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EDITORS' PREFACE 

THE increasing specialisation in biological inquiry 

has made it impossible for anyone author to deal 

adequately with current advances in knowledge. It 

has become a matter of considerable difficulty for 

a research student to gain a correct idea of the 

present state of knowledge of a subject in which 

he himself is interested. To meet this situation 

the text-book is being supplemented by the mono

graph. 

The aim of the present series is to provide 

authoritative accounts of what has been done in 

some of the diverse branches of biological investiga

tion, and at the same time to give to those who 

have contributed notably to the development of a 

particular field of inquiry an opportunity of pre

senting the results of their researches, scattered 

throughout the scientific journals, in a more extended 

form, showing their relation to what has already been 

done and to problems that remain to be solved. 

The present generation is witnessing "a return 

to the practice of older days when animal physiology 
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was not yet divorced from morphology," Conspicuous 

progress is now being seen in the field of general 

physiology, of experimental biology, and in the 

application of biological principles to economic' 

problems. In this series, therefore, it is intended 

that biological research, both pure and applied, shall 

be represented. 

F. A. E. C. 

D.W.C. 



INTRODUCTION 

STOCK-BREEDING is an adventurous experimental study in 
applied biology. The stock-breeder is concerned with the 
maintenance of the desirable qualities of his stock and with 
the improvement of these qualities generation by generation. 
He has drawn up his own standards of perfection, often in 
entire ignorance of the scientific principles which undoubtedly 
underlie his practice, often indeed in direct defiance of these 
principles, and has set himself the task of attaining them. 
And he has done wonderful things. Down the ages has 
come a traditional craft of animal-breeding based upon the 
accumulated experience of countless generations of husband
men, and out of his methods of trial and error the breeder 
has developed his wonderful art. But in this country at 
least the unit in animal-breeding is no longer inexpensive, 
stock-breeding is now a business enterprise besieged with 
difficulties and the breeder is turning more and more to 
the scientifically trained man for help in the elucidation 
of his many and varied problems. 

The export returns bear witness to the claim that until 
recently the animal-breeders of Great Britain have held 
a pre-eminent position as improvers and distributors of 
live-stock. This export demand nurtured the stock-breeding 
industry and enabled it to develop into one of vast national 
importance. But the more recent returns show that the 
export of pure-bred live-stock generally is diminishing. The 
reason for this undoubtedly is that the countries which 
formerly imported from Britain and elsewhere have used 
their importations to build up stocks of their own as good 
as that which now exists in Britain. America, for example, 
has made the Poland-China, the Duroc-Jersey, and the 

I. 
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Chester-White pigs, the American Merino sheep, the 
Wyandotte and the Rhode Island Red fowl; New Zealand 
the Corriedale sheep; Australia the Merino and the 
Australorp. The milking Shorthorn of Australia and New 
Zealand, the Holstein-Friesian, the Guernsey and the Jersey 
of America, Canada and South Africa, the Percheron of 
America-these are as good as their ancestral stocks in 
Europe. The great new animal-breeding countries are fast 
becoming independent of Britain; her erstwhile customers 
are now her competitors. The case of the Australorp is 
illuminating; the Orpington fowl was imported into Australia 
from England; it is now being imported from Australia into 
Britain as the Australorp, an improved Orpington and a 
veritable boomerang. Force of circumstances has insisted 
in many instances that the British stock-breeder should 
model his stock to suit overseas conditions. It does not 
necessarily follow that the characterisation which suits one 
environment should suit another; in certain cases it can 
be maintained that the demands of the farms of Britain have 
been neglected. There is room for improvement in all kinds 
of stock that populate the home farms and it will be to the 
benefit of the breeder and of the nation if the same attention 
that in the past has been given to the demands of the 
overseas markets is now given to those of Britain herself. 
It behoves the British stock-breeder to inquire whether he 
may gain some reinforcement to his craft. 

Of the several sciences which may serve the breeder, 
genetics is the one which bears upon his breeding practices. 
It is the science which seeks to account for the similarities 
and dissimilarities in characterisation exhibited by individuals 
related by a common ancestry and to define· the exact 
relation between successive generations. It deals with the 
physiology of heredity-the mechanism by which resemblance 
between parent and offspring is conserved and transmitted
and with the origin and' Significance of variation - tae 
mechanism by which such resemblance is modified and 
transformed. The central problems of this systematical 
study ?f ~h~ principles and causes which underlie the origin 
of the IndIvIdual are these: (1) to define the manner in which 
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the hereditary characters of the individual are represented 
in the fertilised egg in which it has its beginning; and (2) 
to demonstrate the way in which these characters become 
expressed as the development of the individual proceeds. 
Genetics as a recognised science has but recently come of 
age, yet already a very great deal is known of the principles 
of heredity and variation. As would be expected, the 
geneticist has studied those characters the hereditary trans
mission of which promised to be comparatively straight
forward, and the materials used for genetical study have 
been, among animals, such inexpensive, quickly-maturing, 
highly fecund forms as the fruit-fly (Drosophila mela1togaster), 
moths, the mouse, rat, guinea·pig, and rabbit. 

But out of this work interpretations and theories have 
arisen which, there is every reason to believe, can account 
for the phenomena of hereditary transmission met with in 
the course of practical stock-breeding. The theories derived 
from experimental breeding work with laboratory animals 
have indeed been applied to certain known facts of heredity 
and variation in the fowl, sheep, pig, dog, horse, and cattle, 
and in all cases the same general principles have been shown 
to hold true. The fundamental conception of genetics 
postulates that the hereditary constitution of the individual, 
established at the time of the union of the ovum and the 
sperm, decides in great part the future characterisation of 
the individual, that those qualities alone are inherited which 
are innate in the germ-cells; this conception is being more 
and more confirmed as the results of experimental breeding 
work, of experimental morphology and of cytology accumulate. 
The geneticist is justified in his conviction that the phenomena 
of heredity have a definite knowable basis, that indeed in this 
matter there are no real mysteries but only a present lack of 
knowledge. 

The science of genetics has made great strides during the 
last twenty years, and it has been assumed at times that 
coincident with this advance in our knowledge of the 
fundamental laws of heredity there has been an equal and 
'parallel advance in the practical art of breeding. It is 
indeed commonly accepted that any advance in a pure 
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science necessarily involves a corresponding advance in the 
practice of an associated art or craft. This perhaps is true in 
many instances, but it certainly is not so in the case of the 
relation of genetics and stock-breeding. The art of animal
breeding is far in advance of the applied science; the 
geneticist is not in a position to produce or to instruct 
anybody else how to produce finer specimens of farm-stock 
that those which foregather at the shows. In fact, a century 
before the science of genetics was born there existed animals 
which were intrinsically as fine and as productive as any 
existing to-day, if it is recognised that standards change and 
husbandry has improved. But it is of importance to note 
that the methods used by the geneticist in the investigation 
of his peculiar problems to-day are exactly those which 
were employed empirically, and yet with such phenomenal 
success by the great "improvers" in their deliberate 
fashioning of new breeds. Bakewell, the brothers Colling, 
Booth, Bates, Francis Quartly, Coke of Holkham, Amos 
Cruikshank, Hugh Watson of Keillor, were applied biologists, 
whether they acknowledged it or not: heredity and variation 
lay at the basis of all their work. It can be affirmed 
confidently that their success was due to the fact that 
their practices were in exact conformity with the under
lying biological principles concerned. Experience was 
followed by the elimination of those methods which were 
not attended by success, that is, of such as were not in 
accord with basic biological principles. The geneticist 
claims no monopoly; the principles of heredity were in 
operation long before Mendel discovered them, and there 
can be no doubt that the success of the breeders must have 
been achieved by practices not violently in discord with 
these principles. The discovery of these principles therefore 
could not result in any profound change in the practice of 
stock-breeding. 

The breeder has employed the metbods of hybridisation 
and inbreeding associated with selection in the creation of 
the modern breeds; to-day he practises line breeding and 
selection in order to maintain the desired characters of his 
stock and to improve upon them generation by generation, 



INTRODUCTION xiii 

or he seeks hybrid vigour in out-crossing. These are the 
very methods by which the biologist has explored the 
hereditary constitution of his material, the very tools with 
which he has carved out of his experiences the modern 
theory of heredity. By the use of these methods the 
geneticist has analysed his animals into their independently 
heritable characters, and now his experience, gained whilst 
working with the more simply organised sorts of living 
beings, is equipping him to engage in the character-analysis 
and synthesis of such complex and highly organised 
creatures as those with which the stock-breeder deals. 
The present-day knowledge of heredity and variation could 
never have been derived from the study of hereditary 
transmission in the domesticated stock: Mendel found the 
key to this knowledge because he chose the culinary pea for 
his experimental material, and if the present generation 
of geneticists feels that it is prepared to approach the 
problems of the stock-breeder, it is because there exists 
for guidance the accumulated work of the last twenty-five 
active years. 

The geneticist does not delude himself and does not 
wish to hold out false hopes to the breeder that many of 
the recent developments of genetical science must prove 
of immediate practical economic importance. The scientist 
is not seeking something necessarily useful: he is seeking 
knowledge, and all knowledge is potentially useful. This 
much is certain: knowledge of the phenomena of heredity 
and variation in the domesticated animals will be gained, 
and this knowledge must be of considerable value in the 
education of the stock-breeder and may be applicable to 
the practice of breeding. I t can be said with confidence 
that the experienced breeder who has a thorough knowledge 
of genetical theory can guarantee to discover in less time, 
other conditions being equal, the way by breeding towards 
those improvements, for example, so much desired by the 
progressive breeder of cattle - increased quantity and 
improved quality of milk or meat, the creation of a 
dual-purpose breed, or of a breed to fit a given e.nvironment 
-::-than any breeder who is ignorant of genetics though 
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possessing an extensive knowledge of the art of breeding, 
provided it can be shown that size, regional distribution 
of muscle and of fat, differences in amount and constitution 
of milk, those qualities referred to as "fineness" and 
II vigour" are capable of genetical analysis and prove to 
be characters in the genetical sense. The great service 
to the breeder that the science of genetics offers to-day is 
that it provides an interpretation of his methods and of 
his results, so that he is enabled to discard all unessential 
steps in his practices and proceed confidently and more 
directly to his goal, to plan the steps of a breeding operation 
with a certainty and precision which otherwise are lacking. 

The science of genetics has shown that specific characters 
or groups of characters are inherited as independent and 
definite units. It has furnished a critical appreciation of 
the value of selection, demonstrating that this is not a 
germinally creative or additive process as the breeder so 
often believes, but rather is one of sorting out from among 
a mixture of heritable characters already present in the 
stock. The geneticist has gained a considerable knowledge 
of the mechanism of sex-determination and has interpreted 
the phenomena of sex-linked inheritance (to the profit of 
the poultry breeder, incidentally), hermaphroditism and sex
reversal. He has demonstrated beyond doubt that certain 
diseases are truly inherited and has shown the way in 
which these could be obviated. He has given an exact 
meaning to the phenomena of inbreeding, outbreeding, and 
prepotency, and has shown that fecundity, fertility, longevity, 
and certain forms of sterility have a definite genetical basis. 
He has critically examined the traditional beliefs and is 
able, when consulted, to give an authoritative opinion as 
to their validity. He has given to purity in breeding and 
to hybridity an exact meaning and has perfected the methods 
by which any hereditary character, morphological or physio
logical, can be subjected to genetical analysis. 

The geneticist has already shown that the methods of 
genetical research and the results of genetical investigation 
can be applied to the problems of steek-breeding. The 
breeder is not in a position to deny this until he has 
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made himself aware of what has been done, and has provided 
opportunities for further experimentation. There must be 
extensive analysis of the characters of the domesticated 
stock. Analysis must precede synthesis and a completer 
knowledge of the material must be gained before there can 
be any talk of revolutionary improvement. It is for the 
breeder to enlist the co-operation of the biologist. It behoves 
the breeder to examine carefully the results of the work of 
the geneticist and to consider whether or not the methods 
of precision employed by the latter, the great body of facts 
he has ascertained, and the theories he has constructed, 
may not be applied with advantage to the study of those 
characters which are of importance in the practice of 
stock-breeding. Let the breeder examine the position and 
he will surely find that for the solution of his problems the 
assistance of the geneticist is much to be desired. 

