blind.
Half of her daughters receive the “pormal X” from the mother
and the “color-blind X" from the father; they are heterozygous
normals like their mother. The other half of the daughters re-
ceive their mother’s “color-blind X,” as well as another “color-
blind X" from the father, Result: homozygous color-blind daugh-
ters.  And, now, what will the offspring of such a woman, homo-
zygous for a sex-nked recessive, be when she marries a normal
man? All her eggs contain the “color-blind X™; conscquently, all
her sons will be color blind, But since all of her daughters re-
ceive 1X, a “normal X,” from their father, they all will be pheno-
typically normal heterozygous carriers, The daughters, thus arc
not color bling, like the father, whereas the sons are color blind
like the mother, This so-called “erisscross” inheritance is ob-
viously possible only for sex-linked characters.

Inheritance in the Y-chromosome
Let us rcturn again to the map of the chromosomes of Dro-
sophila (Fig. 39), where the first chiromosome is the X-chromo-
some. We can now recall our study of crossing over, which sup-
plied the basis for this map. Further, we recall the specifie fea-
ture of erossing over in Drosophila, namely, that it occurs only
in the formation of female gametes. In a pair of homologous
(here cb 2-1) g over could theos
retically occur cqually well m the male, and it is rather sur-
prising that it does not do so. The X-chromasome, however,
is always single in the male and, at least where a ¥-chromosome
is absent, crossing over involving the X cannot (ake place in male
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9

Collaboration of Genes

General relations of gene and character
Thus far we have been looking at the telation of genes and the
characters controlled by them in what one can call a nave way,
assuming that the gene is the representative in the ch
of the wisible ct 1 we try to visualize the
of such an inheritance, we should see that it makes the living
organism a mosasc of individual gene-controlled attributes, as-
sembled in the manner of a jigsaw puzzle. Everyone must real-
ize, however, that the organism is a whole, acting as » unit in
which all parts are integrated and subject to the overall orgamza-
tion of the entire body. This insight makes the mosaic idea and
the naive description of the gene-character relation appear rather
crude. In point of fact, geneticists entertain no such crude con-
cephs they recognize, instead, that all chromosomes and genes
must interact in order to produce alf characters as the result of
theit harmomous interplay. ‘The tutant gene—and we must
ber that a gene 15 d only when it has mutated—
controls no more than a diff 1 step in the collaboration of
the whole The meaning of this statement can be made clear
by an example. A mutant gene in the first chromosome of
Drosophsla produces white eyes, ie., the wild-type red eye pig-
ment s not formed. In thus case the collaboration of many, or
all, genes, through the typical reactions that they control, re-
sults 10 developmental processes leadmg to the formation of a
typical st eye which 1s ready, at a particular stage, to recewve
a deposition of pigment or to lay down such pigment, In the
ot s S, T oo o 1 ignen
d gene for white eye
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countered in the study of human inheritance but which is really
one of the important and basic facts of genetics. One determines
the presence of a gene when a mutant is found which is demon-
strated, by producing simple Mendelian segregation in crosses, to
be allelic to the original condition. But we may encounter
mutant phenotypes that look exactly alike but tum out to be
completely different to the geneticist, i.c,, to be mutants of dif-
ferent genes, which produce similar or identical phenotypes. Let
us suppose, to take an example in man, that a definite dis-
ease, well defined clinically and recognized by any physician as
N N-osis, is the result of destruction of a certain group of cclls.
This destruction may be the direct effect of a circulatory defect
that suffocates the cells, or a nervous defect, or a metabolic de-
fect that prevents removal of poisonous waste products, whick
leads to degeneration. Thus it is possible that mutant gene a,
which affects the blood vessels, gene b, which affects certain
nerves, and gene ¢, which affects chemical metabolism, all pro-
duce the same phenotype, the disease known as N N-osis. Pedi-
grees of this hereditary disease are now studied; one investigator
finds it to be a dominant disease, to another it scems to be reces-
sive, and to a third it appears to be sex-linked. Evidently, what
is N N-osis to the physician is, to the geneticist, 8 different condi-
tions, produced by 8 different mutants, perhaps in 8 different chro-
mosomes. The geneticist is well acquainted with this phenom-
cnon. In man it is not yet possible to analyze such a case com-
pletely. But in Drosophila, for example, tests for allelism and
the localization of the several genes in the chromosomes would
quickly resolve the problem. The gencticist would then name the
discase or mutant character not by its phenotype {for example,
N N-osis) but according to its mutant locus. A number of mutant
phenotypes of this type are known in Drosophila. For example, 2
small nick at the tip of the wings may be based upon a mutant in
the third chromosome or upon one in the sccond or upon one in
the first (actually, more than one locus in each chromosome);
all reccive different names according to the different genes in-
volved, not one, based on the identical phenotype.
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atached 1o 2 more of less clongated, fleshy, ﬁnger-hl:; if;:;:ocess‘;J
{his has been given the poetic name of rose comb. A bir c(:irx;

consists only of Tows of thickenings which have been i enfe 0
peas and thus is known a5 the pea comb, The fourth type nrm;
2 spongelike mass on the birds forehead and has been calles

the walnut comb. 1o a Mendelian cross het}veen rose comb and
single comb, F is rose and F, segregates into 8 rose : 1 sigle

ﬁ?\
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Fic. 47 Iohentance of some types of combs in fowl. {first row) pea comb
crossed with tose comb, {second row) the hybnd with walnut combs { third
o10) the Fs segtegation into 9 walnut, 3 rose, 3 pea, and 1 smgle comb

L3

tomb. Since single comb is the ancestral type, rose comb must
have anseh as o domunant mutation from single comb. A cross
between pea comb and single comb gives similar results: In Fy
pea comb is dominant, and in F; segregation of 3 pea : 1 single
octurs. Pea comb, too, origmated 2t 2 dominant mutant fzom
single, Now rose comb is erossed with pea comb. All Fy chick-
ens have @ walnut comb.  If we did not know of the existence of
2 walnut comb 1n certain breeds, we should say that a com-
pletely new and novel type had onginated in this Fy. And the
T; & sull more kable. Segregation prod %e walout
comb, 34 pea comb, 34 tose comb, ¢ single com]

b. Not onl;
hase the parentat and F, types segre 4
there has app

fated out, but, in addition,

d another novelty—so far as this i u
concerned—the ancestral single comb, which was not present ig
either parest of the cross {Fig. 47),
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thus acts as a differential in a long chain of gene-controlled
developmental processes; at a given point in development it
makes one link in the reaction chain impossible, in this instance,
t}Te process by which some substance js changed into the red
pigment,

It follows that the control of development by chromosomes
and genes must operate as a closely knit, interdependent process
or processes. One may compare it to the weaving of a compli-
cated pattern by an automatic machine, where exact timing and
direction are required for the placing of the many colored threads.
If one of the thousands of movements fails, the whole pattem
may be ruined. In a similar way the absence of a chromosome,
or sometimes of only a part of a chromosome, or in certain cases
of even an infinitesimally small portion, ean so disturb the orderly,
strictly coordinated and rigorously timed processes of embry-
ogeny (meaning the genesis of the embryo or the process of
development) as to make development impossible or monstrous.
Recall, for example, the lethal factors, All the genes, thus, work
together through exactly balanced reactions in development.
Many geneticists have accepted the label “balance of the genes”
for this concept, though it is actually a balance of gene-controlled
developmental processes and reactions which is involved. For
our present study the salient point is that, mther than one genc
controlling one character, we have an interplay of all gene
controlled processes leading to production of a definite character,
which, however, may be altered by mutants of onc or another
gene disrupting one or another stage in the developmental
processes.

Interactions of genes in producing the phenotype

1. ‘The Combs of Fowl. Apart from these general aspects of
the relation genc-character, a number of special cases have heen
studied which entail specific and much simpler interactions be-
tween genes. A few of the classic examples will be discussed.
The first of these is the inheritance of comb shape in fowl. We
shall consider only 4 types, all of which occur as the character-
istic comb in different breeds of chicken (sce Fig. 47). There i
the typical single comb, the usual comb of barnyard fow! as well
as of the wild jungle fowl], ancestor of our domestic breeds. An-
other comb type has a clump of red, warty masses at the base
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F, from his cross is therefore the double heterozygote RePp.
This £y, we saw, had a walnut comb. Why should this be?
Thinking out what may happen in this double heterozygote, we
must frst grasp the difference between this and our former
example, black and shost-haired Fy guinea pigs. In the guinea
pigs the & poirs of alleles affected different external characters,
namely, eolor and length of hair, Both dominants could there-
fore appear simultaneously. In ¥he present example, hawever,
both dommants affect the same character, shape of comb. In
such 2 situation we might anticipate that the rose-comb factor
will act so strongly in development that the pea comb is com-
pletely ohscured, or that the opposite will happen in favor of
pea comh  Exactly this type of result does occur in seme cases,
one d talung complete and app ly excl effect
despite the presence of apother dominant affecting the same
organ One could eall such a relation a kind of superdominance;
iy actually called epistasis { = standing above), and we shall
soon study examples  The third possibilty is that the 2 domi-
nants i ly anfl the devel of the organ,
each in tts own way, development will consequently be an addi-
ton of the 2 types of effect or some Jind of compromise be-
tween the 2 developmental processes, one toward rose, the other
foward pea comb. This compromise product has the fnal form
we call watout comb, Walut comb can, of course, also exst
 the homozygous state PPRR; 1t is always based upon the 2
domnants, whether we produce it by crossing pea and rase or
End' it true-breeding in some domestic breed.

Now we come 10 the F5, The 16 combinations, easily derived
1 a Roman square, gve the following genotypes:

1RRPP 1 RRpp 1#PP 1 pp
2RI 2Repp 2wmPp
2 ARPp
4 RePp
ie,Bwalnut Srose 3 pea  1single
'S:;\ ‘F\;&:‘b::‘: “:f“ both dominants produces a walnyt comb, R

¥ose comb, P dommigant al
»o dominants at alt o single comb, Fone s pes comb, and
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The Fz ratio 9:8:3: 1 tells us immediately that 2 pairs of
independent alleles Jocated in different chromosomes are in-
volved. The F type tells us that in the double heterozygote
walnut comb appears. We also know that both pea and rose
comb are simple dominants. The 2 pairs of alleles in different
chromosomes must therefore be dominant rose comb vs. no rose
comb, and dominant pea comb vs. no pea comb. We have
already noted that both rose and pea comb must be dominant
mutants of the ancestral single comb. Accordingly, a homozy-
gous rose comb, which is homozygous for the mutant in chromo-
some 1, must have the normal not ted gene in cl
2 (where o mutation of this gene would produce pea comb), thus
being rose comb and not pea comb. Similarly, the pea-comb
fowl, he gous for & domil gene in the second chromo-
some making pea comb, must have the normal, not-mutated gene
in the first chromosome (for it, if mutated, would give rose
comb), thus being pea comb, not rose comb. Thus, there is
clearly a gene in both the first and second chromosomes which is
involved in the formation of a comb. If neither has mutated, the
single comb appears. If the gene in chromosome 1 mutates,
alone, a rose comb is the result; if only the gene in chromosome
2 mutates, pea comb develops. Now let us write the results of
this analysis in 2 Mendelian formula. If RR is homozygous rose
comb and PP is homozygous pea comb, the crosses of each of
these individually with single comb would be

r RRE X rr PP X pp

¥y Rr Pp

Fy 1RR:2Rr:1rr 1PP:2Pp:lpp
3 rose & 1 single 3 pea : 1 single

1t is obvious that in both cases the recessive allele from which
each dominant arose by mutation stands for single The cross
betwecen pea and rose must therefore be symbolized as

RRpp X rrPP

This means, as we have seen, that cach individual has the nor-
mal alleles for single in the chromosome which has not mutated.
The gametes of the rose fowl are Ap and those of the pea bird rP.
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¥, from this cross is therefore the Jouble heterozygote BePp.
This F, we saw, had a walnut comb, Why should this be?
Thisking out what may happen in this double heterozygote, we
must frst grasp the difference between this and our former
cuample, black and shart-hawed ¥y guinea pigs. In the guinea
pigs the 2 pairs of alleles afected different external characters,
ramely, color and length of bair, Both dominants could there-
fore appear smultaneously, In the present example, however,
bath dominants affect the same character, shape of comb. In
such a situation we might anticipate that the rose-comb factor
will act 5o strongly in development that the pea comb is com-
pletely obscured, or that the opposite will happen in favor of
ped comb, Exactly this type of result does accur in some cases,
one d talang plete and app ly exclusive effect
despite the presence of another dominant affecting the same
organ. One could call such a relation a kind of superdominance,
It 15 actually called epistasis (= standwmg above), and we shall

soon study examples. The third possibility is that the 2 domi-
nants synud o s oa Jevel

e P of the organ,
each fn s own way, development will consequently be an addi-
tion of the 2 types of effect or some kind of compromise be-
tween the 2 developmental processes, one toward tose, the other
toward pea comb. This compromise product has the final forr
we call walnot comb. Walnut comb can, of course, also exist
in the homozygous state PPRR; it is always based upon the 2
dumlpants, whether we produce 1t by crossing pea and rose or
ﬁnd. it true-breeding in some domestic breed.

Now we come to the F,. The 16 combinations, easily derived
tn a Roman square, give the following genotypes:

1RRFP 1RBpp 1ePP 1 rrpp
SRPP 2 Rpp 2mPp
2 RRPp
4 RePp
ie, 0 walnut 8 rose

The presence of both
dominant slone o rose
0 dominants at all 5

3pea  1single

dominants produces o walnut comb, R

comb, P dommant alone o
single comb. e comb and



Let us further examine the %4 class with single comb, pro-
duced by the absence of the dominant mutants that, in course
of the history of d ieation of fow}, changed the wild4ype
single comb Into rose or pea comb. Two genes thus evist in
different chromosomes which have to do with the production or,
more correctly, the contro! of development leading to the single
comb. Examination of various domestic breeds will reveal other
comb shapes; these upon analysis tum out to be based upon
simple Mendelian mutants of genes different from those studied
in the present cxample.  Thus it can be demonstrated that a
considerable number of loci scattered along many or all of the
chromosomes control the shape of & comb and cach of them
may mutate and thus change the comb shape jn some way.
Now suppose that only the single and pea combs were known
and the conclusion asserted—the one we called naive at the be-
ginning of this chapter~that this gene is the gene for comb form.
The foregoing discussion makes clear how erroncous such a con-
clusion would be. First we found one factor for comb shape,
then a second, and afterwards, many. Where is the Timit?
There is, we answer, no limit to the number of genes actually
involved, but only a limit to the number recognized because we
have found them mutated. This very important conclusion gives
us the reason we have so thoroughly examined our example: not
that we are much concerned with the combs of chickens but
because study of them could teach us a lesson applicable to the
whole of Mendelian heredity. .

2. Mendclism and Atavism. We may interrupt our analysis
for a moment to emphasize another aspect of the preseat dis-
cussion, a problem already hinted at repeatedly. In the older
literature on evolution, including Darwin’s writings, a phenome-
non called atavism (atavus = ancestor) is frequently discussed.
Atavism refers to the appearance in a line of plants or animals
of a variant, produced by mutation or segregation after crossing,
which is precisely like the supposed ancestral form. This new
type is said to be atavistic, a return to the known or hypothet.lcnl
ancestral type. Darwin’s famous ple was the production,
by crosses among various domestic breeds of very different type,
color, and form, of pigeons rdentical in appearance to wild rock
pigeons. In fact, Darwin considered this a proof of the pre-
viously suspeeted origin of domestic pigeons from the blue rock
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pigeon. Mendelian jstheritance, of course, was uknown to
Darsin. I his day our example, in which the ancestral comb
shape, that of the wild jungle fow of Malaya, appeared in the
Faof a cross betwween 2 different domestic breeds (rose and pea),
would certainly have been segarded as atavistic. Now, bow-
ever, we see clearly that atavism javolves no mystical return to
s ancestral type. It is, rather, the necessary and controllable
outcome of the genic composition of the progenitors of the ata-
wistic individual.

Asotber example of atavism will be presented because it re-
seals further facts on the interaction of Mendelizing genes. A
famous cross first made in the early days of Mendelism (as was
the comb cross) was oue between 2 races of fowl, both with
almost white plumage. Al the Fy progeny bore the brilliant
many-colored plumage which is frequently seen in unimproved
barnyard stock and is very lie the plumage of the ancestral
fungle fowl. R bering the inology of D bila mu-
tants, we can call this varied plumage the wild type. In Fy this
type and the parental white segregated in the strange ratio of
%o wild : %¢ white. From this outcome the reader may aiready
guess d:at 2 pairs of alleles are involved and that the 2 white
rdces serving as parents must be genetically different. In order
to understand this result without requiring 2 detailed knowledge
of the chemistry of pigment formation we need merely point out
2 general feature of the production of colonng material of the
sort found in feathers, ignonng the fact that the structure of the
feather also contrbutes to its colors. In general, a colorless
substance is synthesized, and then it is transformed into 2 pig-
ment by the action of an eozyme. If 2 dominant gene exists
:nh;?f‘soth sary for the elaboration of the b

another dominact gene 1s essential for roducton
;l;zlme, a bird having only 1 of these dominsms b;titse'ljif \?ﬂel
mb‘:“"[‘mﬂl or white, though all other genetic condutions for
- Plumage may be satisfied.  After the two whate strains
m:::’ft);:g :a gene for formation of pigment precursor snb:
me&, bo\‘]): :r i{avmg the gene for enzyme production, are
Bit, o ominants come together and Pigment appears.
o, now, why does the eutire color pattern of the wild fowl
sip:' .BTt]]:c fanxwer is supplied by our discussion of comb

« Both of the white breeds were derived from a wild type




Let us further examine the %4 class with single comb, pro-
duced by the absence of the dominant mutants that, in course
of the history of domestication of fowl, changed the wild-type
single comb into rose or pea comb. Two genes thus exist in
different chromosomes which have to do with the production or,
more correctly, the control of development Ieading to the single
comb. Examination of various domestic breeds will reveal other
comb shapes; these upon amalysis turn out to be based upon
simple Mendelian mutants of genes different from those studied
in the present example. Thus it can be demonstrated that a
considerable number of loci scattered along many or all of the
chromosomes control the shape of a comb and cach of them
may mutate and thus change the comb shape in some way.
Now suppose that only the single and pea combs were known
and the conclusion asscrted—the onc we called naive at the be-
ginning of this chapter—that this gene is the gene for comb form,
The foregoing discussion makes clear how erroneous such a con-
clusion would be. First we found one factor for comb shape,
then a sccond, and aftenwards, many. Where js the Timit?
There is, we answer, no limit to the number of genes actually
involved, but only a limit to the number recognized because we
have found them mutated. This very important conclusion gives
us the reason we have so thoroughly examined our example: not
that we are much concerned with the combs of chickens but
because study of them could teach us a lesson applicable to the
whole of Mendelian heredity.