Circumstances are such that to-day research into the 
problems of animal-breeding is best conducted at or directed 
by a research institute. Research is expensive; the collec
tion of facts and measurements, the elaboration of detail, the 
testing of theories, these take time and money, but if there 
is to be discovery there must be research. In the field of 
applied genetics the biologist is not primarily concerned with 
discovery-he is concerned with the application of a discovery 
to breeding practices. The facts have been collected from 
work with laboratory animals, the inductions have been 
made, and it remains to apply what is known to the 
problems of the live-stock industry. Experimental breeding 
work with farm animals is too expensive to be undertaken 
lightly by a private individual. Moreover, it is somewhat 
embarrassed by the well-established pedigree system ; it is 
more profitable to produce specimens of an established breed 
than to create anything new, for, as definitions go, anything 
new cannot be pure-bred and therefore cannot command the 
market price of an animal in whose family history there 
is no bar sinister. And since genetical methods of character

'analysis involve hybridisation, it is not to be expected that 
the breeders of pedigree stock will practice crossing in the 
hope that eventually something better may possibly be evolved. 
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To-day it cannot be held that to be a successful breeder 
of pedigree stock a man must have a thorough knowledge 
of the science of genetics; it can, however, be maintained 
that the State cannot afford to neglect the services of the 
geneticist, and that the breeder who carries on his work 
without a sufficient knowledge of genetics is in the position 
of a surgeon who knows no anatomy, he cannot hope to 
achieve the highest success. Already the science has much to 
offer, and if opportunities are given to the geneticist much 
will be added to the knowledge which may be applied to 
the practices of the breeder. The extent of the usefulness 
of genetics to the breeder wiII be decided by the amount 
of the support the breeder gives to the institutions which 
have been organised by the State for his benefit. 

In order to provide the breeder with a brief account of 
what has been and of what is being done by the geneticist, 
this book has been compiled. The writer makes no claim 
to originality save perhaps in the presentation of the subject 
matter. The field of genetics is being surveyed by hundreds 
of investigat.ors and the greatest activity prevails. It is 
inevitahle, therefore, that much of importance must be 
omitted; it is probable that much has been misinterpreted. 
But if in these pages the reader finds the stimulus that 
shall urge him to study further, this book, built around 
certain lectures given to students of Agriculture and of 
Veterinary Science, will have served its purpose. If there 
is to be any degree of co-operation, the breeder must become 
familiar with the vocabulary of the geneticist and he must 
not subscribe to the contention that though Drosophtla 
melanogastcr, the fruit-fly, may be an animal, yet it is not 
a "real" animal; that the experimental material and the 
results of the biologist are too remote to have any bearing 
upon the problems of the man who breeds cattle for his 
living. Let the breeder but make himself thoroughly 
acquainted with the work towards which this book is meant 
to be a sign-post and he will surely recognise that future 
advances in breeding will be made by the man who, 
experienced in the art of breeding, possesses a thorough 
working knowledge of the science of genetics. If it is 
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admitted that the art of breeding consists in the main
tenance of those characteristics or qualities of the stock 
which are regarded as desirable by the breeder, in the 
improvement of these characters generation after generation, 
and in the elimination of undesirable characters through 
breeding, then it will not be denied that any intelligent 
attempt to breed must be based upon a knowledge of the 
manner in which the qualities of a stock arise, are lost, are 
modified and are transmitted in inheritance. 
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"To prevent disappointment ..• it must be at once 
admitted that for fanciers Nlendelism can as yet do 
comparatively little. 'Fancying' provides the chief 
interest in life for thousands of persons in this country. 
It is an occupation with which the scientific naturalist 
should have more sympathy than he has commonly 
evinced. If the scientific world had kept in touch with 
the operations of the' fancy,' much nonsense which 
has passed into. scientific orthodoxy would never have 
been written. The study of Mendelian phenomena 
will do something to bring about a fruitful interchange 
of experience. But for the' fancy' our wcrk can as yet 
do two things only. First, in the study of the workings 
of the Mendelian system it will provide a fascinating 
pursuit which, if fonowed with assiduous care, may 
lead to some considerable advance in scientific kno,v~ 
ledge. Secondly, the principles already ascertained 
will be found of practical assistance in the formation 
of new breeds, and may save many mistakes and waste 
of time. But applied to the business of breeding 
winners in established breeds they cannot materially 
help, for almost always the points which tell are too 
fine to be dealt with in our analysis." 

WILLIAM BATESON, 

".1'm<lllls PrlndfJ/es oj Heredity, 1913-
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CHAPTER I. 

Till: FACTORS AND THE (;ER~r-I'LAS~r 

THE classification of living things by Linna:us (1758) and 
his fello\\'-naturalists of the eighteenth century was made 
possible by the astonishing diversity which they exhibited 
in details of structure. The systematic zoolog-ist has been 
able to group the animals into phyla, classes, orders, 
families, genera, species, and races, by arbitrarily choosing 
certain distinguishing and truc-breeding features as the 
group characteristics, the different groups representing the 
various degrees of similarity and dissimilarity, and in so 
doing has replaced vague impressionistic description by 
precise significant labelling. If those peculiarities of structure 
which are characteristic of a racc, species, genus, family, 
order, class or phylum werc not inherited therc could be 
no constant group characters and a systematic classification 
of living things would have been impossible. 

Such a systematic classification of animals and plants as 
this would at once call attention to certain facts: like tends 
to beget like; animals and plants arise from pre-existing and 
closely similar forms; the domesticated have arisen from 
the wild; the characteristics of the parents are transmitted 
to the offspring. U Breed the best to the best" had ever 
been the slogan of the breeder. Yet everywhere there is 
distinctive individuality: no son is the "carbon-copy" of 
his father: no two individuals are identical, no matter 
how closely related; each is the first and the last of its 
identical kind. If this were not so, the breeder could not 
have hoped to attain improvement by breeding 'from his 

A 
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best; there would perforce be a dead level in the quality 
of his stock. Further, it would stimulate speculation as 
to the mechanism of hereditary transmission and provoke 
experiment in attempts to ascertain the interrelationship 
between the species. And so it was that the idea of a 
common descent engaged the minds of zealous experi
mentalists who followed Linn",us. In his Variation oj 
A nima/s (lnd Plants under Domesticlltion Darwin gives an 
account of their work on the crossing of species and varieties 
in an investigation of the species problem. Their efforts 
were not crowned with conspicuous success, partly because in 
their day the relation of parent to offspring was imperfectly 
understood, and partly because in their experiments in 
hybridisation they took for their unit the individual as a 
whole. While this experimental study \vas in full progress, 
The Oright of SPecies appeared and there seemed no problem 
left to solve. Darwin had so marshalled the evidence that 
it was impossible to avoid the fact of organic evolution. 
His explanation of the fact also seemed at the time to be 
beyond dispute. Experimental investigation soon ceased 
and the field was left to the systematist and the theorist. 
The systematist concerned himself with the proper labelling 
of the new and the re-Iabelling of the old; the theorist, 
unguided by any scientific observation of the mechanism 
of heredity and variation, and confused by a mass of 
popular tradition current among stock-breeders, proceeded 
to the construction of hypotheses which, when put to the 
test of experiment, were doomed to disrepute. 
" Some of the observed facts which the tbeorist has had to 
accommodate are as follows. Many characters peculiar to 
certain individuals were known to be inherited: 11torplzo
logical (structural) characters, such as form, structure, 
location, size, and colour of the different constituent parts; 
physiological characters, such as longevity. obesity, baldness, 
fecundity, fertility, immunity; patlzological (unusual, abnormal) 
eharacters, such as polydactylism (extra digits), syndaci:ylism 
(fused digits), brachydactylism (short digits), achondroplasia 
(abnormal skeletal development), deaf-mutism; psyclzologital 
characters, such as peculiarities of temperament, of intellect, 
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feeble-mindedness, genius, insanity. All these have been 
recognised as heritable qualities in respect of which olf'pring 
might resemble the parent. But a child in its characterisa
tion might seem to be a patchwork of ancestral qualities, 
a mosaic of ancestral traits: sllch a type was defined as 
particulate as opposed to Mmdcd inheritance in which the 
characters of two dissimilar parents appeared to be blended 
in their offspring, as in the case of the skin colour of 
mulattoes. It was also suggested that a child could inherit 
all or nearly all his characters from one of the parents; such 
inheritance was termed al'crtlfltiz'c. A character of one 
generation might appear again in the grandchildren, being 
latent in the parent and palOit in the grandparents and 
grandchildren. Such skipping of a generation had long 
been known as atavism. In other cases a character borne 
by a remote ancestor remained latent for many generations 
and then suddenly reappeared; such cases were known as 
re'versions. Other characters were observed to be limite,i 
to one or to the other sex, while others were transmitted 
from grandparent to grandchild of the same sex, or from 
parent to child of the opposite sex; such cases constitute 
instances of sex-linked inheritance. In addition to these per
mutations in the distribution and combination of characters 
already exhibited by the stock, new characters unexpectedly 
appeared in one generation and these new characters were 
transmitted through inheritance to succeeding generations. 
Such H sports" or mutants were known to have been the 
foundation of new breeds of domesticated animals. V 

The theories expounded to explain the observed facts 
of heredity have been numerous, but since it is not intended 
to spend time in reading the epitaphs in the graveyard of 
discredited theories, only some of the more modern ones will 
be mentioned. 
;; It is of importance to note that it was not until the end 

of the eighteenth century that it became generally accepted 
that each of the sexes made a definite contribution to the 
offspring; previous to this time, one sex was supposed to 
supply the seed, the other the soil in which the seed grew. 
Also it must not be forgotten that the fertilisation of the 
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egg by a single sperm was not established with any degree 
of certainty until many years after Tlte Origin of SPecies had 
appeared. 

Theories of Pangenesis have su(:gested that the germ
cells are the centres of contributions from the different 
parts of the body. Darwin's Provisional Hypothesis of 
Pangenesis, for example, sugr;ested that every cell of the 
body, not too highly and specially differentiated, threw 
off characteristic" gemmules" which multiplied yet retained 
their characters and which became especially concentrated 
in the reproductive organs of both sexes, so that in the 
union of the gametes-the egg and the sperm-and in 
the development of the zygote-the fertilised egg-the 
gemmules united with others like themselves and grew into 
cells like those from which they originally came, or, on the 
other hand, remained latent during development even 
through several generations. 

Darwin considered all variations as being heritable. 
Variation in characterisation was regarded as somatic in 
origin, occurring in the bodily tissues of the individual and 
thence being transferred by means of the gemmules to the 
germ~cells. Every somatic variation whether induced by use 
or by disuse, in response to some environic stimulus or by 
some spontaneous tendency to variability, was supposed to 
give off characteristic gemmules into the blood stream which 
carried to the germ-cells the material representative of the 
varying character. There is no experimental basis for this 
assumption. 

Up to the end of the nineteenth century, the bulk of 
biological opinion regarded the central problem of heredity 
to be that which was concerned with the mechanism by 
which the various heritable qualities of the individual got 
into the germ-cells produced by that individual. But 
genetic theories were gaining ground from the pangenetic, 
and in the end the newer theories, supported by the new 
facts of cytology, caused a 'complete restatement of the 
problem. The question now asked was: How ar. t"e 
qualities of all individual represented in ,,,, germ-cells wkick 
in fluir timon produce (lte individual ? 
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Genetic theories have been based upon the conception 
of what is termed germinal continuity and are supported 
by cytological facts. As early as 1849, it had been shown 
that in certain instances it was possible in the embryo to 
distinguish between the cells which were to become the 
reproductive organs and those which were to form the body 
of the individual. Haeckel (1866) had emphasised the 
simple yet fundamental fact of the material continuity of 
offspring and parent and of the distinction between the 
personal and the germinal, while pger (1879) had carried 
the doctrine further by his powerful teaching that through 
a great series of generations the germinal protoplasm retains 
its specific properties: in every reproduction it divides into 
an ontogenetic (pertaining to the individual) portion, out 
of which the individual is built up, and a phylogenetic 
(pertaining to the race) portion which is reserved to form 
the reproductive material of the adult offspring. Genetic 
theories were extended as the years passed, and biological 
opinion became prepared for the teaching of Weismann. 

Weismann (1882, 1893) taught that the germ-cells were to 
be regarded merely as parts of an unbroken line of "germ
plasm," the bearer of the heritable qualities, and that this 
germ-plasm under certain circumstances, usually the union 
of two of its constituent germ-cells, frothed up and produced 
a great excrescence, the somata-plasm-the body of the next 
generation-and continued its existence in that body; that 
the germ-plasm was immortal, the body mortal; that the 
germ-plasm had existed from the very dawn of life, whereas 
the body was formed afresh in every generation; that the 
individual did not, as it appeared to do, produce germ
cells on reaching maturity; that the germ-cells were not 
formed afresh by each succeeding generation; and that 
when the fertilised egg divided, some of the resulting 
cells were set apart at once and took no further part 
in the building of the body, but later became the 
germ-eells of the individual into which the fertilised egg 
developed. 

This peculiar "apartness" of the germ-eeUs can be 
actually demonstrated in several groups of living ·organisms 



6 THE FACTORS AND THE GERM-PLASM 

but perhaps is best illustrated in the case of Ascaris,' as 
was shown by Boveri (1910). In Ascaris the cells which 
are destined to give rise to the somatic tissues are 
always clearly distinguishable from those which are to 
give rise to the germ-cells. In the case of the former, 
the chromatin of the nucleus' undergoes a diminution in 
quantity: in the case of the primitive sex-cells no such 
chromatin reduction takes place. The lineage of the sex
cells from embryo to adult is demonstrable and these form 
the material link betwecn generation and generation. The 
somatic cclls, busied in playing their part in the general 
act of living, are overtaken by that physiological exhaustion 
which ends in death; the germ-cells take no part in the 
general functioning of the body and they are in a sense 
immortal. In short, "the proper statement of the relation 
between successive generations is not to say that a hen pro
duces another hen through the medium of an egg, but to say 
that a hen is merely an egg's way of producing another egg." 

An individual is like its parents not because it is produced 
from the pareut but because both offspring and parent are 
produced from the same stock of germ-plasm. The somato
plasm of the father and that of the son are developments 
at different times from one and the same continuous stream 
of germ-plasm (of course the germ-plasm from which the son 
arises in reality is not the same as that from which the parent 
arose, for inheritance is biparental). The resemblance of 
parent and offspring is called by analogy heredity though 
actually the heritable qualities are not transmitted to the 
following generation in the same way as is property. 
Inheritance-all that the individual possesses in virtue of 
the hereditary relationship-implies in the biological sense 
a rhythmical repetition in each species of a definite and on 
the whole similarly repeated series of e __ ents leading up to 
the production of an individual which liberates germ-cells 
capable of initiating the saine process. Qualities as such 
are not transmitted, what is· transmitted from parent to 
offspring is the germ-plasm, the common material which 

. I Asca,.£s mega/ocepltala, a worm parasitic in the intestine or the horse. 
• SII Chapter Ill. 
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determines, other things being equal, the production of a 
similar type of structure. Weismann postulated that in 
each development a portion of the specific germinal plasma, 
which the fertilised egg contains, is not used up ill the 
formation of the offspring but is reserved unchanged for 
the formation of the germinal cells of the following generation; 
that what i3 actually continuous 
is the germ-plasm of definite 
chemical and specific molecular 
constitution, a continuity of 
germinal cells being rare, while a 
continuity of intact germinal 
plasma being the rule. 

Bateson in 1894 further com
pelled biologists to revise their 
ideas of the significance of varia
tion by showing that discontinuity 
in variation was widespread, that 
there were great numbers of cases 
in which by sharp sudden steps 
offspring differed markedly frum 
their parents. Later (I90Ij came 
the Mutation Theory of de 
Vries, which postulated that 
new varieties could arise quite 
suddenly from the older ones by 
a single leap instead of coming 
into being by the slow accumula
tion of minute differences. 

FIG. I.-(a) The germ~l!lasm. the 
line of inheritance. (II) The 
somato - ph(sm, the line of 
succession. (After Wilson.) 

During this time also the Darwinian hypothesis had been 
subjected to biological as well as to the theological criticism 
and in many ways had been found to be somewhat 
incomplete. Darwin had not explained the mode of evolution 
though through him the general fact of evolution-that tbe 
present is the child of the past and the parent of the future
had come to be accepted. He had offered an explanation 
for the survival of the fittest, but had not demonstrated the 
mode of their origin. He had based certain of his interpre
tations upon the assumption that acquired characters were 
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transmitted through inheritance to following generations. 
The transmission of such characters had not been conclusively 
demonstrated. It was found that in a given limited habitat 
a considerable number of species could thrive side by side, 
and it became difficult to conceive how the various specific 
characters could have been evolved in the course of a struggle 
for existence when these characters appeared to be not 
adapti\'c characters at all, being in themselves apparently 
quite useless to their possessors. "Many of the variations 
in characterisation which "bred true" appeared to be so 
minute that it was hard to grant that they possessed any 
life-and-death value. The subject of inter-specific sterility 
had not been disposed of finally, and sex-dimorphism had 
not been completely explained. The need for further 
experimental investigation of the problems of heredity 
and variatiun carne to be recognised and the study of the 
origin of species gave place to the study of the processes 
by which individuals carne into existence, since it seemed 
probable that the principles and causes of the origin of 
individuals would be found to apply also to the evolution 
of species. The stage was set for the re-entry of Mendel in 
!<)OO. 

\\'hen the records of the work of Gregor Johann Mendel 
were brought to light during the course of similar work by 
Correns (I90o) (Germany), de Vries (I9IO) (Holland), and 
Tschermak (Austria), it "'as seen that in Mendel's facts and 
theory there was confirmation and extension of \Veismann's 
own. Mendel, Pralat of the Konigskloster at BrUnn, communi
cated to the BrUnn Natural History Society in 1865, the 
results of eight years' experimental breeding. The paper 
VcrsllcJte iibcr Pjlanzm-Hybriden was published in 1866 in the 
Transactions of that Society, but from that date until 1<)00 

it lay unheeded for the reason that during the controversy 
which the promulgation of Darwinism in 1858 had aroused, 
biologists generally were too' much occupied to consider the 
merits of the interpretation which Mendel placed upon his 
results. Moreover, this was entirely opposed to current 
biological opinion of the period when the paper appeared: 
the teaching of \Veismann, Bateson and de Vries was 
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necessary before the immense value of Mendel's work could 
be appreciated. Besides, no mechanism in animals or plants 
was known which would explain how such processes as were 
invoked by him could be brought about. In 1900 cytological 
advances were disclosing this mechanism and an appeal to 
the hypothetical was no longer so necessary. 

In any experimental biological inquiry it is necessary at 
the outset to consider: (I) the definition of the scope of 
the inquiry; (2) the planning of the method of inquiry 
in such a way that at the end of each step a "yes" or "no" 
answer may be expected; (3) the choice of the most suitable 
material. Mendel took for his problem the question as to 
the exact manner in which the definite and true-breeding 
varieties within a species arc related to one another. For 
his experimental material he chose the culinary pea, and 
in this choice he was most fortunate and wise. The pea 
is normally self-fertilised, male and female reproductive 
organs and products being present together in every Rower, 
so that when a plant is left to itself the ovules of a Rower 
are fertilised by the pollen-grains of the same flower. Of 
the pea there arc many varieties: one is characterised by 
having a red Rower, another by a white; one has a relatively 
short stem, another a long one; in one the unripe pods are 

-green, in another they are yellow, and so on. The many 
investigators in cross-breeding who had preceded Mendel 
had considered the individual as a whole as the unit for 
study and they had concluded that hybrids, t:e., individuals 
which were begotten by dissimilar parents, must be inter
mediate in type. This conclusion had engendered the notion 
that the back-crossing of the hybrid to the parental form 
must involve a dilution of the new type, culminating after 
a number of generations in the swamping of it out of 
existence. When the individual was regarded in its 
entirety, all the hereditary resemblances and dissimilarities 
were averaged. But in genetics, as in anatomy, the indi
vidual must be dissected and each component part con
sidered by itself and in its relation to the others. Mendel, 
unlike his predecessors, did not deal with a complete 
individual, did not consider an individual as a . unit, but 
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concentrated upon pairs of what seemed to be distinctly 
contrasted characters, a character being the mode of 
exhibition of one of the ditl'erent details of anatomical 
structure and physiological function. Each pair was related 
to the same property and the same structure. Ultimately 
he dealt with seven pairs of characters: round and wrinkled 
seed, orange and green cotyledon, inflated and wrinkled 
seed·coat, grey and white seed-coat, green and yellow 
unripe pod, axial and terminal position of flowers, long 
and short stem. The method used by Mendel was that 
of hybridisation. He transferred the pollen. grain from 
a flower of one true.breeding variety to the stigma of a 
flower of another, the stamens of the artificially pollinated 
flower being removed before they were ripe. The result in 
every case was that the cross-bred offspring constituting the 
first filial generation (or shortly, as suggested by Punnett 
the F ,) exhibited one and only one of the two alternative 
characters which distinguished its parents. The character 
which in this way prevailed Mendel called the Dominant, 
that which was suppressed-the Recessive. The seeds (rom 
each individual plant were harvested separately and sown 
separately the following year. The F, individuals were 
allowed to become self-fertilised and a second filial generation 
-F,-was thus produced. This generation was mixed, con-' 
sisting of individuals exhibiting the dominant character and 
individuals exhibiting the recessive, and in every 4 on an 
average there were 3 with the dominant character to I with 
the recessive. It will be noticed that the 3 : I ratio was never 
actually obtained, but the extension of Mendel's work was 
greatly simplified by his regard for a "round" number. 

The yellow and green pod colour mating was repeated 
by Correns, Tschermak, Hurst, Bateson, Lock (1908), 
Darbishire (1911) and White at different times. Their 
results combined give an F. of 195477 individuals, 146802 
yellow and 48675 green, or a'ratio of 3·016: 1. 

The individuals of the F 2 generation were allowed to 
fertilise themselves when it was found that every ~e of 
those which had exhibited the recessive character bred 
true for this character, whereas of those which had 
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exhibited the dominant character in every 3 on the average 
there was I which hred true and 2 which, being of similar 
factorial constitution to the F, individuals, repeated the pro
duction of a 3: I ratio. In everyone of the seven pairs of 
characters dealt with by Mendel, the mode of inheritance 
was essentially the same. Two organisms differing in 
respect of a single pair of characters produced, when 
mated, a hybrid which manifested the so-called dominant 
member of the pair to the morc or less complcte exclusion 
of the recessive, and an F, showing a 3: I ratio. 

I P"'l''''Y· : 
CI,aractcr". 

:;tructure. 
I 

Seed. . FOl1ll 

Resen'ed material 
in cotyledons 

Seed-coats . 
Seed-coats . 

Colour 
., Form 

Colour 
Colour ; Unripe pods 

Flowers 
i Stem 

. ' Position 
: Length 

Dominant. 

5,474 rouud 

6,022 yellow 
S82 inflated 
705 grey 
4zS green 
651 axial 
787 tall 

i J4,949 I 
.. _____ 1 __ -

Rece!(~i"t'. 

--I 
1,850 wrinkled I Z'(j(l: I 

I 
2,001 green i 3'01: I 

299 wrinkled I 2'95: I 
224 white 3-'5:1 
J 52 yellow I 2·82: J 
207 terminal I 3,14: r 

\ ;,::: d warf i 2·84 :_: 

I :J 

It is now known that dominance is an unessential feature 
of Mendelian inheritance: wlzat is essmtz(r/ is the orderly 
reappearance of the characters of the parents of the h),brid, 
and of the hybrid itseif, in tlte second hybrid generation in 
definite 1tulIlerical proport;olls. 

The theory put forward by Mendel to explain the 
facts which he had observed was an attempt to explain the 
phenomena of inheritance upon a rigid statistical basis 
and is probably a very close approximation to the true 
one. It certainly is true to such a point that it is possible 
by means of it to predict the results of the simpler types of 
mating which the practical breeder is likely to want to 
make. 

Each new individual had its origin in the. union of 
0( an ovule and a pollen-grain. Mendel concluded tbat 
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there must have been something in the reproductive cell 
taken from a flower on a tall plant which made the 
offspring of a dwarf plant fertilised by this pollen develop 
into a tall plant. His theory was that there must have 

------ .----

FIG. 1.-T . .!\ :m,l Dw:trf. (Alta rhrbi~hire.) 

FIG. 3. 
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been in everyone of these germ-cells, or gametes, some
thing which is capable of' giving rise to the character 
tallness. He did not know what that something was
for that matler neither do we to-day-so that it does not 
really matter what that something is called. The terms 
that have come into general use are factor, gene, or 
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differential Every germ-cell of the tall pea of the parental 
generation (P ,) carried the factor for tallness, those of 
the dwarf-the factor for dwarfness. When a tall pea is 
self-fertilised, therefore, a male germ-cell containing the 
factor for tallness unites with a female germ-cell containing 
the factor for tallness to form a new individual which 
exhibits the character tallness and which is pure for 
this character and will breed true. Similarly, when a male 
gamete containing the factor for dwarfness unites with 
a female gamete carrying the same factor, a zygote results 
which in its development will exhibit the character dwarf_ 
ness and will be pure for this character. But Mendel 
found, as has been seen, that when a gamete bearing the 
factor for tallness united with a gamete bearing the factor 
for dwarfness, a tall pea was produced. The fertilised egg
the zygote-in this case possessed in respect of the stem
length character two factors, one from each parent, but 
one of them was a factor for tallness, the other that for 
dwarfness. For some unknown reason the factor for tallness 
in this combination was the only one which played any 
appreciable part in determining the character of the stem
length. It made no difference to the results which parent 
was the male and which the female, the reciprocal crosses 
were found to give identical results. 