2. Mendchsm and Atavism. We may interrupt our analysis
for a moment to emphasize another aspect of the present dis-
cussion, & problem already hinted at repeatedly. In the older
literature on cvolution, including Danwin’s writings, a phenome-
non called ism (atavus = ) is frequently di
Atavism refers to the appearance in a line of plants or animals
of a variant, produced by mutation or segregation after crossing,
which is preciscly like the supposed ancestral form. This new
type is said to be atavistic, a return to the known or hypothetical
ancestral type. Darwin's famous example was the production,
Dby crosses among various domestic breeds of very different type,
color, and form, of pigeons 1dentical in appearance to wild rock
pigeons. In fact, Darwin considered this a proof of the pre-
viously suspected origin of domestic pigeons from the blue rock
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sigeon, Mendehan sheritance, of course, was unknown 1
Darwis. In bis day our example, in which the :mccsual.comll
shape, that of the wild jungle fowl of Malaya, appeared in the
F; of 3 cross between 2 diffesent domestie breeds (rose and peal,
would certainly have been regarded as atavistic, Now, how-
ever, we see clearly that atavism invelves no mystical return to
a1 meestral type. 3t is, rather, the necessary and controiiable
outcome of the genic composition of the progenitors of the ata-
vishe indvidual
Another example of atavism will be presented because it xe-
veals further facts on the interaction of Mendelizing genes. A
famous cross first made 1 the early days of Mendelism (as was
the comb cross) was one between 2 races of fowl, Both with
dlmost white plumage. All the Fy progeny bore the brilliant
many-colored plumage which is frequently seen in unimproved
barnyard stock and 15 very like the plumage of the ancestral
jungle fowl. R bering the terminology of Drosophila mu-
tants, we can call fhis varied plumage the wild type. In Fy this
type and the parental white segregated in the strange ratio of
Yewild e white, From ths outcome the reader may already
guess that 9 paurs of alleles are mvolved and that the 2 white
Taces serving; ag parents must be genetically different. In order
to understand this result without requiring a detailed knowledge
of the chemustry of pigment formation we need merely point out
4 general feature of the production of coloring matenal of the
sort found in feathers, ignorng the fact that the structure of the
feid:er also Qonl;nbules to 1ts colors. In general, a colorless
B d, and then it 15 }¢ d into 2 pig-
mez}t by the action of an enzyme. If a dominant gene exists
which s y for the elab of the
and if another domumant gene is essential for production of the
:nzyme, 2 burd having only 1 of these dominants by itself will
;,;:‘;“;“'Ed or white, though all other genetic conditions far
plumage may be satsfied. After the two white strains,
:22::"?;“8 the gene for formation of pigment precursor sub-
B s O s e o,
But, now, why does the enﬁxee ogle o and pigment Spprars.
appear? Th eolor pattern of the wild fow]
shape, Bothe fanswe: 35 supplied by our discussion of comb
- of the white breeds were derived from a wild type
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Let us further cxamine the %4 class with single comb, pro-
duced by the al of the domis tants that, in course
of the history of domestication of fowl, changed the wild-type
single comb into rosc or pea comb. Twe genes thus exist in
different chromosomes which have to do with the production or,
more correctly, the control of development Jeading to the single
comb.  Examination of various domestic breeds will reveal other
comb shapes; these upon analysis turn out to be based upon
simple Mendelian mutants of genes different from those studied
in the present example. Thus it can be demonstrated that a
considerable number of loci scattered along many or all of the
chromosomes control the shape of a comb and each of them
may mutate and thus change the comb shape in some way.
Now supposc that only the single and pea combs were known
and the conclusion asserted~the one we called naive at the be-
ginning of this chapter—that this gene is the gene for comb form.
The foregoing discussion makes clear how erroncous such a con-
clusion would be, First we found one factor for comb shape,
then a sccond, and afterwards, many, Where is the limit?
There is, we answer, no limit to the number of genes actually
involved, but oaly a limit to the number recognized because we
have found them mutated. This very important conclusion gives
us the reason we have so theroughly examined our example: not
that we are much concerned with the combs of chickens but
because study of them could teach us a Jesson applicable to the
whole of Mendelian heredity.

2. Mendelism and Atavism. We may interrupt our analysis
for n moment to emphasize another aspect of the present dis-
cussion, a problem already hinted at repeatedly. In the older
literature on evolution, including Darwin’s writings, a phenome-
non enlled atavism (atavus = ancestor) is frequently discussed.
Atavism refers to the appearance in a line of plants or animals
of a variant, produced by mutation or segregation after crossing,
which is precisely like the supposed ancestral form. This new
type is said to be atavistic, a return to the known or hypothetical
ancestral type. Darwin’s famous example was the production,
by crosses among various domestic breeds of very different type,
color, and form, of pig: identical in apy to wild rock
pigeons. In fact, Darwin considered this a proof of the pre-
viously suspected origin of domestic pigeons from the blue rock
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man. In these albinos a recessive mutant gene prevents the for-
roation of any pigment in the skin, the hair, and even the eyes;
the eyes are consequently red and extremely sensitive to light.
An albino mouse crossed to the wild type produces normal grays
inthe F; and an ¥, of 8 gray : 1 albino, as expected of a simple
recessive  But if we repeat the same experiment with another
albino stram, we might be surprised at the result: an ¥y includ-
ing blacks in addition to the grays and albinos. To be precise,
we should count 9g grays, 314 blacks, and ¥4 albinos, Obvi-
ously we have here segregation for 2 independent pairs of ale
leles, and the unexpected black must somehow have resided in
the albino,

Now Jet vs recall the example of white fowl producing colored
birds after crossing, the reason being that one strain had the gene
for pigment precursor and the other had the gene for the en-
zyme needed to transform the precursor into pigment. To avoid
becoming entangled in the (nat-very-simple) chemistry of the
process, we may speak Roncommittally of pigment precursor
and realisator. T 1t be assumed that albinism is the result of
non-functionung of the realisator effect because of a recessive
mutation, the allele for albimsm, 1t follows that, in the presence
of the homozygous albino gene, an albino must appear regardless
of what precursor i present. Then, if there he many genes pro-
ducing different precursors—for gray, black, browm, yellow, ete.
—an athmo may be potentially a mouse of any known color, or 2
piebald, but one unable tp realize its color because of the effects
of the albmo gene, But after cr
may produce 1 F; an individu:
orignal albing have heen sep:
ﬁlere’fcre been enabled to exp

al in which the color genes of the
arated from the albino gene and
b tess this color, 1f this interpreta-

15 comrect, appearance of black in the F, of our experiment

mdicated that the afbin i
Parent was a black -
sator gene had mutated to 1yg the albng o

Tecessive, the albino allele. One
:‘;t);i:‘:& I“f;ﬂ that in other, similar expertments we should
" albmonh'er colors in the Fy, and, in fact, we can thus iden.
iy \he(: h:ms denw, every known color variety, in
et aﬂe\es lzlfhmrre ion of the realisator gene to its
¢ dlbing o © new calor crops up in the Fy, first, because
ot 1n ained the proper color genes and, second, be-
*© solored parent mtrodyced inta the cross the dom;nant

ed from
d a mutay



containing all the genes necessary for development of the char.
acteristic, colorful plumage pattern. A mutation in one strain
changed one of the genes necessary for pigment precursor pro-
duction into an allele impeding synthests of the substance; in
the othier strain a gene in a different chromosome needed for
enzyme synthesis had mutated to an allele that blocks enzyme
formation. Each strain was thus potentially wild type evcept for
1 mutant gene, the mutant being different in cach strain,

Now that we understand the results, we can deseribe them
in simple Mendelian symbolism, not mentioning all the genes
involved in the development of the wild type (but taking these
for granted), while tracing only the 2 differential mutant genes,
We may call the pigment precursor gene C and its recessive
allele ¢, the enzyme-producing gene E and its mutant allele .
In both breeds 1 gene is present as a mutant, the other as the
wild-type dominant. Hence, the cross is CCee X ccEE. The Fy
are CcEc; both dominants being present, they are colored. In
Fz the 16 combinations of the Roman square are produced;
among these, we know, 9 contain both dominants, 3 have only !
of the dominants, 3 have only the other dominant, and 1 is
homozygous for both recessives. Since only the individuals
having both dominants can be colored, the result is %6 col-
ored : %¢ white.

3. The Hierarchy of Color Genes in Mice, To these two ex-
amples illustrating the mode of collaboration of genes and at the
same time clarifying our ideas on the relation of gene to character
we shall add a third, embodying certain variations on the general
theme of this chapter and summarizing this whole body of facts.
Agaia it is an cvample of color in animals, namely, far color in
mice. Fanciers delight in breeding color races of mice, rats,
gunea pigs, and rabbits, the last-mentioned also serving commer-
cial ends. Among tame mice there are many such breeds—black,
white, cinnamon, chocolate, silver, selfs, piebalds, albinos. Al
these color variants bave been analyzed genctically and the re-
sults give us a good idea of the collaboration of many pairs of
alleles all affecting the same visible character, hair pigmentation.
Let us begin with 2 mice, one the wild-type gray mouse neces
sarily bearing all the unmutated alleles, the other an n]bm?.
Albinism is a relatively common mutant in many different ani-
mals, ameng them amphibians, birds, and mammals, including
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Eees  AC Ae oC a¢

Be
ABC ABe aliC a
AC  ABC  ABC ABC AB;?
a; gray gral
E\‘;Y I;fgy i 3

ABC ABe aBC aBe
Ae ABe ABe ABe ABe

2 albino gray albino
: gray i 8 8
@ ABC ABc eBC aBe
aC aBC aBC abC aBC
may  gray black  black
9 10 n 12
ABC ABe aBC aBe
a aBe aBe alBe aBe
gray albino black alhino
13 14 15 10
Nine combinations have ARG homozygous or heterozygous and
#¢ gray; 3 have BC but only aa and are black; and 4 have only
ec and are therefore albinos.
In this example we have met AABBCC grays and asBBCC
blacks, 1t

is alyo possible to have the gray factor AA present

> 383m in another chromosome,
s all colors, producing huey for
names. If we call thig diluting
diluted-color mouse must have
y DD. Therefore, for complete-
or the gray mouse AABBCCDD
Now we can introduce a piebald
will uncover ancther Tecessive, g5,
the SPOthng factoy, needed to produce ths type. Not-spotted
Tassed to spotted will grve o normal, and the F, will segregate

have special
gene dd, 3t follows that a not.
the dominant allele to dd, namel:
Tess, we should Have to wmte f
and for the blagk 2aBBCCDD,

Mutant 1nto oy trosses, thig



realisator gene (mutated in the albino) which, in Fs, can recom-
bine with whatever color gene the albino parent brought in.

To understand the exact ratio of our cross—9 gray : 3 black:
4 albino—we must be cognizant of another factor. The gray
mouse must have the gene for wild-type color as well as the
realisator gene needed for any color,  Wild-type color is actually
the result of the presence of a yellow ring near the tip of an
otherwise black-pigmented hair,  Each gray mouse therefore
must have the gene for black pigment in addition to the wild-
type gene that regulates distribution of the pigment. Remember
the carlier deseription of the phicnomenon of epistasis, the sup-
pression or, more correctly, overlapping of the action of one
dominant by that of another. In this sensc the gray gene is
cpistatic over the black gene, which is located in a different
chromosomc; gray is visible only when both are present. When
the gray gene mutates to its recessive allele, the process pro-
ducing the ringed wild-type hair pattern ccases and the black
gene, also present, can now fully control the phenotype, giving
us a black mouse. Thus both gray and black have the black
dominant gene; the gray has, in addition, the dominant for wild
type, whereas the black lacks this dominant, that is to say, has
the recessive of the wild-type color gene.

Now we are ready to understand the Mendclian ratio found.
We call the wild-type factor A (this is derived from the name
agouti for the wild-type color, refernng to the color of a South
American rodent of this name). The factor for black in another
chromosome is B, and the gene described as the color realisator
is C and is in a third cliromosome. A truc-breeding gray mouse
is therefore (as far as this experiment goes) AABBCC, a black
mouse is aaBBCC, and an albino derived as & mutant from black
is aaBBcc. Since both parents are homozygous for B, all the
offspring must have BB and we may omit this factor from our
Mendclian formufae. Our cross is thus reduced to AACC X
aace, a cross involving 2 independent pairs of alleles, giving 16
combinations in F2. We can read these from a Roman square;
to mahe the phenotypes of the combinations instantly recogniz-
able we shall add the homozygaus gene for black, BB, present
throughout, though 1t could also be omitted and merely kept in
mind:
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Eoas  AC de aC o
ABC  ABe eBC  aBe
AC ABC  ABC ARG ABC
gray gray gray gray
1 e 1

4BC  ABe  oBC  alic
Ae ABe ABe ABe ABe
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g 5 6 7 8
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gxay gray black black

9 10 n 12
ABC ABe abC aBe
e eBe aBe aBe aBe

gray albino black albing
13 14 15 16

Nine combisations have ABC h ygous or h us and

& gray; 3 bave BG but only aa and are black; and 4 i::’w
cc and are therefore albinos.

In this example we have met AABBCC grays and aaBBCC
Backs. 1t is also possible to have the gray factor AA present
but the black BB rautated to its recessive allele, bb, giving
A8BHCC. This recessive bb would make the hair brown in the
fbsence of the agouty factor, as m aabbCC; with the gray factor,
te, AABBCC, the monse is 5aid to be cinnamon-colored. We
still other color varieties; we should
1;ists, 2gam 10 another chromosome,
ilutes all colors, produc
which the fanciers have special names  If vye call ‘&i‘:ﬁ\ﬁg‘
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into 8 scll-colored to 1 piebald. The dominant alleles $S must
therefore be present in all not-pichald mice. Our gray mouse
now becomes AABBCCDDSS; AABBCCDDss would be a gray
pichald; aaBBCCDDss a black piebald, 1t is hardly necessary
to continne this nnalysis as far as geneticists have been able to
go. The decisive point should be sufficiently clear already:
When we say that a gene controls a given character, we tacitly
include all the other genes, known or unknown, which contribute
a share to the end result, this being changed in o typical way
when auy of the genes mutates.  Since genes become recogniz-
able only when they mutate, there is no theoretical limit but only
an cmpirical one to the number contributing something to any
developmental process, Details of their effects depend upon
interrelations such as we have already studied—dominance, epi-
stasis, collaboration, compromise.



10

Summative or Multiple Factors

Introduction .
The preceding chapter idered the mode of collaborat n
of different genes 1 the prod of a ct

as

by some classical examples, though any of the most diversified
characters of various organisms could have been used. The gene
that was represented as the chromosomal basis of a visible char-
acter turned out to be one of many genetic conditions which in
tos comphicated interplay has only, one might say, the last
word, We now tum to a related but different mode of col-

laboration of genes, namely, the production of a character by a
more or less large number of genes, each having the same type
of effect so that the end result 15 the sum total of all these partial
actions, Because these genes are summative 1n effect and are
generally numerous, one speaks of multiple factors or genes.
Obviously, traits of a quantitative kind, such as size, shape, and
length and weight of parts, most readily lend themselves to this
type of control These are precisely the kmnds of characters
frequently distinguishing forms in nature and most important in
practical breeding, rate of growth, amount of meat or fat, length
of Limbs or neck, weight of wool, length of ears, shape of body,
amount of mulk, size of ear m corn, fat or protein or starch con-
tent 1 grams, amount and strength of straw, stature of man, ete.
Multiple genes are thus of major importance in fundamental as
well as apphed genetics.
eaI:ha character ike body size is regulated by a number of genes,
contnbuting ats share to control of growth, one can visualize
a m‘;mher of possibities  Only a few genes may be involved,
each having a major share in the end effect. Or there may be
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into 8 sclf-colored to 1 picbald. The dominant alleles S must
thercfore be present in all not-picbald mice. Our gray mouse
now becomes AABBCCDDSS; AABBCCDDss would be a gray
picbald; aaBBCCDDss a black piebald. Tt is hardly necessary
to continue this analysis s far as geneticists have been able to
go. The decisive point should be sufficiently clear already:
When we say that a gence controls a given character, we tacitly
include all the other genes, known or unknown, which contribute
a share to the end result, this being changed in a typical way
when any of the genes mutates.  Since genes become recogniz-
able only when they mutate, there is no theoretical limit but only
an empirical one to the number contributing something to any
devclopmental process. Details of their effects depend upen
interrelations such as we have already studied—dominance, epi-
stasis, collaboration, compromise.
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sacients, srall in other words, selection for degrec of character,
bere size, will be possible, Selection can, we saw, be continued,
untl all genetic factors have been selected and made, as we
should now say, homozygous. Thereafter the selected type will
breed true, and no further selection can be elfective, In the
present experiment on wing Gefect external conditions were care-
fully regulsted, but complete control is practically imp ibl
Some environmentally caused variation will therefore sill be
present. Selection provides the crucial test. 1f we can change
the type by selection toward Jarger or smaller wing defects over
2 number of g unisla ot mi is reacked.
which s not shifted further by continued selective brecding, the
varation must be hased upon genes influencing the amount of
wing defect caused by the basic wmgmniching mutant gene.
Geoes which thus regulate the quantity of effect produced by
other genes are called modifiers.

Our evperiment has established that the line of fes homozy-
gous for the mutant causing the wing defect contained many
modiliers, which, 1 turr, can he made homozygous by continued
selection. The results of genetical study generally show that such
n amray of Inudiﬁers, many of them heterozygons, will always be

hatever the of studied; breedmg work,
comsequently, often involves making these modifiers for a plus
or munys effect homozygous. There 15 clearly no essential differ-
ence bebween gene interaction, as studied in the preceding chap-
:8‘:'; :J]d action of modifiers, only a difference in the status of
depo:;t(::v,iegge‘ If we know that in mice gene A controls the
Moot mel’:g:;ﬁ;:ﬂnntgs, and B controls formation of black
v typee Adm of A and B 15 demonstrated by the
wastend, AL = gray, 2eBB = black, aabb = brown. If,
o B ci\an :z g; afparent mdividual effect but, i the presence

M;ldlﬁe(f iy 0cmmto g2y, we can label & a modifier for B.

ooy o any (?Lherx \15:\)% efiectdcm': thus be made
3 and close inbreedi

;:}:n?“m"‘ ot other genetic type can be regarded as comp\e\eley

Zygous only when all its modifiers are also homozygaus,

Sericus error,
$ i the in 4
amsen from ne terpretation of breeding results have

glect of thus fact. The fund:
s 3 lamental geneticist why
'05\1::3‘:!1 analyze the effects of definite genes will therefor y
tk with  strain letely h e
pletely

ygous for sll mod:§i




a large ar very Jarge number of gencs, each of which has ooly
a small share in the cffect produced by the summation of all
the partial effects.  Morcover, each of the pairs of alleles may
exhibit the phenomenon of dominance, so that A4 and Aa have
the same effect and share in the result,  Alternatively, the hetero-
zygote may have an intermediate effect, that is to say, two A's
have twice the cffect of one A, Again, cach gene may have ap-
proximately the same effect, the total being simply this effect
times the number of genes; or the individual factors may differ in
amount of cffect, this one contributing a little more, that one 2
little less, so that the sum total is arrived at by the addition of
the more or less different individual actions. In one such situa-
tion some of the genes have very large effects, the rest only small
cffccts.  As an extreme example, aue gene may control almost
the entire result, the others having only a very little share.

Genetic modificrs
This last possibility must be explored further, for it leads to
a very interesting group of facts. When a visible character based
upon a certain gene js studied, the phenotype is frequently found
to be somewhat variable, even though external conditions ase
t so that the infl of a variable environment is prac-
tically excluded. As an example, take onc of the wing mutants
of Drosophila, in which a picce near the tip of the wing is miss-
ing. If we take a homozygous strain of this mutant, breed it
under absolutely identical litions, then the wing
defect in many individuals, we shall find a considerable variation,
ranging from small to large nicking of the wing. In the first
chapter, we recall, it was shown that such variation may be non-
hereditary, conditioned by the environment, or it may be heredi-
tary based upon genetic factors. We found there that it is not
difficult to discriminate between these two alternatives. If the
variation is the product of known or unknown environmental
agents, the offspring of parents taken from cither extreme ex-
pression of the varying character (extreme minus or extreme
plus) will not be different from the parental group, It will
cxhibit morcover the same kind and degree of variation as the
parental group, whatever the precise phenotypes of the individual
parents may have been. If the variation was hereditary, off-
spring of the larger variants will be themsclves large; of small
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yariants, small, in other wards, selection for degtecbof ch:gazt:(;,
here size, will be possible. Selection can, we saw, be contiv &
ot all genetic factors have been selected and mode, as \s.‘e‘
should naw say, homozygous, Thereafter the Selcc‘f“ type ‘:’}“
treed true, and no further selection con be eiilgcl\ve. In the
present, experiinent on wing defect c'((er.nal con:.hhgns were c'::rlev
fuly regulated, but complet control is / Smp

Some envi Wy cansed variation will t still be
present Selection provades the erucial test, l(l\\'e can chaage
the type by selection toward Yarger or smaller wing defects over
anumber of generations, until a maxi or mi is reathed
which s not shifted further by continued selective breeding, the
vaation must be based upon genes influencing the amount of
wing defect caused by the basic wing-nicking mutant gene.
Genes which thus regulate the quantity of effect produced by
other genes are called modifiers.

Ouc experiment has establuhed that the line of flies homozy-
gous for the rutent causing the wing defect cantained many
wodfiers, which, 1n turn, ean be made homozygous by continued
selection, The results of genetical study generally show that such
2x atray of modifiers, many of them heterozygous, will always be

whatever the ¢t studied; breeding work,
consequently, often involves malang these modifiers for a plus
or munus effect homozygous  There is clearly no essential differ-
ene between gene interaction, as studied in the preceding chap.
ter, and action of modifiers, anly a difference in the status of
our lnowledge  If we know that in mice gene A controls the
deposttion of pigment 11 rings, and B controls formation of black
i‘f”‘fnh the mieraction of A and B is demonstrated by the
. (:wn t70es AABB = gray, 2088 = black, qabb = brown, i,
‘:‘:;ad, A bas o apparent indvidual effect but, in the presence

v g‘:ﬁ’ngﬂ !ﬂack fnto gray, we can label A a modifier for B,
homu ers without any other visible effect can thus be made
ay ;zé:’;sc‘tl?:;ng—wmmmd sefection snd close inbreeding;
homozygons 0;3 & genen; type can be regarded as completely
Stiows s ly when afl jts modifiers are a}so ‘homozygous,
anse £ m the snterpretation of breeding results have
wishes (tzm Pegledt of this fact, The fundamental geneticist who
o work v;)‘“&i“')’?e the effects of defimte genes will therefore try

# strain completely homozygous for all modifiers,
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Elements of multiple-factor inheritance

After this general discussion we are ready to return to the
study of the genctic detaits and 1 in multiple-fact
inheritance, We shall assume the simplest condition; namcly,
the character in question is conditioned by a series of multiple
genes cach making the same contribution to the total effect, and
the heterozygote for each pair of alleles has an effect intermedi-
ate between those of the homozygous dominants and the re-
cessives. Thus, if AA = 20 units, Aa is 10; expressed differently,
cach individual dominant gene contributes 10 units.

For an cxample we could use any quantitative character of
animals or plants. Assume that we are concerned with the
inheritance of size in a species of mammal with 2 distinet and
true-breeding races which differ in size. Onre race has, we as-
sume, an average head-to-tail length of 100 cm,, the other a
length of 40 em. The size of the larger race is based, we further
assume, upon 3 pairs of multiple factors; in a real experiment
this number might be very much larger, but it is simpler to de-
rive the results for a small number of factors, The observed dif-
ference between the two races is then as follows: Both owe their
fnitial growth up to 40 cm. to & series of geaes common to both;
these genes may therefore be neglected here.  The Jarge race
has, in addition, 8 pairs of growth genes, call them AABBCC,
which collectively contribute an extra 60 cm. of growth
(40 + 60 = 100). According to our suppositions, each of these
individual genes (i.c., 1 gene in 1 chromosome) controls 10 em.
of growth beyond the basic length of 40 em. The total size of
any individual is therefore 40 + n X 10, n bemng the number of
individual growth genes. The small race is thus aabbee = 40 +
0; the large race, 40 4 6 X 10 = 100. The combinations AaBbCe
or AABDce or aaBDCC would measure 40 4 3 X 10 = 70 em.
The cross is

large race X small race
r AABBOC X aabbee
Fy AaBbCe
The F, is evidently exactly intermediate between the parents or
70 cm. long. The F: from this will follow the simple trihybrid
174



segregation. we stadied above, provided that A, B, and C are
Tocated in different chromosomes, giving the 8 types of gametes
ABC, ABe, AbC, 6BG, Abc, aBc, abG, abe, and 64 F, combina.
ons These can be obtawed from a Roman square, in each com-
‘bination we can count the number of growth genes A, B,and C
(as shown in the square below).

ABC ABC ABO ABC ABC ABC ABC ABC
ABC ABe AMWC oBC Abe  oBc  obC  ehe
6 5 5 5 4 4 4 3

AB:c ABc ABe ABe ABe ABc ABc ARe
ABC ABe AWC aBC Abe  eBe  abC  abe
5 4 4 4 g 3 3 2

AC  ABC  ABC  ABC AL ABC  ABC AW
ABC ABc AWC oBC Abe  aBe  abC  abe
5 4 4 4 3 3 3 2

oBC aBC aBC aBC aBC aBC oBC aBC
4BC ABe A aBC Abc  aBe obC  abe
5 4 4 4 3 3 3 2

Abc  Abe  Abe  Abe  Abe  Abe  Abe  dbe
4BC ABe AWC oBC Abc aBc  obC  abe
4 3 3 3 2 2 2 1

aBe aBe gB: oBe oBc oBe aBc aBe
ABC ABc  ABC oBC  Abe  oBe  obC  obe
4 3 3 3 2 2 2 1

@A bl gbC  abQ  abC @O O

ab(
4BC ABe AW oBC Abe  aBe  obC  obe
4 3 8 3 2 Q 2 1
e abe abe  abe  ahe  abe  abe ab
ABC AR AWC  aBC  Abe aBc  abC ab‘;
3 2 2 2 1 1 1 Q
Antanging the data in an orderly fash
s soning e erly fastuon, we find among the 64

1 with 6 growth $ackers; i e, size 100 em.
[ wg(b 5 growth factors, 1e., size 90
15 with 4 growth factors, 1 e, size 80



Elements of multiple-factor inheritance

After this general discussion we are ready to return to the
study of the genetic details and conseq in multiple-fact
inheritance.  We shall assume the simplest condition; namely,
the character in question is conditioned by a serics of multiple
genes cach making the same contribution to the total effect, and
the heterozygote for each pair of alleles has an effect intermedi-
ate between those of the homozygous dominants and the te-
cessives. Thus, if AA = 20 units, Aa is 10; expressed differently,
cach individual dominant gene contributes 10 units.

For an example we could usc any quantitative character of
animals or plants. Assume that we are concerned with the
inheritance of size in a species of mammal with 2 distinet and
true-breeding races which differ in size. One race has, we as-
sume, an average head-to-tail length of 100 cm., the other a
length of 40 cm. The size of the larger race is based, we further
assume, upon § pairs of multiple factors; in a real experiment
this number might be very much larger, but it is simpler to de-
rive the results for a small number of factors. The obscrved dif-
ference between the two races is then as follows: Both owe their
initial growth up to 40 cm. to a scries of genes common to both;
these genes may therefore be neglected here.  The large race
has, in addition, 8 pairs of growth genes, call them AABBCC,
which collectively contribute an extra 60 cm, of growth
(40 + 60 = 100). According to our suppositions, each of these
individual genes (i.c., 1 genc in 1 chromosome) controls 10 cm.
of growth beyond the basic length of 40 em. The total size of
any individual is therefore 40 + n X 10, n being the number of
individual growth genes. The small race is thus aabbee = 40 +
0; the large race, 40 + 6 X 10 =~ 100. The combinations AaBLCc
or AABLcc or aaBLCC would measure 40 + 8 X 10 = 70 cm.
The cross is

large race X small race
P AABBCC X aabbee
IO Aal3bCc
The Ty is evidently cxactly intermediate between the parents or
70 cm. long. The Fs from this will follow the simple trihybrid
174



segregation we studied above, provided that 4, B, and C arc
located in different chromosomes, giving the 8 types of gametes
ABC, ABc, AbC, aBC, Abc, aBc, abC, abe, and 64 F, combina.
hons 'These can be obtained from a Roman square; in each com-
bination we can count the number of growth genes A, B, and €
{as shown in the square below),

ABC ABC ABC ABC ABC ABC ABC ARC
ABC ABc ABC  oBC  Abe  aBe  abC  abe
] & 5 5 4 4 A 3

ABy ABe ABc ABe ABe ABe ABc  ABc
ABC ABe AWC oBC Abc  aBe  aC  ehe
5 4 4 4 3 8 8 2

AC ABC  ABC  ABC ARG ARG ABC ABC
ABC ABe AWC oBC  Abe  aBe abC  abe
5 4 & 4 3 3 3 2

oBC aBC aBC oBC aBC oBC aBC oBC
ABC ABc ABC oBC Abc  oBe abC  abe
5 4 4 4 3 3 3 2
4be  Abe  Abc  Abe  Abe  Abe  Abe  Abe
4ABC ABe ABC  oBC Abc  aBc abC  abe
4 3 3 3 2 2 2 1
@B oBe aBc oBe aBe «aBe aBe aBe

4BC AB: ABC oBC  Ake  aBe  @bC  che
4 3 3 3 2 2 2 1
A0 abC  aC  WbC  ahC  @C O abC
4 430 ABe  ABC  oBC  Abe  oBc b0 abe
3 3 3

2 2 2 1

ahe gbe  gbe  gbe  abe  abe  ahe
abe
4BC ABc ABC oBC Abe aBe  abC abe
3 2 2 2 1 1 1 o

Arranging the data in an orderly fashion, we find
Jreengng e ly , we find among the 84

1 with 6 growth factors; i ., size 100 crq.
[ wtlh 5 growth factors; ie,, size g0
15 with 4 geowth factors; i.e ,size 80



20 with 8 growth factors; i.c., size 50
15 with 2 growth factors; i.c., size G0
6 with 1 growth factor; i.c., size 50
1 with 0 growth factors; i.c., size 40

We can ammange this result the following way:

Number of growth genes [ t 8 2 1 o
Size classes in contimeters 100 90 80 70 60 50 40
Number of individuals 1 6 15 2 15 6 1

What do these results mean? In the Fa we have 7 different
sizes of animals. But, bering the of the first

chapter, we should hardly expect so strict a difference between,
and uniformity within, the 7 classes. The genctic size of each
class is only an ideal, the mean or average size found among
many individuals. Single individuals will deviate more or less
from this mean under the influcnce of environmental factors
acting upon their development, as seen in the example of size
in beans. In a real experiment, therefore, the 7 classes will not
be discrete; instead, they will be connected by individuals of
transitional size. We should find a continuous series of sizes
between 40 and 100 cm., provided that we breed sufficiently
large numbers of individuals. Among these phenotypes no clear-
cut Mendelian segregation is visible, though we have seen how
it has really taken place. The reader can appreciate how such
facts could be used as evamples of non-Mendelian inheritance
before they were truly understood.

Another important point emerges from the F, classification.
The largest number of individuals (20 out of 64) appeared in
the class of intermediate size (70 cm.), the smallest number, 1,
accurred in the extreme classes of largest and smallest size. The
numbers increased symmetrically from the lowest to the great-
est, both in the smaller and larger classes (1, 6, 15, 20, 15, 6, 1).
This symmetrical arrangement is clearly that described 1n the
first chapter as the curve of variation. There we saw-we recall
the pinball machine, Fig. 7—that this symmetrical distribution
of phenotypes occurs when we measure a large number of
genetically identical individuals, the reason being that small
differences in the environment affect development and pull the
resulting phenotype a little above or below the ideal cffect pro-
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dued by the genetical canshtution. 1€ pure chance is at work,
extrems deviations will be the rarest occurrences, a bafance be-
tueen deviations in one or the other direction will be the most
frequent evert, and supenority of the pulls in one direction will
be the Jess frequent the more extreme they are. Phenotypes thus
fall into a symmirical cutve of variation, And now we fnd
enlly the same symmetneal distrbution of the phenotypes
aroend & mean in 2 Mendelian experiment, where we know the
widduals are genetically different, actually including 7 duffer-
ent genotypes. What a source of potential error, as we shall
soon see}

The ¥ sexies can teach us another important fact. The largest
mumber of individuals {20 out of 64) were found in the intes~
mediate-sized class of 70 e and thus were of the same size as
the F intermediates. Our F, series shows that among the 64
indinduals 50 will range in size between 60 and 80 cm. Now
suppose that we had worked with animals which produce only
a few young per parental parr. With only 25 Fy specimens it is
tather probable that il of them will fall inko these intermediate-
sized classes, one might then conclude that the F looks just like
the Fy and that there has been no Mendehan segregation but a
m?s!ant intermeduate inheritance. In the early days of genetics
1is kund of error was actually made. How easily it may occur
':tcevme:s Sﬁ? clea.rer # we visualize a genetic difference caused
'ge a):’:x:ﬂsgx; smmt;\sh%: fav:tors.d Again we statt with 2 races h:\vifzg
pr AABB(,}CDCSE Ea;F 100 cm., but now we have € pairs
of grovth over anq e th s ;o 'that each gene controls 5 c.
Tt e g ve the basic 40 e, giving a total of 100,

e gregation for the 8 pairs of alleles, a Roman
square with 4006 squares wauld be needed to accommodate the
QV::‘\X‘;;nahons. A count of the distnbution of size dasses in ¥,
o p. ‘%‘;;:“s the followmg, result (arranged like the ¥y series

Y;umber ofgrowthgenes 12 1 38 9 3 vy
ize tasses in centimeters 100 95
Number of individuals 1

lgumbzr of growth peney 5
;‘ clastes in centimeters
mber of individuals

©
80 85 80 75 70
12 66 220 495 702 o994

4 8 2 1 g
6 60 55 50 45 40
82 495 220 68 12 1
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Examining this serics in the same way as before we find 3198
of the 4096 F individuals in the intermediate classes of 60-50
em.; thus even a fairly Iarge Fa generation, with, say, 500 animals,
would most probably fall completely within these intermediate
classes.  So it is that the larger the number of multiple factors,
the less conspicuous is the Fp segregation.

Proving the interpretation

There have been and, in certain places, still are non-geneticists
who point to the result and say: This is a trick; if you introduce
enough multiple genes, you can explain away any result that
does not agree with the Mendelian concept. It must therefore
be asked how the correctness of the multiple-factor explanation
can and has been proved. Using the same experiment, we must
first measure all the F, individuals, supposedly averaging 70 em.
Environmentally eaused variation produces some variation about
this mean, so that we may find in the Fy

Size in centimeters 66 67 68 69 70 TI 72 U3 V4
Number of individualy ¢ 9 12 17 35 18 13 8 1

These numbers are not ideal numbers but the sort that might
occur in an actual experiment. Next, in the Fz with G pairs of
multiple alleles, we may find only animals i the mtermediate
classes between 60 and 80 cm.  The exact result might be

Size in contimeters 60 61 62 63 6+ 65 GO

Individuals e 7 n 27 48 96 112
Size in centimeters 67 68 69 70 71 7@ 78
Individuals 180 210 330 339 285 260 129
Size in centimelers 74 7% %6 77 78 79 80

Individuals 101 8 43 381 18 ) 1

We sce at once that, although the original parental sizes of 40
and 100 cm. did not segregate out, or even sizes approaching
these, the variation in Fy is much wider than that in Fy. This
greater variation in Fy is in itself an indication that multiple
factors are involved.