To account for the 3: I ratio in the second cross-bred 
generation, Mendel supposed that half of both male and 
female gametes provided by the F, hybrid contained the 
factor for the dominant character, the other half-the 
factor for the recessive. The factor for the dominant is 
not adulterated by its association with the factor for the 
recessive, nor that for the recessive by its intimacy with that 
for the dominant. At the time when the germ-cells of the 
hybrid ripen, the factors segregate, so that half of the female 
gametes come to contain the factor for the dominant character 
and the other half the factor for the recessive character_ A 
similar process takes place in the case of the male gametes of 
the hybrid, half come to contain the one factor of the pair, 
the other half-the other factor. The two kinds of factors 
occurring in equal numbers among the germ-cells of the 
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hybrid are as pure, in respect of the characters they 
represent, as the same two factors existing in the germ-cells 
of the pure-bred parental forms, according to this theory. 
In the case of the gametes of the F, individual in Mendel's 
experiment, there are equal numbers of ovules bearing the 
factor for the dominant character and that for the recessive; 
similarly, there are equal numbers of pollen-grains bearing 
the factor for the dominant character and that for the 
recessive. There may, or may not, be equal numbers of 
ovules and of pollen - grains; this is a matter of no 
importance, since anyone ovule can be fertilised by but one 
pollen-grain. 

Consider the case of the ovules with the factor for 
the dominant character. They have an equal chance of 
becoming fertilised by a pollen-grain bearing the factor 
for the dominant character as by a pollen-grain bearing 
the factor for the recessive. The following associations 
in the F, zygotes will be approximately equally frequent:-

Factor for the Dominant Character: Factor for the Dominant Character 
Recessive 

Consider now the case of the ovules with the factor for 
the recessive character. These again have an equal chance 
of being fertilised by a pollen-grain with a factor for the 
dominant character as by one with the factor for the 
recessive character, so that the following associations in the 
zygote will be equally frequent:-

Factor for the Recessive Character: Factor for the Dominant Character 
Recessive 

There are therefore four kinds of factor associations and 
these are on the average equally frequent. F., will thus 
contain the following associations:- -

Dominant: Dominant, 25 per cen. t. "Pure)' Dominant. . '} 
Dominant: Recessive, 25 ,,.) "Impure» Dominant or 3 
Recessive: Dominant, 25 "f Hybrid... 2 
Recessive: Recessive, 25" Ie Pure n Recessive. . 1 I 

or, 2S per cent. like ODe grand-parent,2S per cent. like the 
other, and 50 per cent. like the parents. This theory is in 
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complete accordance with the facts. Schematically the 
situation can be illustrated 50-

o = Dominant. 
<I ~ Male. 

• ;:::: Reces5ive. 
'( :::; Female. 

The significance of the facts of Mendel's results is pro. 
found. Out of them arose the conception of the unit. 
eharaeter, a unit because it acted as such in inheritance. 
A second conception was that of the purity of gametes. 
Purity of type acquired a precise meaning being dependent 
on gametic segregation. Purity depends upon the meeting 
of two gametes bearing similar factors for the one tharacter, 
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and so an individual may be pure in respect of one character 
and impure or hybrid in respect of others. The hybrid 
condition cannot be represented in a single reproductive 
cell, it can only be produced by the union of male and 
female reproductive cells which are dissimilar with regard 
to the factor in question. Further, each reproductive cell, 
male or female, contains a complete set of factors for 
determining the characters of an individual. The third 
conception \vas that tlU' =.l'Kott.' fwd a dOllhlr 5trU{/lll't! and 
so therefore had the individual which developed from it. 
A zygote may be formed by the union of gametes each 
bearing similar factors with regard to one or morc characters. 
In this case the individual is said to be a hOIJ[(J:::_1:t;0tt' or 
hOlllo~)'g'O!lJ (Bateson) with respect to the character or char
acters concerned, and in the zygote in which this individual 
had its origin the factor for each of these characters was 
present in the duplicate or duplex condition. On the other 
hand, a zygote may result from the union of two gametes which 
bear factors for dissimilar alternative characters, when the 
individual developing from such a zygote is said to be a 
hctcYo::;_1'gotc or Itctero:ygolls with respect to these characters, 
and in the zygote the factors for these characters were present 
in the simpltx condition. J{omo:::.j~~i)sis is the state of being 
homozygous, the condition of an indh'idllal in which any 
given genetical factor is present ill the duplex condition, due 
to the fact that the two gametes forming in their union the 
zygote from which the individual had its origin were alike 
with respect to the factor in question. Such an individual 
in turn produces gametes of only one kind with respect to 
the given factor. Hrtel'o::;)'g'osis is the state of being hetero
zygous, the condition of an individual in which any given 
factor has been derived from only one of the two gametes 
which in their union formed the zygote in which the 
individual had its origin. The gametes liberated by such 
an individual are typically of. two kinds, half of them con
taining the factor in question,. the other half lacking this 
factor. An individual homozygous for a given character 
or characters is one which had its origin in the union of 
gametes which in respect of the character or characters con-
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cemed were factorially identical. An individual heterozygous 
for a given character o. characlers is one which had its origin 
in the union of gametes which in respect of the character 
or characters concerned were factorially dissimilar. A 
homozygote is an individual which when mated to another, 
factorially similar or dis<imilar, produces offspring all 
factorially alike; a heterozygote is an indiddual which 
when ma,ted to an individual, factorially similar or dissimilar, 
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Oil) ele P, 
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Oo®®i®®ee "2 

9P \ q~j.~ \ ~k(!) \ ~ .. ~ 
OOOOO®@i()@®.. • 
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F~ mating!. 
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produces offspring factorially dissimilar itltcr se. Finally, 
the most important conception was that the germ.pias11l had a 
definite structure. If it is derived from a hybrid parent it 
may have either of two structures with regard to anyone 
character, but it cannot be any vague or indefinite mixture 
of the two. 

Such is the generally accepted theory of Mendelian 
inheritance. Its validity can be tested by other matings, 

B 
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as for example by a back.cross between the FI hybrid and 
the parent exhibiting the recessive character. It would be 
expected that equal numbers of offspring exhibiting the 
dominant and the recessive characters respectively should 
appear, and that everyone of those exhibiting the dominant 
character should prove to be a hybrid. This is exactly what 
happens. 

Other matings are shown in Fig. 5. In every case 
the results conform to the actual experience of the 
hybridiser. The most convenient way of representing the 
supposed causes of Mendelian segregation is to make use 
of Pun nett's chess·board table. Along the top of the table 
are written the letters representing the kinds of factors 
which occur among the male gametes and along the left 
side of the table the letters referring to the equivalent 
series of the female gametes. The squares alongside each 
other constitute a row, those superimposed one above the 
other, a column. In the square formed by the intersection 
of a row with a column is written the factorial constitution of 
the zygote which results from the union of the factor at the 
head of the column with the factor at the left of the row. 
A square of this sort indicates that equal numbers of all 
the different kinds of gametes are involved in fertilisation. 
Bateson introduced the use of the letters D and R to signify 
the factors for the Dominant and Recessive characters 
respectively. 

Zygotes . 

Gametes. 

DD x DD 
/'" /'. 

D D 6 D 

6D D 

~:I:: I:: I 
Offspring IOO/~ DD 

D(R) 
/'.... 
D R 

50~~ DD 
50% DR 

RR x RR 
/'.... /'.... 
R R R R 

100% RR 
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Zygotes DD x RR D(R} x Il(R) ll(R) x RR 

Gametes. 1> !J R R J) I{ 1> R II R R R 

!]) II ,jP R SR R 

¥R llR lll{ '~ 1) IJll DR 1'1) 1HZ 1>R 

Ri DR DR R DR Rl{ R RR RR 

Offspring 100," .. DR 50 J I>f{ 50 IlR 

25 1Jj) ; 0; RR 50 ". RR 

01' tab\\lated:-
Ill) llR RR 

(I) lJD x IJIJ gives 100.; 

(0) DD X DR 50'" 50 
(3) [)j) X RR 100 ' 

(4) DR X DR 05', 25':. 
(s) DR x RR 5°" 50 '< 
(6) RR x RR 100": 

It will be noted that if, for example, in the mating DR x DR the two 
sorts of male gametes are elaborated in the proportion of 3 D-bearing 
to I R-bearing, the size-relations of the classes among the offspring will 
not be 2;:~ DD, 50;~ DR, 25~{ RR, but 37'5"~ DD, 50~:~ 1)H, IZ';~)~ RR, 
and the ratio not I : 2 : I but 3: 4: I. 

dD R 

i -;;-I-;;~-;;~-;;-I 
b:--i----:--I I D[) I VD DD DR! 

I I ' 
: DR I IJR i VR : RR 

R ;~-i D;\ DR' RR 

It is useful to consider this scheme working backwards. 
For example, the occurrence in a generation of equal numbers 
of individuals exhibiting the recessive character which is 
being dealt with in the experiment and of individuals 
exhibiting the dominant can mean only one thing, that 
the parents of these offspring are DR X RR-heterozygous 
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dominant and a recessive. If all the offspring show the 
dominant character then the parents might have been 
DD X DD, DD X DR, or DD X RR. If it is known that 
one parent bore the recessive character then the other 
parent must have been a homozygous dominant, DD. Here 
then is an acid test by which the homozygous and 
heterozygous dominants may be identified in those cases 
in which dominance being complete, the F, individual 
appears indistinguishable from the parent with the 
dominant character. The homozygous dominant mated 
to the recess;'·c gives only heterozygous dominants (which 
in these cases look like the homozygous), whereas the 
heterozygous dominant similarly mated will produce as 
nearly as possible equal numbers of heterozygous dominants 
and of recessives. In order that in such a test it may 
be certain (= extremely probable) that among the in
dividuals exhibiting the dominant character there shall be 
one homozygote, it is necessary to take at least twelve 
such and mate them with the individuals exhibiting the 
corresponding recessive character. 

Mendel gives the following table showing the numbers 
as calculated theoretically and as verified experimentally 
of the different classes of offspring in any generation of a 
monohybrid mating followed by self-fertilisation:-

Generation. ])D DR RR Ratios. 
F,. I 1 1:2: I 

F:l · 6 6 3: 2: 3 
F4 • oS 28 7: 0: 7 

F". J:::!O 16 120 15; 2: 15 

F 6 • 496 32 496 31: 2: 31 
F,,, 2" - I: 2: Ztl-_ I 

The method of experimental breeding in essence became 
the analysis of the experimental material into its component 
unit characters. From this point of view animals may be 
regarded as definite orderly combinations of independently 
heritable unit characters which may be dissociated and 
recombined. Genetics thus became an instrument by which 
the nature of the living organism might be explored. 
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As an example of a monohybrid experiment with animals, 
the Rosecomb x Singlccomb matin~ in fowls may be cited i 
the results are shown in the fpllowing diar:;ram. Rosecomb 
is dominant to single. Further consideration will make it 
clear that the singlecombed bird which occasionally appears 
amonr:; the progeny of a (rosccombed) Wyandotte mating is 
the result of the mating of two hderozygote, and will point 
to the infusion of \"hite Le~horn U bluod." 

I 
, 

, , 

/~~~" It ~ (t ., 
FIG. 6.-Rosecomb and Single. (.4ft,,· Darbishire.) 

Another case would seem to be that of the mating 
Black and Red coat colour in cattle; black is dominant, 
and if this is so the occasional occurrence of a red calf 
in a black herd is readily interpreted. Such a red calf 
can only occur when two heterozygous blacks are mated. 
This question of colour-inheritance in cattle is one of con
siderable importance to the breeder, for the appearance of 
a red calf in a breed in which the standard and fashionable 
colour is black may lead to suspicion concerning the" purity " 
of the herd, to misunderstanding and indeed even, to legal 
action. The fact that a red caU does appear occasionally 
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in an Aberdeen-Angus herd, in a Galloway herd, or among 
Hulstein-Friesians or Kerries can be accounted for if it can 
be shown that during the formative periods in the history 
of these breeds a red individual was employed. This 
unfortunately is usually impossible, for the history of most 
breeds is beset with mystery. It is known, however, that 
all the modern breeds have been produced by a gradual 
evolution in the hands of the breeder from some common 
lucal stock. In founding a new breed out-crossing was 
at first practised freely in order to collect the desired 
characteristics in the same stock. Then out-breeding was 
followed by in-breeding and the breed was modelled to 
fit certain arbitrarily chosen standards. The breed 
became a group of individuals all of which exhibited 
certain well-defined hereditary characters. Finally came 
registration. In certain cases it is known that the maker 
of the breed introduced a red strain into his stock at a 
time when coat-colour was a matter of no great concern 
to him. In other cases in which there is no accurate 
record of the employment of red stock it can be assumed 
that such was used since the appearance of red in any 
modern breed in which black has come to be the fashionable .~ 
colour is amenable to the same interpretation. 

If red was introduced and if black was chosen later as the 
standard coat~colour, a beast may be a homozygous or a 
heterozygous black and when the latter kind are present an 
occasional red calf is inevitable. It will be noted that if the 
breeder had chosen red as the standard there could have 
been no off-colour calves. 