An actual proof can be obtaincd from the following facts:
still using the same example (6 pairs of multiple factors, cach
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gene contrbuting 5 em of growth), we have actually found in
the F of the crass 40 X 100 only individuals of the 60-80 cm.
casses The smallest, 60-cm , individuals must therefore have 4
ofthe growth genes (60 = 40 + 4 X 5), which may be the geno-
type AABBecddeeff or AsBbCcDdecff or any other genotype
with 4 dominants. To breed a third generation we select an Fz
pair of the smallest, 60-cm , type, having, by chance, the genetic
constitution AaBbCeDdecff. Since ¢ and f are homozygous, they
will be the same in all offspring and need not be included in our
formulae; the matmg is, then AaBbCcDd X AaBLGeDd. In Fy
we expect segregation with 4 pairs of alleles, which will give us

956 combinations in 2 Roman square, The distribution of these
will be

Number of groweth genes 8 76 5 48210
S:znof classes in centimeters 80 75 70 65 60 55 50 45 40
Number of individuals 1 8 28 56 70 56 28 8 1

In the corresponding enumeration for the Fy we smw that small
indwsduals, say 50 em. or less 1n size, were expected in the num-
ber of 79 among 4096, 1n other words, the chance that 2 given
ndsdual will be this small s sbout 1 in 52, In the Fy genera-
?“on bred from the smalfest F, animals obtained, the expectation
1’ H;dwldv.}al.s 50 cm. or smaller is 87 in 256, or 2 probability of

131 s This is more than 7 tunes the hikelihood of obtaining such
miiduals m the F,. In this way, breeding an Fj from the

smallest F, (and the same i indi
vidugls) wall make 1t v o st v o o

possible for us to recover the original
E:xc:hl type as among a and il
m;;\uelr n{f progeny. Nevertheless, if a very large number of
- dx‘lue ’auuxs 35 nvolved, 1t may be necessary to repeat this
pmm? om the extremes in the Fy and even 1n the F. before
by types will be recovered. Actual experiments 1 man
s have borne out these expectations. '
Q‘;ﬂ:ﬁtaﬁce traits in breeding
t
p:: QJ:x]lcx:‘a;:y been noted that most genetic traits important to
it oo hr;eaer are based upon multiple factors, Accumu-
o me\hndco} :eclxm;; in desired combinations proceeds by the
ection of the best individuals; reasons for the




success of this method become clear from the foregoing analy-
sis. It also becomes clear that a successful sclection for quanti-
tative characters must end when all the multiple factors have
become homozygous. From this point on further progress is
possible only if new mutants in the desired direction can be
found or produced experimentally, or if new varieties can be
discovered, possibly in nature or in the crop stocks of backward
peoples, the genes of which can be inserted into the chromosomes
of the sclected strains by crossing, selection in F, etc. The actual
details of breeding are a bit more complicated than here ex-
plained, for crossing over has been completely neglected in our
discussion. It is not difficult to sec that if some of the multiple
factors are located in the same chromosome, their reshuffling
after crossing will also involve crossing over. This obvious fact,
however, changes nothing in principle, though the details be-
come a little more complicated.

In the course of breeding experiments of this kind, but not
entailing crossing over, the following type of situation may be
encountered, a situation inexplicable without knowledge of
multiple-factor inheritance: Two unrelated forms rather similar
in regard to some quantitative character, say size or yield, are
crossed; their similarity, however, is phenotypical, different genes
being involved in each. Using again the example of size based
upon 6 pairs of genes, each single one capable of increasing
size by 5 cm., we might have one parent with the constitution
AABBCCddeeff and the other with eabbccDDEEFF; both thus
have a size of 70 em., but it is based on different genes in each.
The F, is AsBbCcDdEeFf, 70 cm. in size; no hereditary differ-
ence appears here. But in the F; there occurs segregation and
recombination in accordance with a Roman squarc of 4096
squares; here individuals will appear of size 100 cm. and size
40 cm., i.e., much larger and much smaller than the parents and
the Fy; these individuals could be selected and bred to produce
homozygous strains AABBCCDDEEFF and aabbecddecff.

When, in the first chapter, we studied the problem of what is
inhented, we used two examples. One was size in beans, which
showed us the action of the environment in producing variation,
as expressed in the symmetrical curve of chance variation. We
also lcarned that in a pure line this vanation is not hereditary;
selection of the extremes for further breeding had no effect. We
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Ynaw the real reason: In the pure fine the genes for size
‘;We':e hoy:luzygnus. Next, in the first chapter, we gxoceedcd‘ to
mit many different pure lines and {ound that the xf\\xtuxe v'ancd
in the same way. ‘The reason, we now sce, is that in the misture
all possible recombinations of the multiple factors brought in by
the original pure lines can take place, 5o that the mixture roughly
resembles an Fp with many multiple factors. Then it was found
that from such a mized population wdividual bnes of different
types could be selected out, and that selection ceased .to produce
anything additional after we had obtained from the mixture what
went mto it-the mdividual homozygous lines. The same prine
cple was also il d by the inary experiment of cross-
ing human races and selectmg out the mgredhents, which emerged
fust as they had entered the experiment, so far as the character
size was converned, Were we to repeat this imaginary experi-
ment now, we should understand why the original size types
could again be selected from an interbreeding population, ie.,
a5 homozygous segregants, We could also follaw ather traits
which distingushed the onginal parents in the experiment; we

should find that they recornbimned in various ways with the segre-
gating sizes, but all ding to Mendeli

An additional example: size in man

With the knowledge now acquited we moy examine o hitle
mote closely such a quantitative character as stature in man,
wilh which everyone deals daily. No oue doubts that stature s
hereditary m man, Some groups are, on an average, very tall, ke
the Scots and Aftican Dinka. Other groups are usually smalt,
as‘the Ttahians and Japanese; still others are dwart, as the Pyg-
mies, Alda, and Negnitos  But, 1u addition, 1n any single ethnic
froup, say our own, everyone recognizes the existence of heredi

tary types, for example, famikies in which all members over the
generations are very tall,

A study of the heredi basis of
buman stature must, of course, toke into accougt aﬁhdrxye e::v‘ism;
mentaf factars that may act upon the developing child, Under-
noutshment will certainly yeduce stature, 25 will lack of the

proper vitarmns. There is also an internal envi
D o
in part consistmg, of the glands o pastr,

; of internal secretion,
which mflyence growth, i i A
which i n\:,;y » 0 that tbezrL insufficiency, abrormality,

y effects of the heredi-



tary constitution, making a dwarf of a genctically tall individual
(as dysfunction of the thyroid), or a giant of a genetically short
man (as dysfunction of the pituitary gland). Here is a striking
illustration of the interplay of heredity and environment, as well
as a demonstration that genetical constitutions can be compared
only when environmental factors, external and internal, are kept
constant,

Taking any given population—the experiment can be made
with any large class of stud can mea indi-
viduals of the same sex and arrange them in size groups, just as
we did with the beans. An actual example is scen in Fig. 48,
where the result is brought out in a company of soldiers by hav-
ing all individuals of the same height stand in line. The usual
symmetrical arrangement around a largest class of middle-sized
individuals (here 167.5 cm.) is seen, with the tallest and smallest
persons the least numerous. From the preceding analysis we
can conclude that in a mixed, intermarrying population all kinds
of hereditary constitutions in regard to multiple growth genes
will occur; when marriages are wholly random, the composition
of the population in terms of growth genes will be similar to that
of an I, cross involving many multiple factors. Proof in the ex-
perimental crosses was obtained from selection of the extremes
in the Fs scrics, The same result can be seen in man, though
the selection is made only on paper. If measurements of a
human population are collected so that many families are in-
cluded over a number of generations, one can list all children
of two tall or two short parents and compare their average stature
with the average parental stature; this is, after all, selection on
paper. As expected, taller parents had taller children, and
shorter parents shorter children in an actual study in which
many individuals were measured, It turned out jn this case that
tallness is the result of accumulation of recessive alleles, the
dominants having the apparent cffect of inhilnting growth. The
situation is precisely that seen in carlier examples where no
dominance was assumed. Where there is dominance it is easier
to choose two individuals that are homozygous recessives than
two that are both homozygous dominants, For this reason two
very tall parent ing the lation of recessives—
will typically have very tall children, whereas medium and short
parents may also produce tall children, since such parents are
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commonly heterozygous. It seems that the number of growth
genes involved in human stature is not very large; attempts have
even been made to show that they individually affect the differ-
ent increments of size, such as length of leg or rump.

While using man as an example, we may mention another
instance of multiple factors in man for its gencral interest. Skin
color, especially black and white, is the case in question, men.
tioned because completely mistaken ideas concerning it are com-
mon among laymen. The cross black X white produces children
of intermediate color, or mulattoes.  Popular belicf is that mu-
lattoes marrying among themselves will again produce mulattoes,
for generation after generation, But the offspring of a mulatto
and a white is a so-ealled quarter-blood or quadroon, and of a
mulatto with a black a so-called three-quarter blood or sambo,
When large numbers of children bom from marriages between
mulattoes are studied, it is quickly seen that their color is not at
all uniform but varies widely from dark to light, exactly as

X[ d if skin pig ion is controlled by n series of multiple
genes.  One consequence is that pure whites and pure blacks,
in regard to skin color, arc expected to appear among segregants
where large numbers are studied; further, selection by preferen-
tial mating of lighter segregants will favor the reappearance of
white, Exact studies of mixed populations have supported these
expectations; it is claimed that only 2 pairs of major factors are
involved, plus what we have called modifiers.




Multiple Alleles

The basic facts

Up to ks point our snalysis of the facts of Mendelian inhefl-
tance has dealt with pairs of genes each located at a definite
Yocus on a pair of homologous chromosomes. Such a locus or
gene, we have seen, can change by mutation mnto a mutant gene,
thos gving us a pair of alleles; 1t is the rutant gene, as repeat-
edly asserted, the difference from the normal t:o‘ndxuon, which
permits recognition of the normal gene from which the mutant
gene is derived. The facts studied thus far considered cm}y 2
sngle mutant allele for each gene: The factor for black hair in
guinea pigs mutated mto one for whte hair, the gene for normal
wings 1 Drosophula, into one for vestigial wings; the locus of
the production of the red eye, into one controlling white eye, ete.
Expressed in symbols, A mutated to @, Bto b, C to ¢, D to d, ete.
Since a mutant very frequently has seemed to be a failure of pro-
duction of the normal condition, early Mendelians thought that
the recessive gene mght really be the absence of its normal part-
ner: White would be not black, long hai, absence of control of
hair growth, ete. But since those early days it has been found
that a given gene can mutate not merely to a smgle mutant con-
dition but often to more than one and, in fact, many. The gene
+* for red eyes m Drosophila (we remember this method of
symbolizing the normal gene; see p. 115) can mutate into the
allele 1 producing white eyes, and alo mto the alleles w* for
apricot eye, w for chewry color, w* for eosm eyes, and many
more. Thus there 15 not a single allele to the onginal gene but
many, gving multtple alleles, each the result of a mutation,
Multiple allelism is the technieal term applied to the phenomenon
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of occurrence of multiple alleles. It is regrettable that the words
multiple alleles sound so much like the multiple factors we have
just studicd, which are completely different things. Attempts
have been made to overcome the confusion by calling the mul-
tiple factors—i.c., many genes of identical action cach contributing
a share in the production of a quantitative character—polymeric
factors or summative factors or polygenes. But the old name
multiple factors still sticks, and a warning against confusion with
multiple alleles is therefore needed.

Multiple alleles are by no means a rare occurrence. As a mat-
ter of fact, all adequately studied genes in any organism whatso-
ever have been found to produce multiple alleles, Nor is there
any rule as to how many alleles may arise at a locus. In some
cases as many as 20 alleles of 1 gene have been discovered.

Characteristics

Now let us consider a few of the characteristics of multiple
alleles.  As may be expected, the members of a series of mul-
tiple alleles affect one and the same developmental process lead-
ing to a visible character. This effect is a graduated one for the
different alleles.  Take, for example, the alleles studied pre-
viously, normal and vestigial wing in Drosophila (47 and vg);
a considerable serics of allcles cxists at this Jocus, oll of them
affecting the wing in a similar but quantitatively different way.
The vestigial allele (vg) removes almost all the wing blade; @
more extreme allele, vg¥*, removes the entire wing; a less ex-
treme one, vg*, leaves a straplike wing rudiment; a still less ex-
treme one, vg™, leaves about half of the wing blade; yet another,
g™, takes no more than small nicks from the wing. Thus we find
an ascending series of mutant cffects, in the order: +2 «+*
pgrt cer g s og™ -e- g ee vgdv. Ina similar way, almost
all series of multiple alleles can be arranged in an ascending or
descending scquence of effects.  From this fact it is obvious that
a series of multiple allcles must mean a series of changes m what
is called a gene, altering its function in a plus or minus direction.

From the viewpoint of Mendelian genetics, multiple allcles are
rather simple. Since they are merely different conditions of onc
and the same gene, only 1 pair of them can be present simul-
tancously. At the same locus on a pair of homologous chromo-
somes we may find, in generalized symbols, A4, aa, Aa, Aa', a'a,
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et A%, ete, in othes words, any pair of the existing series of
iole s ore than 1 pajr, Crosses
moltiple alleles but, of course, never w e Smple
between such pairs will, it 15 readily seen, always gi o G0
Meadelan ratios. Just as the ¥, of AAX aa segregates tans
144 940 ; 10a, so the Fp of aa X a'a' segrcg‘a\es into la }‘\
2241 Ia'at. "The some is true for all other possible crosses.
set of multiple alleles can therefore be recognized by its "“""
dueing invarably simple Mendelian results after crossing in 2l
ible comboations.
Po'sl'so grasp the full meanng of this, let us assume for 2 momt.;r:t
that a multiple allele is not a different condition of one and the
same gene but a different gene Jocated very near the other one,
so that it can hardlly be discriminated. 1F this were now the case,
it would be possible to separate the 2 genes by a \arge-fcn\e
ctossover expenment, in which there would appear a few md.\~
viduals having both mutant genes in 1 chromosome and none in
s partner, whereas the parents would have but 1 of the genes
m each homelogue, Actually, m almost ol cases such an experi.
ment gives negative results, so Yhat mulnple alleles are demon-
stiated to be condinions of 1 single gene.

s intetesting to inguire into the appearance, the phenotype,
<f the heterozygotes where multiple alleles are involved. Aa may
show dommance of A or may be mtermediate. In a series of
multiple atleles it most frequently happens that the highest mem-
ber is dominant over all the others. Thus, wild-type 1ed eye
1% Drosophula 15 domimant over white, apncot, eosin, ete.  But
beterozygotes between two of the other alicles are, as a rule,
termeduate.

Anothes problem relates to the origin of multiple allelic series
by mutaton One wight think that such mutants could anse in
2 tampletely haphazard way, but fhis is not actually the case,
[tis true that of the wild-type allele~which we have
just called the “kighest” tmembes of the series—can happen to
gise any other member of the sevies; Red eye mutates directly to
white, or only to eosm, ete. Sundarly, any member of the series
Can mutate 1nto a Jower member: Eosm may matate to apricot

ever—and perbaps even
hever—mutates into a higher one, say whate into eogin or ted. 1t

we knew the reason behd these facts, we shauld be able 3o

o1 white  But a lower member hardly
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of accurrence of multiple alleles. It is regrettable that the words
multiple alleles sound so much like the multiple factors we have
just studied, which are completely different things. Attempts
have been made to overcome the confusion by calling the mul-
tiple factors—i.c., many genes of identical action each contributing
a share in the production of a quantitative character—polymeric
factors or summative factors or polygenes. But the old name
multiple factors still sticks, and a warning against confusion with
multiple alleles is therefore needed.

Multiple alleles are by no means a rare occurrence. As a mat-
ter of fact, all adequately studied genes in any organism whatso-
ever have been found to produce multiple alleles. Nor is there
any rule as to how many alleles may arise at a locus. In some
cases as many as 20 alleles of 1 gene have been discovered.

Characteristics

Now let us consider a few of the characteristics of multiple
alleles. As may be expected, the members of a series of mul-
tiple alleles affect one and the same developmental process lead-
ing to a visible character, This effect is a graduated one for the
different alleles. Take, for example, the alleles studied pre-
viously, normal and vestigial wing m Drosophila (+ and vg);
a considerable series of alleles exists at this locus, all of tl\em
affecting the wing in a similar but quantitatively different way.
The vestigial allele (vg) removes almost all the wing blade; a
more extreme allele, vg¥%, removes the entire wing; a less ex-
treme one, vg", leaves a straplike wing rudiment; a still less ex-
treme one, vg™, leaves about half of the wing blade; yet another,
og™, takes no more than small nicks from the wing. Thus we find
an ascending series of mutant effects, in the order: -7 -+
vg eee 0g e og" <oe vg +++ og™. Inasimilar way, almost
all series of multiple alleles can be arranged in an ascending or
descending sequence of effects. From this fact it is obvious that
a series of multiple alleles must mean a series of changes in what
is called a gene, altering its function in a plus or minus directzon.

From the viewpoint of Mendelian genetics, multiple allcles are
cather simple. Since they are merely different conditions of one
and the same gene, only, 1 pair of them can be present simul-
taneously, At the same locus on a pair of homologous cl:mr‘m:-
sames we may find, in generahzed symbols, AA, aa, Aa, Ad', a'a',
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2%, Adh, ete,, in other words, any pair of the existing szé'xes of
muliple alleles but, of course, never more than 1 par. ‘°55;s
between such pairs will, it is xeadidy seen, always give simpie
Mendelan ratios, Just as the Fa of AA X ea segregates into
1AA : 84c : lag, 5o the F of au X ald? segregates into laa
200" 1 Jala', The same is true for all other possible crosses. A
set of multiple alleles can therefore be recognized b)': its pro-
duemg 1nvarably simple Mendelian results alter crowsing in all
possible combinations.

To grasp the full meaning of this, let us assume for 2 moment
that 2 multsple allele is ot a different condition of one and the
same gene but a different gene lacated very near the other one,
50 that 1t can hardly be discrminated. If this were now the case,
it would be possible to separate the 2 genes by a large-scale
crossover experiment, in which there would appear a few indi-
viduals having both mutant genes in 1 chromosome and none in
tts partner, whereas the parents would have but 1 of the genes
m each homologue  Actually, 1 aimost all cases such an experi-
ent gives negative results, 5o ihat multiple alleles are demon-
strated to be conditions of 1 single gene.

It is {nteresting to mquire mto the appearance, the phenotype,
of the heterozygotes where multiple alleles are involved. Aa may
show dominance of A or may be intermediate. In a series of
multiple alleles it most frequently happens that the highest mem~
ber 15 domumant over all the others. Thus, wild-type red eye
1 Drosophula 1s donunant over white, apnoot, eosin, etc. But
heterozygotes between two of the other alleles are, as a mle,
intermediate.

Avcther problem relates to the ongin of multiple allelic series
by mutation, One might thiok that such mutants could atise in
;k“f"“f“e‘d)’ baphazard way, but this is 1ot actually the case.
m‘: :a“ﬂeed‘h;: mutauou»o( the wild-type allele—which we have

e “Jughest” member of the series~can happen to

f:;: any other member of the series: Red eye mutates directly to

te, or only to eosm, ete Simgarly, any member of the serjes
an mutate into a lower member:

©or white. But a lower member b

never—mutates into a by,

we knew the reason

Eosin may mutate to apricot
ardly ever—and perhaps even
gher one, say white into eosin or red. If
behind these facts, we should be able to
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discover more about the intimate nature of the process of
mutation.

Though multiple alleles are very simple as far as heredity
is concerned, merely variants of the simplest kind of Mendelian
heredity, they are of importance for a considerable number of
problems. It is evident, for example, that the regular series of
quantitatively different effects on the phenotypical expression of
a trait, such as normal appearance of the fly wing blade, affords
a means for finding out something nbout the way in which a
gene controls development of a character. If all possible com-
binations of multiple alleles are made, if the different effects of
cach combination are measured, and if the development of the
organ in each combination is studied, one may discover rules,
relations, and regularitics which permit conclusions as to the
mode of gene action. Actual studies of this kind have led to
very interesting results, Another problem stems from the fact
that in nature multiple allclic series are sometimes found to be
responsible for the variability of an organism. For instance, lady
beetles are known which exhibit an cnormous array of vanations
of pattern and color of their wings; all of these vanations were
shown to be based upor a single series of multiple alleles at a
single locus. This genetic phenomenon thus enters into discus-
sions of the problem of evolution. However, these and related
problems are of such special and technical nature that we must
here content ourselves with no more than pointing to their im-
portance. But one case of multiple allelism has come to be of
such practical importance that it must be described in greater
detail. We refer to those propertics of human (and other mam-
malian and avian) blood generally known as the blood groups,
inherited conditions now widely familiar because of their im-
portance in the correct technique of blood transfusion and in

paternity tests.

The blood groups

The basis of this whole sct of facts is the observation that
blood has the ability to produce protective substances, so-cnl.lcd
antibodics, against the harmful presence of foreign proteins,
called antigens (which have nothing to do with the k.)l'm g».encs).
When foreign proteins enter the blood stream, as in m{cchon_ or
by experimental injection, these extremely important chemical
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A X i tructed

. the antibodies, ate elat 3, being so cons!
i i tiou of the specific for-

ol m:g'e N E:O::g;,:h :gg?x:zs‘:g;lﬁsclaxcthey have begr{om\ed.
R is ge & is the presence in the red cor-
. SSP‘E::‘ lfc:;;‘g\m §§r;e?;‘ﬂ:§§\ mo\ek?lh&t, when introduced
g;l;ietMn into another species of animal, sti{nulates th; pr(;
duction in the blood fluid of an sntibody aga'm.st the re ci(;i
puscles  When this blood fuid (serum) containing the specd‘c
antibodies is mixed in a test tube with the whole blood of the
species against which the antibodses were formed, a reaction
takes place in which the red corpuscles dump together, or are

lutinated {baked together).
ugi[ter this p(hennmenogn was discovered, it was .immd that the
aggfutination reaction, typical for different species, can some-
Hmes oeowr when the blood of two different individuals' of the
same species, for example, men, is mixed. One ind'\\fidua! s blood
contained antibodies for agglutination of the other’s corpus.cles.
Further wmvestigation revealed that the blood of different indi-
viduals reacts in vanous ways, 50 that 4 types of people can be
distinguished by the presence in their blood of an antigen called
A or ove called B or both together, AB, or neither aptigen, the
0 group ‘These categories were called the blood groups. It is
obvious that an indwidual of blood group A cannot have the
antibody, now called an agglutinin, against A in bis own blood,
for then his own corpuscles would be agglutinated, It tumed
aut, hiowever, that the A mdividual has the agglutmin against B.
Therefore, a mixture of blood from an A individual with blood
from B or AB sadividuals results 1 agglutination, for the agglu-
tinla for B present in the A blood 15 brought into contact with B
{or ABY corpuscles, Sunilarly, an mdividual of Hood group B
bas ia his blood fwd the 28z

umin against A; therefore a mix-
ture of this flud with A or AB blood will agglutinate the cor-
puscles of both, AB blaod, consequently, must lack both of the
agglutinims, while 0 blood contains both af them and can agglu-
tinate the corpuscles of A, B, and AB in

! dividuals. Every per-
sou's blood group can thus be ascertained by a te:

st-tube test,
provided that the different sera are available,
Soon after all these discoveries 1t was recognized that com-
parison of the bl,

ood groups of pavents and thexr children showed
these blood

types to be hereditary, based upon Mendelinng



genes. These are certainly remarkable gencs, controlling a trait
which cannot be of any use or importance to the organism but
are nevertheless present, and also have mutated, as we shall
immediately sce. It was quickly realized that Mendelian in-
heritance is involved and, after some detours into error, it turned
out that the 4 blood groups are based upon a series of multiple
alleles at 1 single Jocus of 1 chromosome. Let us express the
situation in the usual genetical language, understanding that the
names A, AB, B, and 0 were not intended to be Mendedian sym-
bols but simply chanced to be chosen by the griginal investigator.
At one point on a pair of chromosomes is located a gene that
produces the effect A-type; it is dominant over a mutant that
does not produce the A-type blood and is called the zero-type
(0). Note that we already characterize the genes by their prod-
uct, the blood type,

Had geneticists worked out the case from the beginning, they
would have assigned a symbol to the gene itself, saying, for
instance, that the gene I produces the A-type of blood and its
allele i the O-type. An individual of the A-type would there-
fore be homozygous 11 or heterozygous Ji. The same gene has
given rise to another multiple allele, this one responsible for the
B-type blood. The geneticist would have called this allele I,
Then an individual of blood group B could have the genotype
I'P, homozygous, or Il, heterozygous. We know that multiple
alleles may occur in a pair of ¢k ymes in any ion of
two. Therefore an individual may have in one chromosome the
allele controlling group A (we called it I) and in the homolo-
logous chromosome the allele controlling group B, which was
called I', the genetic formula being II'.

Ilere we encounter a remarkable condition, one that is most
unusual in genetics. Previously we have scen that in a pair of
allcles we either have one dominant to the other or a heterozy-
gote with a phenotype intermediate between those of the 2
homozygotes. This was also true for multiple allelic pairs. But
in the heterozygote II’ we have a quite different effect: Each of
the 2 alleles produces its own characteristic cffect, and there is
no mising, no interaction. The AB blood type, genetically IF,
exhibits the proper agglutinin reactions for both the A-type and
the B-type. This difference from standard Mendelian relations
must be due to some unknown chemical peculianty.
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Fanally, the 2 alicles present may be thase controllng the
Otype, this individual would be genetically i, Asetof 3 fxl!eles
thus explains the occurrence of the 4 blood groups. In view of
the confusion that may easily arise from the terminology of the
Blood groups, which does not follow genetical usage, the facts
fbus far recorded may be tabulated as follows:

Blood Group  Phenotypic Formula Genetic Formula

A Ador AD HHorli
B BB or BO I'l'or I'
AB AB w

0 00 it

1t may be added that since the first discoveries other alleles
have been found at the same locus, for example, the allele for 2
blood group B, which we should call /2, and which makes pos-
sible a capsiderable number of additional combinations of 2
alleles in any one indvidual. To the student of Mendelism it
is clear that the results of any mating between infividuals with
different blood groups can be predicted 25 sunple cases of Mexn-
delian ¥, and hackerosses. I, for example, the mother is hetero- |
zygous for the gene controlling the A group, j.e., A0 = Ii, and
the father heterozygous for the gene controlling the B group,
i€, B0 = I%, the children will be expected to be one-quarter
each of the types IV = AB, Ii = A0, I'i = B0, it = 0. Now one
can reverse the process and draw conclusions as to the blood
group of, say, the father, it the BHlood type of the children and
mother 15 known  If, for example, the mother is AD (Ji) and
the chuld AB (I'), the father must have had B {F), if we ex-
dude the very rare possibility of a new mutston. 'The more
alleles we know, the more specific can he the diagnasis, Rlaod
520:1; teits are !k}:lerefare much used in paternity suits, and the
nelicist 1s unable to understand w i i
NSﬁCtept ey d why some judges still refuse
ince these primary discovertes other blood groups have been
i:::‘:‘ :;a:ed upon genes in other chmmosomef aspis proved by
gregating separately from the first

matings invelving both groups.

group 1 proper
MN syster,

One such group is called the
A 2gatn with a wumber of multiple alleles, hence, the
g system for paternity inquines and for transinsions has



become still more refined. In the course of these studies it has
also been learned that the different cthnic groups of man, the
so-called races, may differ in regard to blood groups. Thus, a
high frequency of G is found nmong American Indians, much A
in Western Europe, much B in India. As these differences are
duc in part to the former history of these groups and in part
to the chance preservation of mutants, it is difficult, to date, to
draw many conclusions from the present distribution of blood
groups, 1t is also of interest that the apes have the same blood
groups as man. Thus the gene for the group A js to be found
in the gorilla and chimpanzee,

It has already been stressed that these mutant conditions are
remarkable in that they control a character which would never
have become known had it not been for the serologist’s experi-
ments. It is also possible for one to think that these genes have
some other effcets important to the body which we have not
succeeded in discovering.  One additional blood group, though
not diffcrent in principle from the others and, like them, based
upon multiple alleles, does control certain yisible effects, under
certain circumstances. This is the now famous Rhesus (Rth)

“ group.

Rhesus is the name of a species of monkey much vsed in
laboratory cxperiments, I Rhesus blood is injected into 2
guinea pig, anti-Rhesus antibodies appear in the blood serum
of the guinea pig. These anti-Rhesus substances also agglutinate
some human bloods, which must therefore contain a Rhesus
factor. In fact, 85% of all human beings have this factor and
are for this reason said to be Rhesus positive. Only 15% are
Rhesus negative. Here we have a blood factor—actually a large
group of factars with small differences among them—which be-
came known only through a complicated test. Soon after sts dis-
covery, this new blood group was found to have an extraordinary
relation to a long-known pathological phenomenon. In some mar-
riages stillbirths were known to be very frequent, or babies were
born who dicd very soon of a mysterious condition involving de-
struction of blood cells. It turned out that the Rh-factor is the
culprit. The child of an Rh-posttive father and an Rh-negative
mother will be heterozygous for this gene, further, since positive
is dominant over negative, the child’s blood will be positive. In
the womb of the mother the child's Rhesus substances have a
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chance to duffuse acrass the separating thin lining of the vessels’
ito the blood of the Rh-negative mother, If this happens—
and it does happen occasionally—the mother's blood reacts by
producing anti-Rhesus antibodies. These, in tum, can pass
through the thin membrane of the placenta into the child’s blood
and there agglutinate and effectively destroy the child’s cor-
puscles; this results sooner or later in death, either in the womb
or after birth. Today every obstetrician will check upon the
Rhesus groups of both parents, 1f the sitnation of positive father
and pegative mother exsts, the mother’s blood can be checked
for the presence of the antibodses, and it is very often possible
fo save the cluld by proper treatment of the mother and trans-
fosions it the child, But here we have been led far from the
study of basic genetics, to which the next chapter will return,
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A Glimpse of More Technical Facts
and Problems of Genetics

While studying the elementary facts of genetics we have re-
peatedly reached the borderline beyond which lies the more
advanced knowledge of this field. Genetics, like the other
seiences, has undergone a rapid development during the last half
century and become more and more technical. At the same time
it has reached the point where contact has been made with
physics and chemistry, so that jts study requires considerable
knowledge of these ficlds. Other contacts have developed with
physiology, embryology, protozoology, bacteriology, and virus
research, and evolution has been emphasized even more than in
earlier years. A mew upsurge of cytalogy, providing more inti+
mate and intricate knowledge of the chromosomes, has posed
new problems for geneties; a special branch, cytogenetics, goes
far beyond the contents of this introduction. One might call the
whole domain beyond the el y facts and pts we have
studied thus far advanced genetics. Just as it is not overly diffi-
cult to explain to a beginner the essential facts of atomic struc-
ture, so the basic facts of genctics ean easily be mastered. But
just as a Targe amount of techmeaf knowledge is required to
achieve a detailed knowledge of the atom, with its background
of quantum theory and quantum mechanics, a study of advanced
genetics requires much technical knowledge in all the fields just
cnumerated. Nevertheless, even the novice will be mterested to
know where genctics stands today and what the present-day
problems are. For this reason, the present chapter will provide
a glimpse into some of the recent problems of genetics, as far
as possible without the technical preparation.
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Mare chout the study of mutation

The basts of genetical mformation, we have seen, is the process
of mutation, 'The ewstence of what has been called a gene can
e ascertained onty when the gene has mutated and a cross be-
tween the mutant and the original form has revealed a pair of
Mendelizing alleles. The smost important properties of a gene,
thus, are ts ability to duplicate tself before each duwiston of 2
chromosome and its ability to change by mutation into another

Af-dupl mutant gene, Accordingly, the study of mutation
15 one of the most powerlul tools for a quest into the nature of
the gene This attack con be made in different drrections, An
exact knowledge of natural, sp ion is required
and such i as the exist of genetic conditions within
the chromosomes which ifuence the rate of mutation will be
found to be important  Another line of attack is study of the
tendency of different loci to mutate and the relation of this to

loration of these loti, to chromosomal structure,  An important
problem is whether ions are letely haphazard

p p as sup-
posed 1n the classical theory, or whether there is an in{enelaliogl,
even & dependence, Detween dsfierent mutants; this is o problem
which has only been touched. Another field for hopeful experi-
mentaﬁfyn is provided by the existence of strains, especially of
p]anls., in which a mutant has a tendency to mutate in the reverse
direction within the cells of the mdividual, which thus becomes
2 mosatc of mutant and normal tissues, A complete understand-
m% of this ph winch is not in plants, would
l{’; e s a long way towards efucidation of the process of muta-
Oxnd along with 1t the nature of the gene.
becneh?:}s; 1;::::, e:ttt;d( upon the problem of mutation has
en earker chapter Such,

production of mutants, as reported m
. 1 inducts
y of i
w::i:nﬁi ;;d;et exact ﬂx:\eans for quantitative study of mutation
enI0uS My i

m‘:xl:;nts oo me od \.\;a: ;:im?“ced for acc:sntmg for all

p Ve

* mlxced(::lha) gzutants, the presence of which kills thermga.!\ism

ot “?nr)l. et stage of development. 1f such a lethal is Jo-

N ; :}mgh X-ch of a male Drosophila and all

at sl ol b:; m ;n experiment cantain this lethal, no males
ound, The method for detecting mutants nges
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these X-chromosome lethals; the matings, after experimental
treatment of the sperm, are made in such a way that the mother
also introduces a sex-linked lethal. If this test female receives,
by proper matings, the experimentally treated chromosome of
the male subjected to treatment, she will produce daughters only,
no sons, when a sex-linked lethal mutant has originated in
the treated sperm. An exact measure of one type of mutation
rate is thus possible, and results obtained in different experiments
can be compared. A whole science of radiation genetics has been
built upon this method. This branch has also come to have some
practical importance, for the sex cells of man may easily be
exposed to X-rays and, eventually, the radiations produced by
atomic fission, with the subsequent danger of lethal mutants in
the offspring, as already mentioned above.

Chromosomal rearrangements

In the course of such experimental irradiations of chromosomes
another group of facts was discovered which plays a considerable
role in advanced genetics. It turned out that strong radiations,
such as Jarge doses of X-rays, as well as other treatments of
chromosomes (for example, mustard gas), tend to break the
chr omes.  Cl »mes have an innate tendency to unite
again after breakage. However, if more than one break has been
produced, reunion of the broken parts may occur n the wrong
way. A smaller or larger segment may thereby be knocked out
of one chromosome and either attached to another or lost com-
pletely. One chromosome in this way can become deficient,
Also, a piece broken out of a chromosome may rejoin the original
chromosame in the same place hut with its ends in reversed posi-
tions, so that the piece is now inverted. Again, portions broken
from different non-} log 1 omes may be exch i
so that the chromosomes come to contain segments translocated
from each other. Among the many interesting features of such
“deficiencies,” “inversions,” and “translocations” is their tendency
to produce visible effects of the same type as do mutants. This
gives us two major kinds of mutants: (1) those in which no
change in the chromosome can be seen by our present methods,
i.e., the so-called gene mutants or point mutants, which are the
material of classical genetics; (2) mutants by intra- or inter-
chromosomal rearrangement, so-called position effects. Study of
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modes and rules according to which these two types are pro-
duced, as, say, by different radiations, promises to furnish further
ideas on the nature of mutation. Some of the most searching
dsscussions on the nature of the gene and its mutation take as
their point of departure just such facts as these.

Giant chromosomes

This very elaborate branch of recent genetics has been pro-
vided with a very powerful tool by an interesting discovery, con-
fined to the fly Drosophila and its relatives, the flies or Diptera.
This § has ded the possibilities of relating genetic
facts to chromosome structure far beyond expectation. In a
oumber of types of cells, especially in cells of the salivary glands
of the fies, the chromosomes remain visible in the resting nu-
cleus and grow to giant size, 100 times as long as in ordwary
cells, Under the microscope they exhibit a minutely fine strue-
ture: They Yook like long sausages with very fine cross striations
thatare actually eansed by the alternation of stainable discs with
fransparent interdisc material. But the most amazing thing is
that each duse—there ate about 800 of them in the first chromo-
$ome~is completely constant in size, stainability, and position,
Each dise

b e ;m therefore be given a number and be Tecognized
every “salivary chromosome” from any fly (Fig, 49). O, of
the beautiful results is that et o

- i the ch

k:n I“ were just descr}bed, the deficiencies, inversions, and
; slocations, can be easily seen and the breakage pomts exactly
localized bethen two definite discs. Now if we can by genetic
Y:ea{x; t(!ieterfnme which mutant genes are located within a par-
e;’esm Sﬁnggicy or inver.sicn (as can be done by methods not
—e by 1lczult), and if a sufficient number of such Tearranges
it aefava c;nble, we can finally assign a definite location, say,
oo Thewb 1scs o even .\vithm a single one, to the mutant
eiary & l: cauty of the situation is that the mapping of the
ardet 1 a:x:msomes by this method shaws exactly the same
ingover £ I}lgement of the mutants as that revealed by cross-
sy glxaiil m{len(m And agan we realize that studies of the
experanental caro; d w;th genehcha\ analysis and
hick gy appronch e ge form anot] er avenue by
of the genr o o mutnl:l:jni:t; or;csll(‘l)lli of genetics, the nature
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These giant chromosomes tave opened up another line of at-
tack After all, the gene and the mutant gene must one day
be recognized as having specific chemical, ‘molerular constitu-
qons. Mamy geoeticists and biochemists are therefore actively
trylug to learn more abaut the chemical constitution of chromo-
somes (han §s ined in the t that ct con-
sist of nucleaproteins, a combmation of nndleic acids and pro-
teins, Sahvary chromosomes are Jarge enough fo be subject ta
all kinds of chemical and optical tests, and many facts have
already been acquired which eventually may be assembled into
a definitwe pcture of the structure of the chromosome and its
component parts, Ju this field the chemmst is in the forefront,

and the geneticist eagerly awauts results that may solve his own
problems.