There have been red Aberdeen-Angus herds, and as far 
as is known a red Aberdeen-Angus is as typical a specimen 
of the breed as is a black. The red is as "pure-bred" and 
as valuable as its black relative. The same is true of the 
Galloway. Fashion and prejudice have condemned the red, 
and though this is a matter of no great importance in the 
case of the beef breeds It is a most reprehensible state 
of affairs that in the milk breeds a potentially 1lI0st 
valuable specimen should be disposed of secretly or sold 
for veal just because it happens to be born with the 
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unfashionable coat-colour, There is no reason to suggest 
that a Holstein-Friesian is not so good a Friesian because 
its coat is red-and-white instead of black-and-white, yet a 
red-and-white is not eligible for registration in the American 
Herd Book. It is a fact that up to about 1850, before the 
importation of black-and-white ] utlands, the majority uf 
Holstein-Frieslands were red-and-whites. It was later that 
the black-and-white coat-colour became fashionable. In 
Holland red-and-whites are still eligible for registration and 
are relativcly common. Surely when a more liberal minded 
attitude shall follow the spread of genetical knowledge such 
a red-and-white calf will be disposed of to a dairy farmer to 
whom colour is a matter of secondary importance and will be 
no longer regarded as an indication of It impllrity." 

It may be necessary to devise·a method of distinguish
ing between the homozygous and the heterozygous black. 
Possibly this may be done by micrological and chemical 
examination of the hair of the black male calf. As yet the 
only method which can be suggested is one which would 
seem to be impracticable. The bull should be mated during 
one and the same season to at least a dozen red cows. If 
no red calf appears then it may be accepted that the bull 
is a homozygous black. 

One modification ot" Mendel's original views has already 
been referred to: that dominance is an unessential feature 
of the scheme. The case of the Blue Andalusian fowl, 
described by Bateson and Saunders (1901) and by Bateson, 
Saunders and Punnett (1\)06), may be considered in illus
tration of this. The plumage-colour of this fowl is a slaty 
blue-grey. A similar case would seem to be that of the 
Blue Mendel fow!' 

If two such birds are mated, it will be found that they do 
not breed true, for in addition to the more numerous blue
plumaged offspring there will be produced a number of 
black, and of white with black flecks. On the average, 
tbe number of blue offspring equals the total of blacks 
and whites; while these latter are produced in more or less 
equal numbers, so that the ratio 1: 2 : 1 appears. This in 
Itself is suggestively reminiscent of the ratio in the F: of 
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a Mendelian monohybrid experiment. At once the question 
arises as to what happens when a white and a black 
Andalusian are interbred. The offspring of such a mating 
are without exception blue, and blue birds obtained in this 
way, when mated toge ther, p roduce a generation of I black, 
2 bl ues, and I white in every 4 on a average. The 
suggested interpretation of these facts was that the Blue 
Andalusian is a monohybrid in the Mendelian sense, the 

FIG. 7.- The lllue Andalusian . (."Ift~r Darbishire,) 

offspring of parents which differed one from the other only 
in respect of one pair of unit characters, but a hybrid which 
possessed an easily observable character of its own which 
distinguished it from both parents. In this way it differs from 
the hybrid pea in Mendel's own experiments, in which case, 
for example, the hybrid tall pea only differs from the pure 
tall by its breeding properties and not by any outward 
characteristic of its own, a~ far as can readily be estimated. 
The blue of the Andalusian may be ccnsidered for the 
moment as an intermediate between the black and the white 
01 its parents, and it is not unreasonable to refer to black as 
the imperfect domillont, imperfect because it is legitimate to 
regard the differences between the result of crossing the 
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THE BLUE ANDALUSIAN 

black and the white Andalusian and the tall and the dwarf 
pea as being- only a matter of degree. The blue colour is 
due to a fine but uneven sprinkling of black pi~ment through 
the feathers; on some, such as those of the breast, the black 
pigment forms a distinct edging or "lining." The blue of 
the Blue Andalusian is thus a mosaic of black and white. In 
any case the phenomena as exhibited by the two cases of the 
pea and the fowl are perfectly analogous. the only difference 
between them being the degree of dominance, and this not 
an essential feature of Mendelian inheritance. It is probable 
that actually there are a:ways differences between homozygous 
and heterozygous dominants, but that commonly there is no 
sufficiently precise method other than further breeding by 
which these may be detected. 

I t is of interest to consider the practice of the breeder 
of Andalusians, who, always mating blue to blue, is obliged 
to cull his wasters, the blacks and the whites, in every year, 
and to contrast this with that of the breeder who has a 
knowledge of the facts outlined above and who therefore 
breeds black to white and thus gets in every hatch 100 per 
cent. blues. The BIll~ Andalusian interpreted thus is an 
excellent example of an unfixable variety which has defied 
the art of the breeder. More recently Lippincott (1918) has 
advanced considerable evidence to show that the case of 
the Blue Andalusian is not susceptible to so simple an 
interpretation. To hi3 work reference will be made later. 
The case is used at this point because of its historical 
interest, and because, interpreted in terms of a simple mono
hybrid example, it serves to make it clear that dominance 
is an unessential feature of the Mendelian scheme of 
inheritance. A similar case among cattle is red-roan, which 
in the majority of cases behaves as though it were a hybrid 
between the red and the white as regards coat-colour; yet 
another is blue-roan such as follows a black (Galloway) 
and a white (Shorthorn) mating. The blue - grey colour 
is the result of an intermingling of black and of white hairs, 
and is found in cattle, horses, and rarely in swine. It is 
most commonly seen in the progeny of a white Shorthorn 
bull and black Aberdeen-Angus or Galloway cows. This 



26 THE FACTORS AND THE GERM-PLASM 

cross-bred has, since the first quarter of the nineteenth 
century, been held to possess many desirable qualities to 
an exceptional degree-vigour, rapid growth, and so on 
and these qualities in time came to be regarded as being 
indissolubly associated with the particular blue-roan coat 
colour. So popular did the cross become that white 
Shorthorns were bred largely for this purpose, and the 
Aberdeen-Angus was looked upon merely as a means of 
obtaining its more profitable cross-bred offspring. The sub
ject was clearly suitable for examination under satisfactory 
experimental conditions. Lloyd Jones and Evvard (1916) 
took the matter up, using white Shorthorns and Galloways, 
and carrying on with the work for thirteen years. Their 
results were such that while black and red, polled and 
horned behaved as simple allelomorphs (alternative char
acters), the nature of the roan character was not finally 
established. They were inclined to suggest that a roaning 
factor was present, but agreed that the assumption that blue
grey was the heterozygous condition between black and white 
explained the results almost equally as well. Among sheep 
there are reasons for believing that the white, blue and black 
fleece colours constitute a similar series in the Wensleydale. 

An example of a measurable difference between the 
degree of expression of a quantitative character is that of 
the mating "earless" and "long ears" in sheep. There 
are Norwegian sheep with no external ears and others 
with the usual ear-length of 4k inches. The short-eared 
and the earless conditions are found also in the Karakul 
sheep of Bokhara. Wriedt (1914) and Ritzmann (1916) 
both found that the inter-mating of the former produced 
sheep with an ear-length of 2! inches, ,:e., intermediate 
between the ear-lengths of the two parental stocks. 
Earless X ear less give none but earless; short ear x long ear 
give equal numbers of shorts and longs. The long ear 
character is based on homozygosis, the short ear on hetero
zygosis. The interpretation of such a case as this appears 
to be that the factor concerned, if present in the duplex 
state, results in a degree of expression of the corresponding 
character twice as great as that which results from the 
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action of this factor when present only in the simplex state. 
The degree of dominance of a character will vary with the 
"efficiency" of the corresponding factor and with the 
threshold of response to the action of this factor on the 
part of the tissues involved in the assumption of the character. 
A factor in the simplex state mar be as" efficient" in the 
role it plays in determining the corresponding character as 
are two, and then the degree of expression of the character 
exhibited by the individual homozygous for this character 
and that exhibited by the hetcrolygote will be the same. 
In other cases the factor in the simplex state may result 
in a certain degree of expression of the corresponding 
character, whereas this factor in the duplex state may 
yield a degree of expression twice as great. The mating 
U polled JI X "horned" in cattle is of interest in this connec .. 
tion. The Fl individuals are polled but develop" scurs "
rudimentary horns. In the F, there are in every 4, on 
the average, I fully-polled, 2 with scurs, and I with horns. 
It should be mentioned that the extent of the growth 
of horns is affected by the presence of a functioning testis, 
and in thus mating" polled" and" borned" while the hetero
zygous female may be entirely hornless the heterozygous 
male usually has scurs. Both carry the factor for horn-growth 
but this is only appreciable in the one which has the testis. 

So much misunderstanding has resulted from the mis
conception that dominance is an essential feature of the 
Mendelian scheme that too much emphasis cannot be placed 
upon this point: the degree of dominance, though very 
helpful in the course of a breeding experiment in that it 
provides some idea of the factorial constitution of an 
individual, is not at all an essential feature of the Mendelian 
scheme of inheritance; what is essential is the production 
of a characteristic ratio among the classes constituting the 
generations. 

The examples so far dealt with have been concerned 
with organisms cross-bred with respect to a single character, 
with _Itylnids, the parents of which are supposed to be 
similar except with respect to a single unit character. The 
Mendelian ratio for a monohybrid in those cases in which 
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the homozygous and heterozygous dominants are indis
tinguishable, is 3: I, that is in the F, there are two sorts of 
individuals judging by superficial appearance-two pheno
types-those which exhibit the dominant character and 
those which exhibit the recessive-the ratio of the former 
to the latter is 3: l. (It has been seen that the 3: 1 ratio 
is really a 1 : 2 : 1 ratio disguised.) A pkCllotype is a group 
of individuals all of which look alike irrespective of their 
factorial constitution. The term is also used to indicate 
the sum of all the characters displayed by an individual. It 
is now possible to study the cases in which the parental 
organisms differ from each other with respect to two 
different pairs of unit characters, one of each pair being 
dominant and the other recessive. It can be stated at 
once that the two pairs of factors which represent these 
characters segregate independently of each other and give 
character combinations in F, exactly as would be expected 
on the basis of chance factor distribution. Mendel's second 
law applies to the independent behaviour in inheritance 
of two or more pairs of alternative characters (termed 
u allelomorphs" by Hateson). Mendel crossed a variety of 
pea with a round seed and yellow cotyledons with another 
variety having a wrinkled seed and green cotyledons. The 
FI individuals were all yellow rounds and when these were 
scI fed a generation was produced in which in every 16 
individuals on the average there were:-

9 with ye\1ow cotyledons and round seeds-the two dominant characters . 
.J " yellow wrinkled - one dominant, one recessive. 
3 " green round" -one dominant, one recessive. 
I " green wrinkled n -the two recessives. 

The 9: 3 : 3 : 1 ratio follows from the mere combination of 
the two 3: I ratios and is characteristic of a Mendelian 
dihybrid F2, a dihybrid being an individual which results 
from the mating of two parental forms which differ one from 
the other in respect of two pairs of allelomorphic characters. 
The F. phenotypes are shown in the chessboard diagram 
and the genotypes-the actmil factorial constitutions-are 
defined in the combinations of letters, representing the 
factors, in the squares. The term genotype is also used to 
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define a group of individuals all of which possess the same 
factorial constitution. 

The P, individuals will possess the factorial constitution 
YYRR and GGWW respectively, if Y,G,R and Warc taken 
to represent the factors corresponding to the characters 
Yellow and Green cotyledon colour and Round and Wrinkled 
seed:form. The F 1 individuals will all have the constitution 

l' , 

F I 

YWQ-5 GW~-I 

FIG. 9.-Yellow·Rolllld Green-WrinklcJ.. 

YGRW as far as these characters are concerned; they will 
all be heterozygous for the Rou nd and Yellow characters 
which they exhibit, and simplex for the factors Y,G,R and W. 
When these F, individuals elaborate their gametes, on the 
understanding that the factors Y and G, Rand W cannot 
be present together in one and the same mature germ. cell, 
they will liberate 4 sorts in equal numbers, so:-

Y'.../G h/'...J., = YR, YW, GR, GW, 

and of these 4 sorts of gametes there will be 2 series, the 
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male and the female, so that fertilisation will yield the 
phenotypes and the ratio stated. 

The dihyhrid experiment can he well illustrated by the 
mating Black Hamburgh and White Leghorn among fowls. 
The white-plumage colour of the exhibition White Leghorn 
is dominant to the black of the Hamburgh, and the rosecomb 
pattern of the Hamburgh is dominant to the single comb 
of the Leghorn. The term "breed" or "strain" has no 
hiological significance whatsoever. These classifications 
refer solely to phenotypes and are not based upon any 
knowledge of the genotypes included therein. For this 
reason it would have been safer to have defined this 
experiment as the mating of a certain Black Rosecomb 
with a certain White Singlecomb. There are two pairs of 
allelomorphic characters involved, so that 4 factors are 
concerned. The possible number of their combinations 
is 4 x 4 or 16, and this is the monohybrid figure squared 
(3 + I)'. Of course it does not follow that there will be 
exactly 16 or some multiple of 16 individuals in the F., 
but the greater the number of individuals in this generation 
the nearer will the proportions of the phenotypes therein 
approach the typical dihybrid ratio of 9: 3 : 3 : I. All the 
F, individuals will exhibit the two dominant characters, 
they will be White Rosecombs, and for the moment we are 
not concerned with the exact degree of the whiteness or 
with the perfection of the rose, it is enough to state that 
they will have white pI umage as opposed to black, and 
rosecombs as opposed to singles. When these F, individuals 
are interbred, among the offspring there will be in every 
16 on the average :-

9 \Vhite Rosecombs: 3 White Singlecombs: 3 Black 
Rosecombs: [ Black Singlecomb. 

It is seen that in F. all possible combinations of the 
characters of the P, individuals appear. The two characters 
Black and Rosecomb are not transmitted in conjunction
they become separated and Tecombined with members of 
the other pair during the course of the experiment. The 
outstanding feature of this result is tbe segregation and 
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recombination of characters which occurs when the F, 
individuals are interbred and in no other way. The F, 
individual may appear a veritable "mongrel" to the eye 
of the fancier, but had he been desirous of creating a black· 
plumaged singlecombed individual out of the material 
available in P, then the only way he could have done 
this deliberately would have been to have raised an F, 
and interbred these individuals. The 9: 3 : 3 : I ratio follows 
from the co-existence of two 3: I ratios in the F, resulting 

~ X 'I PI 
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(i' " ~I 
I 
iJ 

~/'\. ~-
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{} .3 :5 

FIG. lo.-Black Rosecomb x White Siugiecornb. 

from a singJe cross. Tlle cllaracters Wllite and Black, 
Rosecomb and Singlecomb are distributed in their own 
proportions of 3: I at random over the individuals com. 
posing the second filial generation. By" at random" is 
meant that the colour of the plumage is not affected one 
way or another by the pattern of the comb, or the pattern 
of the comb by the colour of the plumage. If Whites, 
Blacks, Ro.ecomb. and Singlecombs occurred in equal 
numbers in F, then it would be an even chance that a 
white bird had a rosecomb or a singlecomb or that a 
rosecombed bird were white or black; but in every four 
birds of F. there are three whites to each black and three 



32 THE FACTORS AND THE GERM·PLASM 

rosecombs to each singlecomb. The actual proportions of 
the four classes of combinations of characters in F, can be 
arrived at by multiplying together the ratios in which each 
of the characters in a combination occurs separately:-
Whheand RQsecomb. 3X}"'-9 Hiackand Rosecomb lX3=3 
\Vhite and Single . 3 x J = 3 Black and Single . I X I = I 

Hut from what we have seen in the case of the typical 
monohybrid experiment the individual of F, which 
exhibits the dominant character may be homozygous or 
heterozygous for that character and the proportion of 
homozygotes to heterozygotes is J to 2. In the F, of this 
experiment, therefore, there will be homozygous Whites 
and Rosecom bs and heterozygous Whites and Rosecombs 
and the combinations of the 4 characters will be as 
follows:-

IVhite Rosecombs. 
Homozygous \Vhite and Homozygous Rosecomb 
Homozygous \Vhite and Heterozygous Rosccomb 
Heterozygous \Vhitc and Homozygous Rosccomb 
Heterozygous White and Heterozygous Rosecomb 

White Singlecombs. 
Homozygous White and Singlecomb 
Heterozygous White and Smglecomb 

Black Rosecombs. 

I X 1=' 

[X2=2 

:.!XI=2 

2X2=4 =9 

I X 1=1 

2XI=2 =3 

Black and Homozygous Rosecomb . I X I = I 

Black and Heterozygous Rosecomb . I X :2 =:2 = 3 
Black Stlz,.f{Iecomb. 

BJack and Singlecomb I x I = I = I = 16 

There are 4 phenotypes and 9 genotypes, and the individuals 
exhibiting a recessive character are inevitably homozygous 
for that character. 

U sing the chess.board plan, these results can be illustrated 
as follows:-
Let W represent the factor that corresponds to the dominant character 

\Vhite plumage. 
w represent the factor that corresponds to the recessive character 

Black plumage. 
" R represent the (actor that corresponds to the dominant character 

Rosecomb. 
r represent the factor that corresponds to the recessive character 

Singlecomb. 
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Tbe conventional use of a capital and tbe corresponding 
small letter for the factors of the dominant and recessive 
members respectively of a pair of contrasted characters, 
the letters usuall), being the initial letter of the name of 
the character the inheritance of which is being investigated, 
has proved ver)' helpful. The factorial constitution of the 
Black Hamburgh will then be wwRR in so far as these 
particular characters are concerned; that of the White 
Leghorn WWrr. The gametes produced by these will be 
factoriall), wR and Wr and the 1', individual will therefore 
be WwRr. When such an individual, or rather when such 
a genotypeJ in its turn produces gamt-.tcs, since \V and WI R 
and r cannot be present in the same gamete there will be 
4 sorts:-

/R--\VR 
W. 

'"'r-Wr 
> R --wI\. 

w' 
""r-wr 

and there will be 2 equivalent series of these, male and 
female, and within these the 4 sorts will be present in equal 
numbers. 

'i 
WR 

Wr 

wR 

wr 

,; WR \Vr wR 

'II W\VR~-\ .• i ·~\~1WR-~ ~~~:~~~ ~- wWRr-1 
t : 2 3 1 

i ---I - - --- - -------- - \ 

! \VWRr 1 \VWrr ~ WwRr: \Vwrr I 
I I I 6 ! 7 ! 8 
1---1--- :---/-------
j WwRR \VwRr wwRR' wwRr I 

I
I W:Rr ~~ iii w:~r I w:r 

13 '4 '5 L _ _'_:___ 
c 
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I. Phenotype WR:..-- White Rosecomb-
Genotype I \V\VRR Squa.re I 

Z WWRr Z,5 
3 \VwRR 
4 \VwRr 

2. Phenotype Wr - \Vhile Singiecomb-
Genotype .5 \\'Wrr Square 

3,9 

(I \\'wrr R, 14 

3. Phenotype wR. Black H-osecomb-
(;enotype 7 wwRR Square I I 

X wwRr I:!, I; 

4. Phenotype wr·c;:: Black Singlecomb·-
Genotype ') wwrr Squ:uc 16 

Total J 

9 

,6 

If a diagonal is drawn from the top right-hand corner of 
the chess-board to the bottom left it will cut through all 
the zygotes which are heterozygous for both the characters 
which they exhibit, whereas a diagonal from top left 
to bottom right will cut through all that are homozygous 
for the characters which they display. This is of help 
in the filling-in of the chess-board, for in squares cut by 
the first diagonal the sym boIs W w Rr can be filled in 
without any reference to the letters above and at the 
side and the sq uares cut by the other diagonal can be 
quickly filled by referring only to the symbols at the side, 
each being written in duplicate. I t is only necessary to 
consider carefully the constitution of the remaining zygotes. 
It will also be noted that the gametic series provides a list 
of the phenotypes. 

It is now possible to examine the scheme of inheritance 
as one must in the actual conduct of a breeding experiment. 
So far it has been more or less assumed that the genotype 
of the P, individual has been known and that the problem 
has been to anticipate the genotypes of the F,. Actually 
the problem often is to identify the factorial constitution 
of the P, individuals, having a knowledge ofthe phenotypes 
and possibly also of tbe genotypes in F.. A consideration 
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of the genotypes in the F, of the above experiment will 
allow an anticipation of th~ results of their intcrmatings 
to be made and the results of such intcnnating will define 
the genotypes of the individual, taking part, thus lead in>: 
to a recognition of the factorial constitution of the ori~inal 
1\ bird~. 

There are «mr sorts of \\'hite Rosecombs ill the F .. of 
the experiment: (1) Oile that is homozygous for both

W 

its 
exhibited characters, and of this kind there is but one ill 
every nine on the average; (2) one that is homolygous for 
its white~plumage colour character and heterozygous for 
its Rosecomb character, and of these there arc two in every 
nine on the average; (3) olle that is heterozygous for its 
colour and homozygous for its comb·form, and of these 
there are twu in every nine on the avcrag-t.:; and (4) one 
that is heterozygous for both characters, and of these there 
arc four in every nine on the average, The Black Hose
combed bjrds arc homo7.}'gous for their colour. but as regards 
comb-form there are t\\ 0 sorts, some homozygou!:I and 
others heterozygous for the character they exhibit and on 
the average in every three there arc one of the former and 
two of the latter, The White Singlecombcd birds are in 
like case, they are homozygous for their comb-pattern 
character but as regards their plumage-colour some are 
homozygous and others heterozygous and on the average 
there are one homozygote and two heterozygotes in every 
three. The Black Singlecombed individuals are homozygous 
for both the expressed characters and when interbred will 
throw none but Black Singlecombed offspring, From these 
results it is possible to state with certainty that the 1'1 
individuals possessed the factorial constitution represented as 
WwRr and that the parental forms were respectively WWrr 
and wwRR, White Singlecomb and Black Rosecomb (or else 
WWRR and wwrr, White Rosecomb and Black Singlecomb), 
The behaviour of characters in inheritance is an indication 
of the factorial constitution of the individuals from which 
they were received, a parent is judged by its offspring: the 
breeding pen is to the geneticist what the test-tube is to 
the analytical chemist. 
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The surest and quickest way to a recognition of the 
factorial constitution of any bird of the 1\, F

" 
or F, 

generations is to mate it with the double recessive, a 
Black Singleeomb froh1 the same stock. This method is 
the routine procedure in testing for homo- and hetero
zygosis. 

fVltite Rosec01IIo x DIad: Si'nglrcom/l (wwrr). 

Phe11OtypC$ alii! genotypes of offspring. Genotype of 
White vVhite BIJ.ck lliack the nther parent. 

Rosl'!('()mhi. :-;inglr.~. Ros.ecomb~. ~in!!Ie,;. 

WwRr. \\\lfr. wwRr. 

50 
25 

If'lliff ,'1"ing/Nom/! x Hlark ,"'in,p,/rcom/J, 

100 

50 50 

Illack RilSuomb x iliad' .i..,~it~~'lu(Jmb. 

100/ 

50 50 

Rlaek Siflgftc(Jmb x: Black 5;in~£;lrronth. 

WWRk 
WWRr 
\VwRR 
\VwRr 

\V\\'rr 
\\\vrr 

wwRR 
wwKr 

IOO/~ wwrr 

The classes of offspring and their proportions provide a 
sure indication of the factorial constitution of the parents. 
The genotype of the double recessive is known for such 
a Black Singlecomb can be accepted at face value, and the 
unknown is tested against the known. 

As a further instance of a dihybrid mate the following 
may be cited. Wellmann (1916) mated a male basset-hound 
with a fox.terrier bitch. In F 1 there were 5 black-and
tans with white spots on chest and legs, and with a 
stature recalling that of the basset sire. He therefore 
concluded that the black-and-tan and shape of the basset 
are dominant over the coloured spots and shape character 
of the terrier. He obtained an F. of 32 of which I I 
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died and 21 grew up. Of these 16 had the basset body 
(one had very short legs indeed) and 5 had the terrier 
body characters. 

There were 
12 black-and-tan basset shaped, 
4 spotted " 
3 black-and-tan terrier shaped, 
2 spotted 

a result closely approaching the typical 9 : 3 : 3 : 1 ratio. 

In the case of a trihybrid experiment in which the 
individuals homo- and hetero-zygous for the dominant 
characters which they exhibit are indistinguishable, the F, 
individuals will everyone possess the three dominant 
characters whilst their genotypic constitution will include 
six factors, the three for the dominant characters and the 
three for the corresponding recessives. The ratio obtained 
in the F, is 27: 9: 9 : 9 : 3 : 3 : 3 : I. Each pair of unit 
characters, through their respective factors, segregate in~ 

dependently of each other and give character combinations 
in F, exactly as would be expected on the basis of chance 
factor distribution. For example, if a tall variety of pea 
with round and yellow seeds is crossed with another variety 
with dwarf stem, wrinkled and green seeds, all the F, 
individuals will exhibit the characters tall, round, yellow, 
and in F, there are 64 possible combinations of the six 
characters concerned, and the following classes appear:-

'27 tall round yellow-the 3 dominant characters. 
9,. )l green-2 dominants and I recessive, 
9 taU wrinkled yel1ow-2 dominants and I recessive. 
9 dwarf rollnd yeUow-2 dominants and I recessive. 
3 tall wrinkled green- { dominant and 2 recessives. 
3 dwarf wrinkled yellow-I dominant and 2 recessives. 

round green- I dominant and 2 recessives. 
wrinkled green-the 3 recessives. 