Cytogenetics

In referring above to poiot mutants and mutants by rearrange-
ment of chromosomal sections, we neglected a type of mutants
already reported, those involving addition or subtraction of en-
lér! chromosomes. Earher the giant types sesulting from a

oubling of alt chromosomes were mentoned, "This 15 only one
type of chromosomal mutant. In plants (but hardly ever in ani-

‘:;ﬁ);i may hﬂppen‘ that by mutation (in this case meaning an
e oo in the reduction division) inda-

d having 1 add: 1 ch or 1 less
t:,ael: e,:I;eanosnn. This means that one particular chromosome is
P hs or a5 1, ix‘zstead of as 2. This excess or defect fre-
e g’m ::n ch T;I‘eﬁmte visble effects, so that the plant appears
o me abnormabty may go lfurther. Each single
on\y e 1 .c chromosome set may octeur In tnphcale or
e ¢ v;luble fﬂ'ec\ 19 the plant will be typical and
o farrleac particular chromosome change. It 1s also
o c}émmosome to be present 4 times, and one can
oy hg‘ nei additional possibilitres, some of which have been
P, anx:l n::ﬂ genetics these facts are of considerable im-
bty hies 35 esp iall d in the st
o m:; {manrgmy details of mterest to genetics, plant bxeed‘il:ll;
Cﬁogi;)et e}:'o\utmn ahike have heen uncovered. ’
be mumm;m:] }z:s other problems, a few of which can merel,
ed here, There are the details of the reductiofz




divisions and their explanation, and the details and mechanism
and more complicated eonsequences of crossing over form an
important topic. Chromosome rearrangements lead to remark-
able special features of the reduction divisions, and all kinds of
abnormal behavior of the chromosomes, in turn, produce corre-
sponding unusual types of heredity. The Iatter alone often gave
the geneticist very hard nuts to crack, until the sometimes freak-
ish chromosomal behavior underlying them was studied. A great
Beld for cytogenetics is the study of the chromosomes of closely
related species, leading in many cases to the disclosure of re-
markable relationships, for example, ddffering arrangements and
unions of a number of basic chromosome segments in related
species having different chromosome numbers.

Genctics of lower organisms

Until recently the favorite materials of geneticists have been
horticultural and agricultural plants, domestic animals, and such
familiar laboratory forms as rodents, moths, and flies. In later
years geneticists have climbed down the evolutionary tree to
start experimenting with lower plants and animals, cven down
to Protozoa, fungi, algae, yeasts, bacteria, and viruses. In most
of these groups—all except the bacteria and viruses—sexuality and
fertilization are known, as well as typical chromosome numbers
and occurrence of reduction divisions We should therefore ex-
pect to ﬁnd normal Mendelran heredity, localization of genes on
definil ing over, and mutation, This is
indeed the case. But some additional genctic problems arise
from the fact that in the lower plants the organisms have only 1
set of chromosomes through most of therr life cycles and thus are
comparable in this respect to the gametes of animals; and also
from the fact that the reduction divisions may be connected, not
with the formation of gametes, but with the production of
asexual spores. Another complication is found in some Protozoa,
especially in the Infusoria, where fertilization is rather different
from fertilization by gametes and where other sexual processes
occur in addition to the usual cytological features. But all this,
though posing special problems, will not lead to genetical re-
sults which are in principle different from those of classical
genetics, nor change the general statement that the hereditary
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dutrbution of g rolled characters follows the maneuvess
of the chromosomes, whatever these ate in the special cases.
Thos o0 great susprises ase expected or found, These lower
ergarisws, however, lend themselves effectively to the study {)f
special fields of genetics, especially study of motant changes in
the biochemustry of the cell, a fact to which we sholl return again.

But when we come to bacteria and viruses the surprises begu.
Tt now looks s though bactesia ave an organized nuclens and
mitotie division with real chromosomes. Though there is thus
far no convincing proof of a sexual cycle and fertilization in bae-
ters, it may be found any day. The characters, appearing as
matants, which are analyzed are either types of growth in o cul-
ture medmum or the ability to use or not use specific chemicals
provided by the envi t. The facts & 4 in the study
of such mutants pownt to an interpretation in ordinary Mendeli
terms, which would presuppose a sexual cycle with reduction
dwision and fertdzation Genetics here is clearly zhead of
eytology.

But the real surprise comes in cansideration of the viruses
and bacteriophages, ultramicroscopic particles having definite
shapes revealed by the electron microscope. Certainly no pu-
cleus can here be found, or any comparable structure. But
agun mutants are found, and thewr study—a rather intricate pro-
cedure~tevealed facts that can best be explained in terms of
Mendelun recombination and even crossing aver. We must

wat ?n see whether no other explanation can actually be found;
sertainly the facts are really exciung,

The eytoplasm in heredity

Classic geneties deals with the chromosomes and their content
ot heteditary material. But each cell consists of a nucleus, which
El‘-\xbors the ch and a protoplasmic cell body or

ytoplasm”™ The actual functions of the cell in metabolism
seeretion, and dufferentiation must be carsied out in ihe cyto:
phasm, and m fed the cytoplasm is id

with the body of the organism  The function of the chromosomes
and genes must therefote be 16 control in some way the actwviti
of the cytoplasm, say by gemic praducts, whatever these ma bes
entering the cytoplasm and there participating in the chaZ:iczi




divisions and their explanation, and the details and mechanism
and more complicated consequences of crossing over form an
important topic. Chromosame rearrangemeats lead to remark-
able special features of the reduction divisions, and all kinds of
abnormal behavior of the chromosomes, in turn, produce corre-
sponding unusual types of heredity. The latter alone often gave
the geneticist very hard nuts to crack, until the sometimes freak-
ish chromosomal behavior underlying them was studied. A great
field for cytogenetics is the study of the chromosomes of closcly
related species, leading in many cases to the disclosure of re-
markable relationships, for ple, differing arr ts and
unions of a number of basic chromosome segments in related
species having different chromosome numbers.

Genetics of lower organisms

Until recently the favorite materials of geneticists have been
horticultural and agricultural plants, domestic animals, and such
familiar laboratory forms as rodents, moths, and flies. In later
years geneticists have climbed down the evolutionary tree to
start experimenting with lower plants and animals, even down
to Protozoa, fungi, algae, yeasts, bacteria, and viruses. In most
of these groups—all except the bacteria and viruses—sexuality and
fertilization are known, as well as typical chromosome numbers
and occurrence of reduction divisions. We should therefore cx-
pect to find normal Mendelian heredity, localization of genes on
definite chromosomes, crossing over, and mutation. This is
indeed the case. But some additional genctic problems arise
from the fact that in the Jower plants the organisms have only 1
st of chromosomes through most of their life cycles and thus are
comparable in this respect to the gametes of animals; and also
from the fact that the reduction divisions may be connected, not
with the formation of gametes, but with the production of
asexual spores. Another complication is found in some Prolozoa,
especially in the Infusoria, where fertilization is rather different
from fertilization by gametes and where other sexual processes
occur in addition to the usual cytological featnres. But all this,
though posing special problems, will not lead to genetical re-
sults which are in principle different from those of classical
genctics, nor change the general statement that the hereditary
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Sex detcrmination

1 20 eatlier chapter we studied the determination of sex‘ by
e X-chromosome mechanism without going more deeply into
the subject  Study of this phenomenon is actually one of the
most & ing, thow pheated problems of genetics. We
studied only the mechanism which ensures that equal numbers
of fndividusls of the sexes are produced in the normal case. But
we did not try to determme bow the 1X-2X mechanism actually
acts to form one or the other sex. Are sex genes jnvolved? I
s0, how? The general answer to this queshion was found in
expenments on sex determination n moths and found to apply
to most organisms  This answer is contained in the so-called
theoty of the balance of sex genes. It states that each sex has the
determiners or genes for both seves, 1¢., both female and male
determmers  Those of one sex, say the female sex, ase located
in the X-chiromosome; those of the male sex, outside the X-chromo-
some, which may in different cases be in the autosomes, in the
Tchromosome, of m both  The male sex determiners are there-
fore equally present in both sexes; but the other determiners, the
female ones in our example, can be present in 2 quantities (2X)}
or i 1 quantity (IX). If the 2 quantities of femaleness over-
power the action of the male genes outside the X-chromosome,
while 1 quantity of female genes in a single X-chromosome yield
lbLLhc same gicmp of male penes outside the X, then the sex

sex by fling, the balance bety
the female and male sex determiners or, more correctly, between

their respective actions during sexual dfferentiation. An im-
proper halance or unbalance will produce a condition intermeds-
ate between the 2 seves called intersexuahty.

Many detads have been elucidated relating to the type of sex
genes Present or absent in X-chromosomes, Y-chromosomes, and
sutosomes. We already Ymow one variant, the absence of sex
genes 1n the ¥ of Drosophida. Very interesting variaats ate to
be found wn vanous organisms—in mammals and burds, in newts
and fishes, 1 masze and other plants, and also in unicellular or-
Famsms.  1n addition, there are cases 1 which sex determination
seems ta follow another plan.  And in the higher animals the
bormones af the sex slands function in conjunction with the sex

genes and even have g chance to change or suppress the action
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work of the cell. The pioblem arises: Docs the eytoplasm play
any active, direct role in heredity, i.e., does such a thing as cyto-
plasmic inheritance exist? Gencticists have not infrequently
found cases in which a difference appeared according to whether
one or another genetic type was used as maternal parent, i,
in so-called reciprocal crosses, A X a vs. a X A. In such cases
the phenotype of the hybrid followed the phenotype of the
mother largely or exclusively. Since the mother contributed,
through her cgg, the cytoplasm of the embryo, the obvious
conclusion was that the result may be due to a cytoplasmic
influence upon heredity. Numerous experiments carried out to
prove this, especially in plants and in moths, have made it cer-
tain that somctimes, but not always, the cytoplasm influences
the developmental determinations controlled by a definite pair
of alleles, in the heterozygote or in both homozygotes, so a5 1o
make their phenotype similar to that of the form furnishing
the cytoplasm. For example:

Cytoplasm from race AA with genes AA, Aa, or aa pushes the
phenotype toward that of race AA.

Cytoplasm from race aa with genes AA, Aa, or aa pushes the
phenotype toward that of race ga.

We could say that in such cases the genes act differently in dif-
ferent cytoplasms, namely, in accordance with the way they act
in the combination of a particular cytoplasm with its proper
genes. But this is a long way from saying that there is & real
cytoplasmic inheritance, a determination of characters by the
cytoplasm alone, or, as some have put it, the existence of “cyto-
plasmic genes™ (a bad term because the gene is defined by its
location in a chromosome). For some time it looked as though
some brilliant researches with Protozoa had revealed such a
genuine cytoplasmic inheritance.  But that interpretation turned
out ta be premature or, at least, oversimplified. Future positive
results are not, of course, thereby evcluded. In plant cells actu-
ally cytoplasmic inclusions exist (for example, the green plastids)
which can change by mutation directly or under control of nu-
clear genes, Here are facts of great future importance, which
are foremost in the minds of those interested In cytoplasmic
inheritance.
009,



3 In these experiments on guantities one
:;::;ﬁgs for rules and regulatities in the diversified actions oi
the genes fnvalved, here one needs to Temember .the chemical
principle that the masses of reacting substances are iraportant for
the process of reaction. Still another approach is to determine
what sott of chaoges of development can be produced by experi-
mental manipulation without gevetic change. For example,
when (as is actually the fact) it can be shown that the p.)xenf:-
types of all well-known mutants can e reproduced or cop\ed.. in
the offspring of pute notmals as a nou-heredstary modification
resulting from certain experimental treatments {so-called pheno-
copies), a close study of such experiments will also shed light
upon the mode of action of the genes.

Blochemical genetics

Another road that ias recently attained great prommence and
even been found worthy of a special pame, “biochemical genet-
ics,” uses genes controling definite and definable chemical syn-
iheses. Differences between normal and mutant phenotypes are
often of 2 simple chemwcal nature. Thus is true for animal pig-
ment, as in various hair colors, for the eye colors of flies, for the
coolor of fiowers; it is also true for certan chemical aberrations
of metabolism yesulting m production of an sbnormal end prod-
vet, In some of these cases, for example, flower colors, the exact
chemistry of the product of the gene and its mutant types is
fnown, 30 that it 1 possible to state that the mutant gene pre-
ventsa lar step in the synthesis of the ch 1 sul
imvolved, or adds a different step to the process, or replaces one
step by another, The gene thus cotrols a definite phase jn a
chemical synthess

The most remarkable study of this type in animals was made
for the eye prgments of the fiour moth and Drosophila by com-
l::u\ing genetic data with transplantation experiments and chem-
ical analysis, The basic plan here was to transplant & develop-
mental stage of the eyes of particular color mutants into larvae
of other mutant or wild-type forms and, on the basis of the
pigment formed in the transp): to come to usions con.
cerming the substances for pigment formation in both donor and
host. In a large series of difficult experiments it was possible to
demonstrate that, starting with one of the {(aming acid) bricks
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of the sex genes. The genetics of sex is a very large field; in cer-
tain studies of it the most complicated genetical analysis known
had to be made, and much of its fascination is derived from its
close contact with cytology, physiology, biochemistry, embry-
ology, and endocrinology.

The action of the genes (physiological genetics)

The preceding chapters dealt principally with the facts of
hereditary transmission and the elucidation of its material basis.
This is the subject matter of classical genetics. But there is an-
other very important aspect of genetics which developed in paral-
lel with the study of the mechanism of heredity, long remained
a Cinderella, but is now becoming ready to marry the Prince
Charming. The material cariers of heredity, chromosomes and
genes, control, in collaboration with the cytoplasm, the develop-
ment of each individual so that a given set of chromosomes and
genes always produces the same result, for instance a man, 2
man of Mediterranean type, a Mediterranean type of tall stature,
with six toes, and color blind, musical, etc. The question arises:
How does the hereditary material function in development so as
always to produce, under given conditions, the typical results in
minutest detail® A number of roads are visible along which to
attack these problems, and a branch of genetics, developmental
or physiological genetics, also called phenogenetics, deals with
them. Some of these hnes of attack, which must be correlated
with one another, are the following: The development of mutants
is compared exactly with that of the normal form, and the time
and nature of the divergence is determined. The same study
may be combined with analysis of effects of the environment,
such as different temperatures during various periods of devel-
opment, in a search for definite regularities from which conclu-
sions may be derived concerning the kinds of processes controlled
by genes. These experiments can be coupled also with the use
of different combinations of mutants affecting a particular organ,
and a similar study of multiple alleles may uncover rules or laws.
Another avenue is to study the effect of genes and their mutants
in different quantities, for example, A, AA, AAA, AAAA, Aa,
and AAa. The technique permitting such tests is mainly an out-
come of experiments in which the chromosome segment contain-
ing the genes in question has been knocked out or later attached
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to another chromosome. In these exper\xnen\f: m\_qumm.:fs :r;e(
agin Jooks for rules and regularities ia the diversified :\c'n(m ot
the genes iovolved; here one needs to remember .Lhe t; e;x\\: o
principle that the masses of Teacting substances are unp; a e
the process of reaction, Stll another approach is to e\;enmEﬂ
shat sort of changes of development can be produced by exp : -
meatsl wanipulation without genetic change. For exampie,
whea {as is actually the fact) it can be shown that the p}\edm‘)‘
types of all well known mutants can be reproduced ov copied in
the ofispring of pure normals as 2 non-hereditary mo(i\ﬁcahm
tesulting from certain exp 1 so-call p‘m?nm
eopies), a close study of such experiments will also shed light
upon the mode of action of the genes.

Biochemical genetics

Another road that has Tecently attaived great prominence and
esen been found worthy of a special name, “biochemical genet-
ios,” uses penes iling, definite and definable chemical syn-
theses. Duferences between normal and mutant phenotypes are
olten of a simple chemical nature, This is true for unimal pig-
ment, 43 in various harr colors, for the eye eclors of Bues, for the
cobor of flowers; it is also true for certain chemical aberrations
of metabolism resulting in production of an abnormal end prod-
et In some of these cases, for example, Sower colors, the exact
chemistry of the product of the gene and its mutant types is
known, so that it is posstble to state that the mutant gene pre-
vents 2 lat step in the synthesis of the cb 1 sut
invohed, or adds a different step to the process, or replaces one
step by another. The gene thus controls a defimte phase in a
chemueal synthesis.

The most remarkable study of this type in animals was made
for the eye prgments of the fiour moth and Drosoghila by com-
bining genetsc data with transplantation experiments and chem.
ia) analysis. The basic plon heve was to transplast 4 develap-
mental stage of the eyes of particular color mutants inta larvae
of ather mutant or witd-type forms and, on the basis of the
mgment formed m the ph to come to Tusions con-
cerming the substances for pigment formation in both donor an
host In alarge series of difficult expenments 1t was possible to
demonstrate that, starting with one of the (amino acid) bricks




of which proteins are built, the organism synthesizes the different
cye pigments step by step, and that each of the known eye color
genes controls one definite chemical step in the synthesis of the
pigment,

A still more complete analysis became possible when a small
mold, Neurospora, was used to analyze the genetic control of
substances needed for growth of the organism. Numerous mu-
tants were produced which prevented the mold from synthesiz-
ing the various amino acids and vitamins needed for protein
synthesis and other processes. Further analysis by very ingeni-
ous methods revealed that for each chemical step in the synthe-
sis of the more complicated molecules of these substances from
simpler substances there could be found a gene which is as-
sumed to control this one step of synthesis, since a mutant occurs
which specifically blocks that step. In fact, this method made
possible the elucidation of the course of chemical synthesis in
cases in which the chemist had previously been unsuccessful,
Thus a method originally devised to study the way the genes
control particular chemical processes turned out to be a power-
ful tool for purely biochemical investigations.

Genetics and cvolution

One more branch of genetics, one that has come to the fore

peatedly in earlier di will be di d: the relation
of genetics to evolution. The evolution of animals and plants, in
the course of the history of the earth, from simple beginnings to
the highest types is a fact that no one doubts. From the view-
point of genetics, what has occurred is an evolution of chromo-
somes and their genes; genetics will therefore be greatly con-
cerned with evolutionary problems. Various hines of attack are
evident, all of them in active use. The first step is to analyzo
genetically those differences between species and subspecies, as
found in nature, that are accessible to genctic experimentation,
along with cytological study, to find relations between genctic
composition, distribution of organisms, and propertics of the
environment, Such facts will enable us to formulate conclusions
as to the origin and evolution of the natural types involved.