The trihybrid mating is well illustrated by Castle's guinea
pig experiment (1916). A 'cross between a short-coated, 
smooth-coated, coloured guinea-pig and one which was long
haired, rosetted, and albino, produced an F, which was short. 
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coated coloured, and rosetted, and when these individuals 
were interbred an F, was produced which included eight 
phenotypes, one like the one P, individual, one like the other 
P, individual, one like the 1', individuals, and five quite 
new. The largest of the groups was the one which, like 
the 1"]' exhibited the three dominant characters, the smallest 
the one which exhibited the three recessive characters in 
combination. 

Let S represent the factor for the dominant character Short coat and s 
that for the corresponding recessive long, 

" C represent the factor for the dominant character Coloured coat and c 
that for the corresponding recessive albino. 

" R represent the factor for the dominant character Rough coat and r 
that for the corresponding recessive smooth. 

These G factors can combine to form S gametes, so-

R-·SCR 
/ 

C 
/', 

3 dominants SCI{ 3 x 3 x 3 27 

S r -ser 
\,,/R-SCR 

:'! dominants and I recessive ser 3 x 3 x , 
ScR 3 x I X 3 9 
sCR I x 3 x 3 ._- 9 

"-r -Ser 
R-sCR 

( 
I dominant and 2 recessives SeT 3 x I X I 

SeT I x 3 x I c=-

scI<. , x , x 3 

/', 
S T -ser 
\ R -scR 

j 
c 

3 recessives scr , x I X ,~ I 

64 

" r-sa 

and since there are male and female individ uals concerned 
there will be • equivalent series, and the possible com
binations of these gametes in the formation of zygotes will 
be8x8=64. 
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(5 SCR ser ScR sCR Ser ser scR ser 

'i I I 2 I 3 4 I ; - -- 6---'\ 7 , 8 I 
SCR \ISSC~RR SS~C~:S~~~~ ~_~RRI SSCcRr SsCCRr ~sCCRR 'I~I 

9 10 I 11 12 13 14 I 15 16 

ser SSCCR, SS( (. rr I SSCcRr SsCCRr ssecrr SsCCrr I SsCcRr SsCcrr i 
1-- ~ ----+-- ---I--~--_l----I---I I 17 IS i F) 20 \ 21 : 22 'I 23 i 24 ) 

ScR I SS( 'cRI\' SSCcRr I SSccRR SsCcRR! SSccRr I SsCcRr : SsccRR : SsccRr 1 

1----- - --- - -----I-~-- -----~!-----I---I 
I '5 26 '7 ,S I 29 ' 30 ; 31 32 : 

sCI{ !SSCCl{!{ S:-.('CRriS"CcI{R ssCCRR! SsCcRr ssCCRr ssCcRR ssCcRr i 

I - --i--~ ___ ~! __ _ 
i 33 34 35 3(' 37 38 : 39 I 40 

Ser SSCe!{r • Sst c~~1 ssc:_ SSC~=-, sscc~!~:=-
41 43 44 i 45 46 I 47 ! 48 

ser 

seR 

ser 

ssCCRr I SsCcrr ssCCrr I ssCcRr ! ssecrr 
_~i ____ ~_ ~I _____ I 

p I 53 54: 55 i 56 

,s 

I t is possible, as has been seen, to so combine the factors 
that 8 types of individuals in the F, generation can appear. 

.. '<'-~'f'; J, </,"* 

-----~:::-;~;~----
fII- gprilll~'" ~ ~ 

FIG. II.-Short) Smooth, Coloured x Long, Rosetted Albino. (Aft" Castle.) 
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(I) Guinea-pigs with short hair, coloured and rosetted coats 
(%) short hair, coloured and smooth coats. 
(3) ShOTt hair, albino and ro&etted coats . 
(4) long hair, coloured and rosetted coats. 
(S) short hair, albino antI smooth coats 
(6) long hair, coloured and smooth coats . 
(7) long h:tir, albino and rosetted coats 
(8) long hair, albino and smooth coats 

Square. 

1 

'.9 
3. 17 

5, 11, 18, 33 
4. 2 5 

6, 12,26,41 
7, 20, 27, 49 

41 

Phenotype" 
SCR 
SCr 
ScR 
sCR 
Scr 
sCr 
scR 
scr 

8, '5,22,21),3(',43.5°,57 

Phenotype ScR (short 13 SSccRR 
hair, albino, rosetted). r4 SSccRr 

15 S~ccRH, 
16 SsccRr 

I Phenotype sCR (long 17 ssCC]{l, 
hair, col()ured, ro~etted). 18 ~sCCRr 

19ssCcRR 
20 ssCc1<r 

Phenotype SeT (short 21 SSccrr I hair, albino, smooth). ) 22 Sscctr 

i Phenotype ser (long! 23 5sCCrr 
! hair, coloured, smooth). \ 24 ssCcrr 

I Phenotype scR (long i 25 ssccRR 

1 
hair, albjno, TOsetted). ! 26 ssccRr 

Phenotype scr (Jong haiT, J 27 SSCCTT I albino, smooth). __ i 

10 

13. ,,4 
14,42 

1(1,33,45. sg 
19 

2:1,35 
23. 51 

24, 31), 53, 59 

28 
30,44 
31, ;2 

32, 47, 54,60 

37 
40 ,61 

55 
56,63 



42 THE FACTORS AND THE GERM-PLASM 

So that the 64 individuals will belong to 27 genotypes and to 
8 phenotypes. 

It is again to be noted that only one member of each 
phenotype is homozygous for all its characters and wiII 
breed true for these. Thus, no matter how many factors 
are involved it is possible in F, to obtain a homozygous 
race possessing any of the possible combinations. It is 
apparent from this case that it is infinitely easier to obtain 
homozygous individuals from the classes represented in the 
smallest num bers. 

It must not be forgotten, however, that in order to be 
"certain" of getting the smaller phenotypes many more 
than 64 individual., must be obtained in F, of such an 
experiment as this. If it is desired to get, for example, 
the triple recessive, since there is no such thing as 
certainty in these matters, at least 292 individuals must 
he reared. 

A trihybrid mating with cattle would be that involving 
the cross Aberdeen - Angus X Hereford - Black, Polled, 
coloured face X red, horned, White face. 

The ratios for more than a trihybrid were computed 
by Mendel, but the experimental test for more than a 
quadruple hybrid has never been carried out since it 
involves extremely complicated proportions. For example, 
the F, of a quadruple hybrid includes 256 (or (3+ 1)4) 
possibilities instead of 64 (or (3+ I)") as in the case of 
the trihybrid. And in a case where the parents differed 
in 10 unit-characters, there would result among the F2 

generation (3+ 1)10 or 1,048,576 possibilities. It is obvious 
that the correct method is to deal with but two or, 
better still, with one unit-character at a time until it 
is segregated out in a homozygous condition before 
proceeding to deal with the others. The following 
table gives the mathematical relations which obtain in 
the production of gametes in F, individuals and in 
their union to form the F2 zygotes. It is assumed 
throughout that one character of each pair of allelo
morphs is dominant. 
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No. of pairs of factors 5 6 n 
different kindsof gametes Z 16 32 64 -" 
combinations of ~ametcs 16 64 256 1024 40<)6 4" 

homm:ygotcs in F2 . 8 16 3' 64 -" 
hetermygotes in F~ 2 12 51> -:!40 992 4032 4" - 2" 

kind~ of genotypes in F~ '7 :\1 '43 72!) 3" 
homozygous genotypes 

in F2 16 3' 64 ." 
heterozygous genotypes 

in F~ 19 65 211 6(15 3" - 2" 



CHAPTER II 

EXTEKSIOKS ANl> Mor,IFICATIOKS OF THE 

;,rEKIlELlAN IIYPOTHESIS 

IT was fortunate for biological science that in 1900 there 
were men who immediately grasped the significance of 
Mendel's work when this was brought to light. From their 
experiments undertaken in ignorance of ~fendel's paper, 
de Vries, ('orrens, and Tschermak were at once able to 
confirm his results in the case of plants and Bateson to 
demonstrate that inheritance in animals obeyed the same 
general rules. From this time onwards experimental 
breeding was more and more undertaken as a method of 
inquiry into the problems of inheritance, and the results 
which have been obtained have shown clearly that the 
scheme which 'lIIendel enunciated to explain his own results 
can be applied to a multitude of others, many of which at 
first seem to be exceptional. In the case of animals there 
has been much talk of Mendelian and non-Mendelian 
inheritance of characters: it has been held that there are 
these two kinds. For the present it is better to hold that 
there arc those characters which in their mode of inheritance 
have been shown to obey the neo-Mendelian scheme and 
there are those of which the mode of inheritance has not 
yet been fully demonstrated. Naturally enough as time 
passed and experimentation multiplied, the original scheme 
was subjected to various modifications. The experimental 
material which Mendel chose gave him clear-cut results and 
he was able, without qualification, to postulate that for each 
unit-character there was a corresponding factor, one for the 
dominant and another for the recessive, of every pair of 
allelomorphs, and that the charaCters of any given pair were 
alternative for the reason that no gamete could possibly .. 
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carry both of the factors which corresponded to them, The 
results were so definite that, when once recognised, the 
finding of the key to the riddle of heredity became merely 
a matter of time. it was indeed fortunate' that Mendel 
chose the pea, for as will be seen it is by no meal1s the 
rule for the results of experimental breeding to be so 
readily interpretable, Dominance disclosed the key, yet 
as has been shown dominance itself is not an essential 
feature of the scheme, Dominance and a 3: [ ratio gave 
the clue; the [: 2 : [ ratio without dominance marked a 
great extension in the application of the theory; and then 
it became possible to entertain the conceptions of factor 
interaction, accessory modifying factors, and of linkage. 

One of the first cases which seemed to fall outside the 
Mendelian scheme was that of the Rosecol1lb X l'cacomb 
characters in the domestic fowl investigated by Bateson 
and Punnett ([905. (906). Rosecomu and l'eacomb are both 
dominant to the Singlecomb character. According to the 
original Mendelian conception, therefore, Rose is to be regarded 
as alternative to Single and so als(, is Pea, But at onCe the 
question arosc-What is the interrelation of Rose and Pea? 
Without spending any time in speculation, the question was 
put to the test of experiment and Rosecomb and l'cacomb 
were mated up, The result was startling, for all the F1 
individuals had Walnut combs, a comb character which is 
possessed by certain breeds such as the Malay and the 
Orloff. These F1 birds wcre interbred with the result that 
in the following generation a 9: 3 : 3 : [ ratio appeared and 
the classes were Walnuts, Roses, Peas, and Singles. The 
proportions of the classes were understandable, but the 
appearance of a Single in F, was disconcerting for it had 
not been possessed by either of the P, individuals. 

To interpret these results the following hypothesis was 
constructed. The Case was that of a dihybrid, but two 
(not four) factors were concerned, R the factor corresponding 
to the character Rosecomb pattern and P the factor for 
Peacomb. All combs fundamentally are Singles: a Rose
comb is a Single transformed into a Rose by the action of 
the factor for Rose; that is to say, the factor for Rosecomb 
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may be either presmt or absmt in the factorial constitution 
of a bird; if it is present, the bird exhibits the Rosecomb 
character; if it is not, the Singlecomb character. Similarly 
in the case of Pca. Whcn both Rand P are present 
synchronously in the factorial constitution of a bird that 
bird exhibits the Walnut character: when neither is present 
then the comb is a Single. According to this Presence ami 
£!.bsCIl(l" il)1'otizrsis (first suggested by Correns but latcr 
worked out ill detail by Bateson and others), the two 
members of a pair of contrasted characters are not based 

P, 

r; 

3 

FIG. 12.-Rosecombx PC,Lcomb. 

upon two distinct factors but upon the only two possible 
states of one and the same factor-its presence and its 
absence in the genotype. 

According to this hypothesis the Singlecomb is based 
upon the constitution rrppSS, the absence of the factors 
Rand P; the Rosecomb upon RRppSS or RrppSS, the 
presence of the factor R and the absence of the factor P; 
Peas upon rrPPSS or rrPpSS; and the Walnut character 
upon RRPPSS, RRPpSS, RrPPSS, or RrPpSS. It is to be 
noted that these formulre imply that the factors Rand Pare 
accessory modifyi1tg factors and that their action can only 
result in a visible effect when the factor S is present, as it 
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is since all fowls are supposed to possess it in the duplex 
state. Since S5 is present ill ,11 genotypes it can be omitted 
in the formula: for the other forms of comb. The mating 
of homozygous Rose and Pea therefore is I{Rpp x rrPP; 

,', IU' Rp ,I' 'I' 

",- 1' __ 1-.;.1' . ... ]{ RP 1,,"kPI' 1{1{I'p: Rd'l' grl'p 
0 ..... p ·Rp 
J 

'" "' l{p Ill·: I'p J{l\.pp l":rPp Rtpp F, 
"' .%ygo(e~, ~ 

10 II " P--rJ' 
~ rI' HI!'l' lZrPp nl'I' rrl'p 

~ p-rp 
I;) 14 IS Ie, 

~ 
''; 

'"I' I":d'p l':rpp rrl'p npp 

f'tll'n.'~! I '\" (;ul',l)I">e C , ~,!1!.1:l'. T"Ld. 