Since evolution is the conseqs of hereditary cl and
since the hereditary changes so far known are mutations, this
phenomenon becomes the focus of evolutionary thought, In-
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dluded among the problems here are, of course, chwm?sc.nmal
mutations and also the unavoidable but stll mystesious origin of
those changes within ¢t which the geneticist \.voulcl
desribe as the origin of new genes 'The next problem is the
preservation of new mutants, their ability to increase in numbgr
20 eventuslly to replace the original form. These are the dif-
ferent phases and aspects of the problems of adaptation and
selecion  The stady also includes search for the genetic basis
for the sunvival of mutants and mutant combinations, study of
competition amang mutants in nature and in expenmental situa-
tions, study of relationships between eventual success of mutant
or mutant combination and its freqy in the population, de-
termination of the frequency of reoccurrence of the same muta-
tion, and investigation of mig) into new envi ts and
the effects of fsolation. Attack upon all these problems involves
both Beld and experimental work, and a subtle mathematical
technique has been developed for the ical analys:s of popu-
fations Tt seems hardly necessary to say that genetic analysis is
possible only at the lowest taxonomic level, since even species
when 1ntermated, produce, as a rule, only stenle hybrids. Many
geneticists, however, think that results obtained on the subspe-
oifie level ean simply be applied to all evolution and that the
classic ideas of Darwin ding evolution as the Tati

of tny hereditary changes agree, on the whale, with recent
genetic work. The future will show to what extent evolution
above the lJowest tasonomic level cap be explained in this way,




of which proteins are built, the organism synthesizes the different
eye pigments step by step, and that cach of the known eye color
genes controls one definite chemical step in the synthesis of the
pigment.

A still more complete analysis became possible when a small
mold, Neurospora, was used to nanalyze the genetic control of
substances nceded for growth of the arganism. Numerous mu-
tants were produced which prevented the mold from synthesiz-
ing the various amino acids and vitamins needed for protein
synthesis and other processes. Further analysis by very ingeni-
ous methods revealed that for each chemical step in the synthe-
sis of the more complicated molecules of these subst from
simpler substances there could be found a gene which is ns-
sumed to control this one step of synthesis, since & mutant occurs
which specifically blocks that step. In fact, this method made
possible the elucidation of the course of chemical synthesis in
cases in which the chemist had previously been unsuccessful.
Thus a method originally devised to study the way the genes
control particular chemieal processes turned out to be a power-
ful tool for purely biochemical investigations.

Genetics and evolution

One more branch of genctics, one that has come to the fore
repeatedly in carlier discussions, will be dit 1: the relation
of genetics to evolution. The evolution of animals and plants, in
the course of the history of the earth, from simple beginnings to
the highest types is a fact that no one doubts. From the view-
point of genetics, what has occurred is an evolution of chromo-
somes and their genes; genetics will therefore be greatly con-
cerned with evolutionary problems. Various lnes of attack are
cvident, ail of them in active use, The first step is to analyzo
genctically those diferences between species and subspecies, as
found in nature, that are accessible to genetic experunentation,
alang with cytological study, to find relations between genetic
composition, distribution of organisms, and propertics of the
environment. Such facts will enable us to formulate conclusions
as to the origin and evelution of the natural types involved.

Since evolution is the consequence of hereditary changes and
since the hereditary changes so far known are mutations, this
phenomenon becomes the focus of evolutionary thought. In-
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PROBLEMS

Chapter 1

i f a plant with a great

1. You £nd in the feld many mature specimens o i gre
yaration in sze. Desgn an evpenment to Snd ovt whether this variation
1 hereditary. .

2. You pick from a garden 2 tobacco plants with flowers of equa‘ﬁsxze.
How can you test whether they are genetcally alike in regard to Hower
size? .

4 1n 2 species of 5sh you find specimens with fin rays numbering xml}é
sumber from 5 to 14 individually, If you study 1000 specimens, how woul
your result look in 2 graph? .

4. 1F yon shoot at 2 target 1000 himes in succession, assuming you are
a falr thot who never misses the tarpet, bow would the holes in the target
be amnged?

5 Blut breeders are frequently called selechomsts. (@) Why? (b} Is
the name justfied?

8 Will a couple of human dwarfs have dwarf children or nat? Discuss
the possibihties.

7 1 you are told that a man who was badly bumed had, afterwards,
chikdren with blwsh spots of skin do you accept this as proof of inhentance
of scquired characters? ‘What imvestigations would you make?

Chapter 2

1 1f you are told that a strong-willed man influences the heredity of
his children more than a weakhing, what would be your answer?

2. An ostrich has very large eggs, 2 hen smaller ones, 3 mammal micro-
scopically small ones AWl have sperm cells about the same small size  Daes
thus fndicate 2 dffesent maternal influence upon the heredity of the off-
spring?

3 Man has 48 chromosomes. Ts 1t possible that the mother contrbntes
20 and the father 28, or the mother 15 and the father 33, or the mother 40
wod the father 8, end why or why not?

4 What would you expect to happen in the reduction dwision 2f 1 pay
of tomologous chromosomes dd net pair bt remained separate?

$ Draw x diagram of the possible arrangements of 5 paus of chromo-
somes in the cquatoral plite of the reduction division and the consequent
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titus
Hlick-hert, 23 blacklong, (€} 300 black-short. YWhat was the comstitu:
> -
‘Wg O(f;:!mp:fihs‘:“ of Problem 8c, fe, all black-short, be explained only
g
by: “;i%v: ;‘E:b‘er:guf the Roman square, p. 80, were plants capable of
30 ferthzanon mstesd of gunea pigs, whach esm‘;uplemm\;; hm;:)vz‘)é%;;\sp‘g::;
24 you extract at once in the F3 raised by selfing 1n
“?\(\q'l‘m yyypes of gametes are produced by the hybud AaBbCeDd? .

6 Which genotypes will resalt from the backeross AePbCeDd X

bbeedd, and in what ratio? . .
“L Ei(ah‘: tist of 10 common dominant and 10 common recessive traits
fn man, consoltng C., Sterm, Principles of Human Genetics, 1949, and L, H,
Snyder, Medical Genetics, 1941.

5 In the four-cclock, the helerozygote Srom the cioss sed fawers ¥
white flowers 18 gok  Another pair of afieles 15 halry vs smooth le:xve.s,
basy bs dominant. Which phenotypes and in what rato will be found in
the Fy from the eross sed-hairy X whate-smooth?

Chapter &

3. Draw the sex cells of 2 hybnd berween 2 orgamsms with & noral
chromosome number of 6 and diffenng m § ndependent paus of alleles
ABbCz. Draw the synapss and reduction divisions of this hybond and
the resulting, types of gametes.

2 Explun the terms palyhybridism, homozygous, gametes, genm wrack,
alleles, reduction dwision, hemolagous chromosomes.

Chapter 6

1 How many groups of Lnked genes may be ultimately found m man?
2 In the example of black-shart X white-long guinea pgs, bow would
e dovble recessive backeross be made {phenotypes and formulae)?

3. In an amumal ot plant you know the B patcs of alleles AaBbCeDEeFS,
You make 51} possible ¥y involving 2 pawrs of Factors, for example, AaBb %
AaBb  Wihich result will you obtsin of A 2ud B are located fn chromo-
wwe §, € and F vn chvomosome 1, D in Guwompsome M1, 208 E in IV?

4 Suppose that 10 1 the recessive white eye in Drasaghds and that ¢
s the recessive cbony color  They are located I dffereat chrovosomes
Write down the formula for the hybnd between white and cbony Sies
m the different nohony that have been used.

5 In Drosophils, the gene o designates vermdion eyess s, sable colar;
:‘:h\d (:tbdo:\;mm‘:‘hb: e{e& A eross is made between VVSS8B % vosshh,

¢ hybnd {emale is tackerossed 1o 2 vessbb wm:

T o ale  The Jollowing males
(a) vermilin-sabla-normal eyes
(b} 1ed (wild)-gray (Mld)!-ynar eyes ggg



constitution of all sex cells in regard to chromosomes reccived from mother
and father respectively,

6. How far back could you follow the future sex cells in tho development
of an anfmal?

7. Derive an argument agatnst the heredity of acquired characters from
the facts behind the theory of the continuity of the germ plasm.

Chapter 8
1, After crossing a red- and a white-flowered four-o’clock the hybrids
are bred hap! dly for many i Finally you sclect for propa-

gation 2 pink-flowered specimens and mate them. What will be the result?

2, In the wings of a species of moth, black is dominant over white  After
breeding an Fa, you find fu different cxperiments the following numbers:
75 black : 27 white, 82:10, 2216, 30: 12, 199:67. A forcign visitor
tells you that this shows that the Mendelian ratio 8 : 1 is a figment of the
imagination. What is your answer?

8. In the same crass as in Problem 2, you mate a scries of pairs of black
Fz individuals. What result or results would you expect?

4. You cross a black type of a moth with a typieal white one and find
a simple Mendeli fon {n the Fa M hile you lost your
original pure black line aud you want to recaver it, extract it from the Fa.
Does it make a difference to your procedure and the time needed for your
task whether black s completely dominant over white or whether the
heterozygote is intermediate, for example, shows partly blwck wings?

5. You find in nature a butterfly with red wings instead of the typieal
yellow. You mate it with a normal yellow onc  The offspring consists
of 51 reds and 61 yellows What was the genetic constitution of your
original 1ed find, and how can you prove it beyond doubt?

6. You aro taken to n twin club, all members of which are twins or
triplets or quadruplets. How can you find out which ones are identical?

7. Twin sisters come down with measles simultancously.  1low would
you proceed to prove or disprove that measles s a hereditary discasc?

8. Looking at human pedigrees, what gives you the first impression that
you are dealng with a dominant or a recessive trait?

Chapter 4

1. Make the following Fs crosses with pairs taken from the F2 Roman
square, p. 80: {(a) number 2 X numbers 1, 2, 8, 4, respectively; (b} num-
ber 8 the same; (¢) number 4 X the same, (d) number 6 X the same;
{¢) number 11 X the same; (f} number 18 X the same Record the ex-
pected genotypes and the ratios of the plicnotypes.

9, You chioose at random a pair of black-short-haired guinea pigs from
the Fa fn the Roman square, p. 80, and breed them until they have
reared 100 young, In three such experiments, you find the following:

(a) 58 black-short, 17 Llack-long, 20 white-short, 5 white-long, (b} 77
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iy possible
brogs, the female is XX, the male XY, It expenments]

\nﬂml&:s EY ;mde :\m a male without affecting the }(-ok'uum(m:mcs2
Sech a transformed male is mated to a nommal female. What is the sex o
the offsprng?

Chapter 9

1. A cross of certmn strams of white sweet peas produces offspring afl
with purple flowers,  The Fz contains in one experiment 33 purple and 72
whtes. Deme the explanation with a Roman Sguate.

2 Make the following Fa crosses from the Fz mice registered in the
Boman square, p 169, and give results: {a) number € X number 3; {b)
umber 8 X pumber 4, (¢) pumber 12 X pumber 16, {d) number 43X
oumber 16, (e} number 3 X number 14,

3 Mate 2 Black prebald monte with albino Tamber € of the foregoing
Foman syusre What is the phenotype of the offsprmg?

4 ‘Thete is a dominant gene in fow] produang a double comb, geneti-
aally independent of rose ot pea comb. You cross double comb with pea
comb and cafl this Fy number 1, You fusther cross rose comb X double
comb and call ths ¥y number 2 Now you mate Fy number L X Fy pums
ber 2. Make 3 Roman square and state phenotypes and ratioy

Chapter 10

1 A plnt homozygous for a character, kke shape of leaf, is selfed.
Nevertheless in the offsprng, the character shows considerable variahon.
There are two possible expfonations, What are they? How can you
1rone either?

Z In the early days of gemetws it was clumed that 3 cross betweer
short- and long-eared rabbits wat intermediate and that thus intermediate
oondition tematned 1n the following generations {so-called blending mberi-
‘nce)  What ertor was commtted?

3. You aze told thst o mulstto—F, bevween Negro and white—mamied
white oman and smong thewt chuldren was a very dark black ane. What
does the geneteast answer?

4 You are told that & shepherd dog was mated to a poodle and pro-
duced ome Lters of mongrels  Afterwards she was wated 10 @ pue
shepherd male. Tn her btter same poodle moogrels are said to bave ap-
prared. What is your answer?

5 You cross 2 plant bines showing great quantitative differences, for
etample, tach off 1 Abe seed vs. hardly sny. In the F2, you get some
@y seeds but far less oy thaw the adgwad pasents. You breed the ¥s
from the oifiest Fz secds and agan the orimmal standard of oilimess is mot
reeovered  The same happens in Fy. You get oy seeds and still not so ooly
::":‘ k;“:&ﬁ H ol content 15 completely contretled by the genetic con-
o m‘m\: ‘:dczl;;l;smm 46 you draw regeeding the genetc bass of Togh
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(c) red-sable-normal 97

(d) vermilion-gray-Bar 95
{e) vermilion-sable-Bar 108
(f) red-gray-normal 140

What is the order and map distance of these genes?

Chapter 7

1. How can dominant and rceessivo mutants in man be recognized?
2. You find a scrics of mutants in Drosophils which in backerosses give
you approtimately the following results:

mutant ¢ 5095 wild type, 509 mutants
mutant b 609 wild type, 4074 mutants
mutant ¢ 80% wild type, 2075 mutants
mutant d 90% wild type, 1% mulants
mutant ¢ 100% wild type, ..oviennnnn

Which conclusions do you draw? How could you try to learn more about
what is happening?

3. Curly wing in Drosophila 1s a dominant that is lethal when homozy
gous; it is located in the second chromosome,  Stubble bristles show the
same features, though located in the third chromosome. hat is tho result
—phenotypes and formulae—of mating a pair of flies having both Curly
and Stubble?

Chapter 8

1. In the moth Abraxas, the female is the sex with one X-chromosome
{XY). A recessive gene in the X-chromosome controls a race with milks
white color of the wings. Cross (1) a milk-white female with a normal
male from normal stock, (2) n normal female with a milk-white male;
(3) an F, male from (2) with (a) a milk-white female, (b) a normal female
from stock, (¢) a sister female, Derive results with diagrams of scv
chromosomes {L = normal, § = mlk-wiite}.

2. A color-blind man marrics bis cousin who is not color blind but the
daughter of a color-blind father. What are the expectations for the chuls
dren (boys and girls)?

8. In the diagram of the grapevine louse (Fig. 45), one hind of sperm
wbelow left—degencrates.  What would happen If by chance such spermt
survived and fertilized cggs?

4. An ammal known to reproduce only parthenogenetically suddenly |
one or a few male offspnng.  For what kind of an explanation would Y00
look? "

5. In some fishes one speetes has XY In the female, XX In the male, 85
another species is XX = female, XY = male  After crossing these species,
which types of offspring would you obtam fn respect to the sex chromo~
somes?

a1o
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It g ? y possible
3 , the female fs XX, the mole XY, It is experimentally po
msml:sgﬁ a female into a ;m\e wthout pffecting the X.chromosomes,
Such & transtormed male is mated to & normal female. What is the sex of
the offspring?

Chapter 9

1, A cross of certain strains of white sweet peas produces offspring sll
woth qurple fowers  The F contains in one experiment $3 parple and 72
whtes Derive the explnation with a Boman square,

9. Make the followng Fy crosses from the Fz mice egistered in the
Roman square, p 169, and give results: (a) number 63 number 3; {b)
sunber 3 number 4, (¢) Dumber 12 X number 16; {d) number 4%
zazider 18, {¢] sumber § X Bumber 14,

3. Mate 2 Black prebald mouse with albino number 6 of the foregoing
Roman squate. What 15 the phenotype of the offspring?

4 There 15 2 dommant gene in fowl producing a double comb, genetl-
cally fodependent of rose ar pes comb. You ctoss double comb with pea
comb and caf this Fy number 1. You further cross rose comb X double
comh and call this ¥y number 2. Naw youy mate Fy number 1 X Fr num+
ber2 Make 3 Roman square and state phenotypes and ratios.

Chapter 10

1 A plant homozygous for a character, Lke thape of Jeaf, ¥ selfed,
Nevertheless o the offipnng, the charscter shows considerable variation,
There are two possible explnations What are they? Fow can you
prove euther?

3 In the emly days of genetics 1t was clalmed that a cross between
hok- and Jong-cared rabbuts was wntermediate 22 hat s Intermediate
condihon remamed 1 the following generations { so-called blending inhen.
fance). What enor was commstted?

3 Youare tld that 2 mulatto—F, between Negro and wWhite~married s
:\n\e woman apd 2mong thew children was a very dark Ylack ome, What
loes the gencticast answer?

4 You are told that a shepherd dog, was mated to a poodle and pro-
duced some hters of mongrels  Afterwards she was mated to 8 pure
Shepherd male  Jn her hitter some poodle mongrels are said to have ap-
\x;ni' What 15 your zaswer?

ou cross 2 plant hines showing great quanthtatve differences, for
‘-’;lmph, much ol 10 the seed vs. bardly any In the Fa, you get some
}7‘ ly s:;ds but far less olly than the origimal parents  You breed the F3
; :v :d olitst Fy seeds and agum the origmnal standard of oiliness 35 not
- t!:on Tl;e same happens n F4 Yon get ally seeds and skl pot sg aly
— iﬂ:: If of eontent 1s completely controlled by the genetic con-
ol anxd c:!;)t;;lslons do you draw regarding the genebc basis of high
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{c) red-sable-normal 97

{d) vermilion-gray-Bar 95
{e) vermilion-sable-Dar 108
(f) red-gray-normal 140

‘What is the order and map distance of these genes?

Chapter 7

1. How can dominant and recesstve mutants in man be recognized?
2. You find a scries of mutants {n Drosophila which in backerosses give
you approximately the following results:

mutant & 5055 wild type, 507 mutants
mutant & 60%, wild type, 4095 mutants
mutant ¢ 80%% wild type, 207 mutants
mutant d 99% wild type, 1% mutants
mutant ¢ 1009 wild type, «voeeinnnne

Which conclusions do you draw? How could you try to learn more about
what is happening?

3. Curly wing 1 Drosophila is a dominant that is lethal when homozy-
gous; it is located in the second chromosome. Stubble bristles show the
same features, though located 1n the third chromosome. What {s the result
—phenotypes and formulae—of mating a pair of flies having both Curly
and Stubble?

Chapter 8

1. In the moth Abraxas, the female Is the sex with one X-chromesome
(XY). A gene in the X-cl controls a race with milk-
white color of the wings. Cross (1) a milk-white female with & normal
male from normal stock; {2) a normal female with a mitk-white male;
(8) an Fy male from (2) with {a) a milk-white female, (1) a normal female
from stock, (¢) a sister female, Demve results with diagrams of sex
chromosomes (L = normal, I == milk-white).

2, A color-blind man marrles his cousin who is not color blmd but the
daughter of a color-blind father  What are the expeetations for the chil-
dren (boys and girls)?

8. In the diagram of the grapevine louse (Fig. 45), one kind of sperm
—helow left—degenerates,  What would happen if by chance such sperms
survived and fertilized cggs?

4. An ammal known to reproduce only i 1l; ddenly has
one or a few male offspring.  For what kind of an explination would you
Took?

5. In some fishes one species has XY in the female, XX in the male, and
another species §8 XX = female, XY = male.  After crossing these specles,
which types of offsprng would you obtain in respeet to the sex chromo-

somes?
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X, § lly possible
frogs, the Temale is XX, the male XY. Tt is experimental
ms\nl:s(:s\s a (e:mah Ito & male withoot affecting the X-chromosomes.
Such b trapsformed male js mated to 3 normal female. What 8 the sex of
the ofispnng?

Chapter 9

1 & cross of cestain styains of white sweet peas produces offspring n[:
with purple fowers  The F2 contains in one cxperiment 88 purple and 72
whites. Demve the explanthon with a Roman square.

2 Make the following Fy crosses fom the Fa muce registered in the
Roman square, p. 169, and give results. {a) number 63X number 3; {b)
number 8 3 number 4; {¢) yumber 12 X mumber 18; (d) number ax
number 16, {e) number 3 X pumber 14,

2 Mate 2 bark pebold mouse with aWbing number 8 of the foregoing
Roman square, What 15 the phenotype of the offspring?

4 Thers is 2 dommant gene 1 fowl producing a double comb, genetl-
eally mdependent of rose o pea comb. You cross double comb with pea
comb and cafl this Fy number 1. You further cross vose comb X double
comb and call this Fy number 2. Now you mate Fy number 3 X Fi num-
ber 2 Make a Roman squaze and state phenotypes and ratios.

Chapter 10

1 A plent homozygous for a character, hke shape of leaf, is selfed,
Nevertheless n the offspring, the character shows considerable variation,
There are twa posvble evplamations. What are they? How can you
prove exther?

2 In the early days of gemetics it was chimed that a cross between
¢hoct- ang long-eared rabluts was intermediate snd that this fatermediate
canditian resmaned i the followng generatons {so-colled Blending inhert.
tance]  What eror was commatted?

S You are told that 2 mulatto—F, between Negro and white~married a2
white woman asd among therr childsen was 2 very dark black one. What
does the grnebiawst answes?

4. You are told that a shepherd dog was mated to 2 poodle and pro~
duced some htters of mongrels. Alte she was mated to 2 pure
shepherd malte  In her litter some pooile mongrels are said to have ap.
peared  What 15 yaur answer?

& You cross 2 plant hines showing great quantitat
exomple, tuch ol 30 the seed vs hardly any. In .;,:;:‘,i?‘;f;u::
oy seeds bot for Yess oy than the ongina) parents, Yon breed the F,
frem the oliest ¥z seeds and sgrut the original standard of oiliness i ‘:
vecovered The same bappeos in Fys Yar get aiy soeds and st ngt s o
23 the ongmal I o} content is completely controlled by th v
shitution, what conckusions do you

Srave regard: € genetic con
ol content and why? Earding the genctic basis of high



Chapter 11

1, White, cream, cherry, apricot, and eosin eye color in Drosophila are
multiple alleles (recessive). Cross a wlute fly with a cherry one, the Fy
female {because these genes are sex-linked) with an apricot male, and all
the resulting types of Fz females with cosin males. What is the pheno-
type and genetic constitution of this Fs (females and males)?

2, A purple-eyed fly is crossed with a cherry-colored one. In the Fa
red, purple, cherry, and a new combination color appear. Is this a case
of multiple alleles? Why or why not?

8. In a patermty suit a mother has the blood type AB and the child is
A. Cana man with AB have been the father?

4. A man of blood group B is accused of having fathered a child having
type 0. The mother turns out to be type A. Can he be the father? Must
be be the father?

Chapter 12

Look up in the library all available texts on genetics (for example,
Sinnott-Dunn, Shull, Altenburg, Colin, Snyder) and find out which one
contains the most elaborate discussion on each of the advanced subjects
mentioned in this chapter,



Books for Further Study

1. Popular end semipopular:

Bayd, W. C. {950}, Genetics and the Taces of Man. Linle, Reown &
Cnﬁﬁ“ﬁ C, and Th Dobzhantky {1948), Heredity, Race snd Soclety.
Pehean Books, Penguin Books, New York.

Schemdeld, A {1950), The New You and Yleredity. 1.

8. Lippincatt,
Ehidadefploa,
A\'»'meclgeslzr, A M (1951), Geneties. A Survey of the Princlples of
Teredity, Houghton Miln Co., Boston.

9. Stonderd eollege texts of different scope, size, and {echnicality
arranged in the order of increasing technicality:

Colm, E €. {1946), Elements of Geneties Blaldston Co., Toronto,

Riley, H P (1948}, An Introduction to Genetics and Cytogenetics. John
Wiley & Sons, New York

Shull, A B (1948), teredty  4th edion. McGeaw-Hll, New York

Snyder, € H (1951}, The Prnciples of Heredity. 8id edition. D, C.
Heath, New York

Aenbrurg, T (1M5), Gengies. Henry Yok, New Yok,

Sumott, E W, L. C Dunn, and Th Dobzhansky (1951), Principles of
Genelwes  4th edition  McGraw-Ehl, New York,

Stunevant, A 1, 20@ G W, Beadle {1939), An Tatroduction to Genetics,
W.B Saunders, Pruladelphua

8, Adeanced and Tess advanced books cosering special chapters
of genetucs like cytalogy, eytogenetics, evolution, sex determina-
tion, ond general genetics-books not meant as college texts of
penettes:

Daxhrgton, C. D, and K Waiher {1949), The Elements of Genetics.
The Macmillan Company, New York,

Dobzhansky, Th (1951), Geneties and the Ongin of Species. Ard edi-
tion - Columina Unnersity Press, New York

Coldschrudt, R B {1823}, The Mechantsm and Physology of Sex De.
termination  Methven & Co, London,
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. (i(oldschmidt, R. B. (1938), Physiological Genetics. McGraw-Hill, New
ork.

Goldschmidt, R. B (1940), The Material Basis of Evolution. Yale Uni-
versity Press, New Haven.

Huxley, F. 5. (1942), Evolution, The Modern Synthesis, Harper and
Brothers, New York.

Mayr, E. (1942), Systematics and the Origin of Specles, Columbia
University Press, New York.

Sharp, L. W. (1944), Introduction to Cytology. 2nd edition. McGraw-
Hill, New York

Shull, A. F, (1951), Evolution 2nd ediion. McGraw-Hill, New York.

Simpson, G. G. (1945), Tempo and Mode in Evolution. Columbia Uni-
versity Press, New York.

Stebbins, G. L. (1951), Variation and Evolution in Plants. Columbia
University Press, New York.

Stern, C. (1950}, Principles of Human Genetics. W. H. Freeman, San
Francisco.

‘Waddington, C. H. (1939}, An Introduction to Modern Genetics. The
Macmillan Company, New York.

White, M. J. D. (1945), Anunal Cytology and Evolution. Cambridge
University Press, Cambridge.



Glossary

Acyomzs canscres. A progerty of the crganism scquired during hfe a3
a consequence of actions of the external or internal emuonment,

Acctoroamor,  The bakiog together of small parbeles, especially red
Wood corpuscles, produced m different ways. )

AxTsopY Chum’a! substance produced in the Blood to neutrslize the
achon of foreign protein,

Asmicex, Substance which 1f fntroduced into a foreign body causes the
production of speciic antibadies, 5
Autszzs (al1eTes) (Greek allelos, one o the other). A par of Mendelian

genes at the same locus of a pawr of homologous chromosomes.
Aueve (dllehe). Acting es a pair of alleles i
Astxuaw REPrObOCTON, Reproduction withaut sex cells, by division, hud-
ding, of cuttings,
Atavisas {Latin gtacus, ancestor), The appearance of ancestral traits.
Baczcross, The cross of 8 hybnd with- one of ts parestal forms.
B

A viruslike sub organism which attacks and
destroys bactena

Bresore eve.  Producing 1dentical offspring over all generations because
of homozygosity.

Bop vantamon A moutant of body cells affecting ouly a part of a plant,
eg,abud.
Curomatey (chro'matin) (Greek chromos, color)  The substance in the

chromosomes which staws with certain basic dyes (because of the pres-
ence of nucleic acrds)

sur A d
genes on the chyomasomes

Crnonosome wumper. The number of paired chromosomes typical for any

map the Jocation of

species

Crmonosovms {chee’mo somes) { Cresk chromos, eolor; soma, body). The
speafic chromatie bodies visible dunng divinon of the nudlens.
ConTovurry 0¥ THE CERM PrasM  ‘The generalzation from the fact of
durect demwvation of sex eells Szom the substance of the maternal sex cell
{the egg of the mother)

Cross A matg between two genetically diffenng individuals

Cn::::h vn\::s m::‘: excaange of chromosomal segments between homolo-

At
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I
Yresm (Creek hybrds, evime), ‘The offspring of two In any way genetieally
Adferent patents,
fimroze The crossing to rrlojl:c;;\ hyhﬂg.“ e <5
NS ing deve! romn &
fmm“:i: r::w;:\u;ososm The unaltered retention of the gcncdlcl
\xtuze a5 well ws the vistble features of all chromosomes through ;l\e e
generatons and generatons of Indinduals (1f no mutation m:‘d \rl .
sEXUALITY. A condition, in between the two sexes, produ e
etic or hormonte abnormalities. . :

Iovmston The breakage of & chromosome at 2 poiots, Iotiowed by refn-
serton of the broken-out prece after turning 150 degrees, e same

owotorrsmss,  Antbodies produced agamst antigens within the
species, e ¢, the blood groups.

Lemane cene {Latin letals, fatal). A mutant ig:-ne, the d!;ct‘sLu! which
destroy the deseloping organism st any stage from egg to ady!

Inwace, The genetc association of two genes whuch et as if ins:porg\e,
osually because they are located oo the same chromosome, The finkage
is broken by crossiog over,

Lacts (Latn tacus, place). A tmall seetion of & chromosome at o defin-
atle point Yo practice locus may mean the place of location of a gene
of the geae yself

Mxe petance  The distance between two gemes on a chromosome as
measured i percentage of crossing over.

EUAN maTi0 The ratio of phenotypes in a sibship with Mendeban

segregation

MexvEcrsst The science of hetedity according to Mendel's scheme.

Mexpeipze, Behaving sccording to the rules of Mendelian heredity,

Mrrome pvisiow {Greek mitos, thread}  Cell division invalving chromo-
somes and threadike plasmatic structures

Mobrmess. Genes which affect the phenotype controlled by one or more
paus of mutant genes.

Murtieee avyress, A senes of 8 or more alleles of one and the same gene

MurrmeLe vactons  Series of different genes affecting the same phenotypic
character, psually in a

{additwe or muluphoatsve) way, alsg
called polygenes

oTaRT  An Indwidual w which at least one locus has changed by muta.
tion (gene mutant), or m which have occurred changes by rearrangement
within or doubling, ete, of one 1o 21 chromosomes,

MuraTons  The changes in genes or chromosomes which produce mutants,

Nicre LFrench, a nook)  Locality endowed with specaal envronmental
condttions {example alpme habitat); also a set of environmental peculi-
andes wathout separate locality (examples. aw, or water,
with nectar),

Ovanr  Female sex glands fn plants and animals,

Pantenoceness (par'the no gen'e sis) {Greck parthenos, vugin, genesis,
origin). Virgioal reproduchon, e, without fetthzation,

Pizxocopy  Non-hereditary vanant indistingushsble visibly from a hereds.
tary mytast,

or all Bowers



Cnossoven FreQuENeY.  The t pical percentage in which exchange betwcen
a pair of loci in the same chromosome oceurs (frequency of breaks bes
tween two locl), '

Cunve oF citance.  The symmetrical curve {binomial In the ideal case) of
frequencies of events or structures which vary under the impact of the
environment, 1.e,, by action of chance.

Cr'nl);;tmmcs (cy'to ge net'ics) (Greek kyton, cell). The science of the
cell.

Crrorrasm (cy'toplasm) (Greek Ayton, cell; plasma, formative sub-
stance). ‘The protoplasmatic body of the cell and its extranuclear fne
clusions.

Drriciency.  The absence of a scetion of a chromosome.

Duysno. A hybrid for two pairs of Mendelizing alleles,

Dorunance (Latin dominare, rule). The phenotypic suppression of the
visible action of one of a pair of allcles by the other.

Donestication.  The taming and breeding of originally wild animals by
man.

DounLe pAckcross.  Back of a hybrid imoling two paws
of alleles with the double recessive parental form,

Drosormea.  Banana {ly, vinegar fly, or fruit fly.

Envocrunorocy.  The science of internal secretions or hormones,

Eristasis {Greck epl, above; stasls, standing). The suppression of the
visible action of one gene by one not its allcle.

EvorutioN. The fact that animals and plants have originated by slow
transformation from simple to more advanced forms.

Exrnact. To pick out and propagate Mendeban segregants after crossing.

FenmiLization.  The union of egg and sperm (pollen ), especially the uniori
of maternal and paternal nuclei,

Gametes (gam’etes) {Greek gamein, mate). The sex cells of cither sex

Gexe  The smallest section of a chromosome separable from another one
by crossing over, and considered the unit of heredity.

Genetic (genet'ic). Controlled by heredity.

Genotyre (gen'otype). The genetic coustitution of an organtsm Indes
pendent of the visible appearance.

Cennrrasst,  The sum total of the genes (plus eventual other determiners
of heredity) of an organism.

Herenozvcore (het'er o zy’gote)  (Greck heteros, the other, zygotos,
united). An organism contalning for a given locus o pair of different
alleles {or for morc than one locus).

Herenozycous, The condition of having a pair of different alleles.

Hemorauta {Greek haimos, blood, philos, friend). The bleeder’s disease

Honorocous Cf The two bers of one pair of chromo-
sames, one of maternal, one of paternal, origin

Honozycott (ho'mo zy’gate) (Greck homos, alike; zyrotos, united). An
individual with two identical genes at one {or more) loct of a chromo-

some.
H The d of the presence of identical genes at one (or

¥
more) loct.



Sextrvizn poemmance. The type of hereduty sesuliing from the Jocation
of 2 gene in a sex chromesome.

Sorcs {so'ma) (Greek, body). 'The body and its eells, as opposed to the
sex eells

Sosame extzs {somatie cells). Al cells except the sex eells.

Seenmarotoont (spevmatozc'on) (plural zon) {Greek perma, sperne;
z00m, Jving being). The male sex cells

Sport, Old breeders’ term for mutant.

Srnarsts (synap’ss) (Greek syn, together, haptein, stick). The poiring
point by point of homol b before the ion divisian
of the gametes.

Taxoworry {tax onomy), The science which describes and catalogues the
{orms of animals 3nd plants {also called systematica).

Tesris. Male sex gland

Terassnm (tetra hy'brid) {Greek fetra, fouwr). A heterozygote fa 4
paus of genes

Taowsmn A heterorygote in 8 pairs of genes.

Travstocamion  The mnsertion of a part of o chromosome {or the whole}
nto auather, wot homologous, chromosame, yeciprocally or not.

Vs Submieroscopic hody which can hive only together with other organ-
fsms and shows essentially the features of Mendelian heredity fn the
Proper setap, Some appear to be pure nucleoprotem.




Puenoryer (Greek phainein, appear). The visible type, whether based
upon heredity or not,

Privicosena {phyllovera), The aphid of the grapevine.

Prastos (Greek plaston, the formed thing). Bodies in the eytoplism of
plant cells containing the chlorophyl), ete., and partly controlled by the
cell, partly endowed with independent behavi

with .

Poran nopies.  The small and doomed cells produced by the mataration
division of the egg cell.

Porvoacryry (poly dacty ly) (Greek polys, many; daktylos, finger). The
hereditary presence of more than five Bngers (or toes) in different animals
and man.

PoLvcenses (pol’y gene). Sce Multiple factors,

Porynypruo (pol'y hy'brid) (Greek polys, many), A hybrid heterozygous
for a number of genes.

Poruration. A large number of individuals chosen et random, or all of a
given group.

PreapAPTATION. A mutational change in one or more genes carried fn a
paopulation, which enables their bearer to £il a new niche of environment
If chance presents ltself.

Proceny TesT.  Testing the genetic constitution of an organism by breeding
further generations,

Pune e, Offspring of one self-fertilizing individual continuing the pro-
cedure over many generations.

Pune nacr. A breeding group, homozygous for 2ll genes under considera-
tion.

Punsry of cameTeS. The fact that gametes of hybrids are pure for one or
the other of a pair of alleles

Recessive (Latin recedere, to yield). The allele which in the heterozygote
does not produce a visible effect,

Reouction prvistoN,  The division(s) In the maturation of the sex cells
which whole ch thus reducing the normal number of

chromosomes to half that number.

Recormnamion (Mendehan). The different combinations of 2 or more
pairs of allcles in Fz2 of a cross.

Roman sQuane,  Smmple method of writing chance combinations, e g, be-
tween twa sets of gametes,

Secnrearion {Mendehan). The sphtting of Fa, etc,, into different types,
based upon reshuffling of parental genes in the maturation divisions of
the hybrid.

" Indwiduals for 1

Seveerion,  Generally, g r T
making such a cholce in order ta breed definite types, Natural selection

means the same kind of chaice occurring in nature beeause of superlority
of one or many genetic constitutions in the struggle for survival
Sex crews.  Eggs and spermatozoa.
Sex cuaonvosomes.  The chromosome palrs which show specific features re-
ponsible for the mechanism of distrib of offspring between the two
setes (X~ and Y-<chromosomes).
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Sexuosn tonrrrance. The type of heredity resulting from the location
of a gene in 8 sex chromosome.

Sova (so'ma} (Greek, body). The body and its cells, as opposed to the
sex e

Sonamic criis {somatic cells). All cells except the sex oells,

SerruTozooN (spermatoza’on) (phunal zon) (Greek sperma, sperm;
zo0n, bving bewng). The male sex cells.

Seont  Old breeders’ term Tor mutant.

Sxnapsis (synap'sis) (Creek sym, together; haptein, stick), 'The pairing
pamt by pomnt of homol hy before the jon division
of the gametes,

Taxononry (taxon‘omy). The science which desenbes and catalogues the
forms of ammals and plants (also called systematics).

Tovms Male sex gland,

Terhamverm (tetrahybnd) (Greek fetrs, four). A heterozygote In 4
pass of genes

Trormem, A heterozygote in 8 patss of genet

Travstocsmion The insertion of o part of a chromosome {or the whole)
Into anather, not homologous, chromosome, reciprocally or nat

Vies. Submicroscopte bady which can live anly together with ather organ-
isms and shows essentially the femtutes of Mendchan heredity in the
proper setup  Some appear to be pure nucleoprotein.
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