I{ fl, \\"ainul j..:.RI'I' 
H.Rl'p 2, 5 
Rd'/' 3, ~ 
l~r1)p -I, 7, 10, 13 

Rp, Rose. RRpp C, 
Rrpp ~, 14 

rP, Pea rri'}' 
rrl'p 12, J 5 

rp. Single. npp II') 

- , 

the gametes produced by these respectively will be Rp and 
r1' and the constitution of the F, individuals with respect 
to the comb-pattern character will be Rr1'p. Capital letters 
are used to signify the presence, small letters the absence 
of the factors which they represent. It should be noted that 
it is no more difficult to postulate that the small letters 
represent factors for recessive characters allelomorphic to 
those based on the factors represented by the corresponding 
capital letters than to regard them as indicative of the 
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absence of factors. Recessivity of a character does not 
signify the absence of its factor and dominance is not 
merely an indication of the presence of a factor. 

The case of the comb pattern opened up the important 
question as to the extent to which different factors could 
interact one upon the other, and soon it became clear that 
certain characters depended for their manifestation upon the 
simultaneous activity of more than one factor in the zygote, 
anyone of which alone produces a different effect or else 
none at all, and each of which is transmitted quite inde
pendently. The results of early experiments in crossing two 
distinct white fowls both of which (as opposed to the white of 
the plumage of the White Leghorn previously mentioned) 
were first shown to be reccssh·c to colour, bear upon this 
question. Incidentally, it is seen from this example that 
different white fowls do not necessarily owe their plumage
colour to the same cause, that such fowls may have different 
genotypic constitutions. Bateson and Pun nett (1908) mated 
a White Silkie fowl to a White Dorking. The birds of F, were 
all coloured, and when these were interbred the F, generation 
consisted of coloured and white birds in the ratio 9: 7. This 
ratio is in reality 9: 3 : 3 : I, but the last three terms are 
indistinguishable owing to the special circumstances, namely, 
that neither factor can produce a visible effect without the 
other. This case was interpreted in terms of the presence 
and absence of two factors, It was suggested that in this 
case colour resulted from the interaction of two factors and 
that unless these were both present in the genotype the 
colour could not appear. Each of the white birds carried 
one of the two factors whose interaction was necessary 
for the production of colour, and so a cross between them 
brought these complementary factors together in the F, 
generation and therefore every individual in this generation 
was coloured. Denoting these two colour factors by A and 
B, the constitution of the P, individuals may be expressed 
as AAbb and aaBB respectively, and their gametes will 
be Ab and aBo The F, birds 'must therefore be AaBb and 
will produce four kinds of gametes: AB, Ab, aB, and ab, in 
equal numbers-
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'< 
All 

Ab 

aD 

: i 
ab ! AaUb \ Aabb 

F;! Phenot)'pe~. 

AB (coloured) • 

f A (white). 

: B (white). 

F:: Gen(ltype". 

AABB 
AABb 
AaRH 
AaBb 

AAbb 
Aabb 

Coloured, 9; White, 7-

49 

-- I 

The only phenotypes in this experiment the genotypes of 
which are known are the two P, individuals-AAbb and aaBB, 
and the F,-AaBb; and against these the F, individuals 
may be tested. (See table on page 50). 

Genotype AABB possesses both A and B in the duplex 
state and all the gametes produced must contain both of 
these factors. AABb has the factor A in the duplex state 
and B in the simplex; all of its gametes will contain A, but 
only half of them will contain B, i.e., it will produce equal 
numbers of gametes AB and Ab, and two such series of 
gametes coming together must give a generation consisting 
of nCAABB) + zn(AABb) + n(AAbb), that is, coloured and 
white birds in the ratio 3: I. The zygotes having the 

D. 
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constitution AaBb are identical with their parents produced 
from the mating of the two whites and therefore when bred 
together must give coloured and whites in the ratio 9: 7. 
AAbb x aaBB, both whites, have the same constitution 
as the original P, white and therefore the result of this 
mating should bc all coloured. aabb X any other white 
from the various genotypes should give nothing but whites, 
since a white of the constitution aabb cannot furnish the 
complementary factor necessary for the production of colour. 
:\abb x aaBb should give both coloured and whites and the 
whites should be three times as numerous as the coloured. 

I Indi\,jdll:d~. 

Cfl!Ollrl',t 
A.\1\1\ . 
AABb . 
.AallB. 
AaBb 

rr~hit,,"

A,\bb 
Aahh 
aaBH 
aaBb 
aabb 

The experiment gives results closely in accordance with the 
theoretical explanation. From the evidence afforded it is 
impossible to avoid the conclusion that the appearance of 
colour in the above mating depends upon the interaction 
of two factors. In other cases it has been found that the 
simultaneous presence of a greater number of factors than 
two is necessary for the manifestation of characters. 

From the above experiment it is seen that as a result of 
factorial interaction the typical 9: 3: 3: 1 ratio in the F. of 
a dihybrid mating may be modified to become a 9: 7· 

In a dihybrid experiment two factor pairs are involved, 
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for example, A: a; H: b. I n the genotypes of F, the 
following factor combinations are possible: (I) /\ + H, (2) 
A+b, (3) a+B, and (4) a+b. In the typical dihybrid 
F. the ratio is 9 A + B, 3 A + b. 3 a + H, 1 a + b. and these 
four classes appear because the four different factor 
combinations yic1d four distinguishable characterisations. 
Variations of this 9: 3: 3: I ratio follow, however, ,,,,'hen 
two or more of the factor combinations lead to the 
development of the same characterisation. The following 
table illustrates certain of these variations of the typical 
9: 3 : 3 : 1 ratio:-

Rati,)ill I 

(); 4'.1 

13: 3 

'5: 1 

I ( (l\llbin~tions 1, 2, 3.4 (abon) lead to 
I (listinct characterisations. 
i Comhinations:; and 4, or 3 and 4 yield 
I characterisations which arc mdis-

tinguishablc. 
Combinations I and 2, or I and 3 yield 

characterisations which arc indis
tinguishable. 

Combinations J, :2 and 4, or J, 3 and 4 
yield characterisations which are 
indistinguishable. 

Combinations 2 and 3 and 4 yield c hame· 
terisations which are indistinguishabJe. 

Combinations J and 2 and 3 yield charac w 

terisations which are indistinguishable. 
= Linkage (sec on). 

See also page 141. 

So far it has been suggested that white was due to 
absence of colour, in accordance with the Presence and 
Absence hypothesis, and this being so, colour had proved 
to be dominant to white, Presence dominant to Absence. 
But that this is not always so, was shown by the fact that 
the white plumage of the ''''hite Leghorn proved dominant 
to colour-as was seen in the illustration of a typical dihybrid 
when a Black Hamburgh was mated with a White Leghorn 
and the F, generation consisted of white individuals. But 
if a White Leghorn is mated with a pure Black Leghorn, 
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the F, generation consists of individuals which are white 
with black flecks, so that the dominance is not quite perfect. 
It becomes so at the time of the first moult and the 
complete dominance of white is therefore only delayed. 
In such a case as this, where white is dominant to colour, 
the absence of colour was interpreted as being due to the 
action of a factor whose property it is to inhibit the pro. 
duction of colour in what would otherwise be a pure coloured 
bird. It is to be noted that the absence of a character does 
not imply the absence of its corresponding factor: the 
absetlrt o.f a c/wract"y from a phenotype may be due to the 
presCtl(( of a fador in the genotype. The white bird in this 
case is a coloured bird + a factor which inhibits the develop. 
ment of colour. This view can be put to the test of 
experiment. 

It has already been stated that the white of the White 
Silkie and the White Dorking is recessive to colour and that 
the whiteness of these varieties is due to the fact that they 
lack a factor for the development of colour. Denoting this 
factor by C and the postulated inltibiting factor in the 
dominant white bird by I, the constitution of the recessive 
white bird can be represented as ccii, that of the dominant, 
CCII. The results of a cross made between these two pure 
white breeds, White Leghorn and White Dorking, may now' 
be contemplated. The constitution of the F, birds will be 
Ccli, and possessing both C and I in the simplex condition 
they will produce in equal numbers the 4 different sorts of 
gametes: CI, Ci, cI, ci. 

b CI Ci cI ci 

'" CI I ~CII i CCIi I CcII I Ccli I 
Ci i, CCIi II CCii I Ccli: Ccii i F, 

cl : CcII -~di r~-~il' Zygotes 

, I I 1-1-'-1-' 
ci I CcIi Ccii I ccli i ccii I 
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Any zygote containing the inhibiting factor will 
develop into a white bird: if there is a double dose. II. 
then the bird will be pure white; if one I. there will be 
some few coloured ticks or flecks in the plumage. Any 
formula containing C and not I will be a coloured bird. 
A formula containing neither C nor I-the double recessive 
-will indicate a white bird. 

Squares containing' 1 
(Duplex) . 
(Simplex) • 

Squares <:ontailling 
C and not I 

Squares containing 
neither C nor I 

1,2,3,4,5,i,9. 10,11, 12, 13, 15 
I, 3,9, I I 

::,4,5,7, JO, J;!, 13,15 

16 
J 3 white; J coloured. 

12 ,,(,;'it~J-

4 pure 
I{ ticked 

3 CtJlourt"d 

J wllite 

The results thus theoretically deduced were found to 
accord with the actual facts of experiment. The F, birds 
were all ticked whites, and in the F2 came white and coloured 
birds in the expected ratio. In this case, then. the dominant 
white is a coloured bird in which the absence of colour is 
due to the action of a colour-inhibiting factor. 

From the above it becomes evident that a character 
which is dominant in one breed may be recessive in another. 
Similarly, a character which is dominant in one species is 
found to be recessive in another. 

Bateson and Punnett in 1906 made a most important and 
far-reaching discovery. They encountered the phenomenon 
of linkage (called by them gametic coupling). They found 
that when a sweet pea with the factors for purple flowers 
and long pollen-grains was crossed with a pea with the factors 
for red flowers and round pollen-grains, the two factors 
that entered the cross together, being inherited from one 
parent, tended to remain together in their transference from 
generation to generation. Free assortment did not occur; 
characters could be inherited in groups, the members of a 
group being linked. 

In most of the cases dealt with so far. the F 2 generation 
consisted of individuals which resembled the parental form •• 
But the nature of the F2 generation may be much more 
complex, and in cases in which factors interact upon one 
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another it may even present the appearance of a series 
of intermediate forms grading from the condition found in 
one of the original parents to that which occurred in the 
other, particularly in cases in which quantitative rather than 
qualitative characters arc concerned. A typical example of 
this is furnished by Castle's (191 I) work on the rabbit's ear. 
A female Belgian hare with an ear-length of 118 mm. was 
crossed with a male lop-eared rabbit with an ear-length of 
210 mm. The average of these t\\"o ear-lengths is 164 mm. 
Five offspring of this pair had car-lengths when adult 
approximating to this average, as follows: lio (three)) 166 
(one), J(>5 (one). Two were females and 3 males. A 
female from this litter with ear-length 170 mm. was crossed 
with her brother with ear-length 166 mm. Two litters were 
produced in which the individuals when adult attained 
ear-lengths of IGo, 166, 168, 168, 172, 17G. It is obvious 
that the evidence of any segregation, i.e., any return to 
one or the other of the parental types is wanting and that 
there is no definite suggestion of blending. Seventy 
different litters containing 341 individuals were examined 
and crosses were made in which lop-ears of various fractional 
lengths were obtained as desired, including I., -L ~, !, g, ~ and 
1r lengths. All these fractional lengths bred approximately 
true. Ears of half lop-length were obtained in three ways: 
J, full-lop x short-eared, as in the first cross; 2, half lop
length x half lop-length; and 3, one-quarter lop-length x 
three-quarters lop-length. Here there is definite suggestion 
that blending has occurred, but had more individuals been 
raised, it would have been possible to arrange them in an 
apparently continuous series of gradually increasing ear
lengths with a length equal to that of the lop-eared parent 
at one end and an ear-length equal to that of the other 
parent at the other. 

The case is one in which complete segregation of the 
different factors takes place and the apparently continuous 
series of intermediates is the result of the interaction of 
several "ear-length" factors one with another. The exist
ence of such cases showing a 'sedes of intermediate stages 
between the characters has sometimes been brought forward 



MULTIPLE FACTORS ss 
in opposition to the view that the characters of organisms 
depend upon specific factor,; which are transmitted according 
to the Mendelian rule. Hut it can be shown that neither 
the existence of such a continuous series of intermediates, 
nor the fact that some of them may breed true, is incom
patible with the Mendelian principle of segregation. The 
explanation is to be found in the conception of .AJu/tip/,· 
Ftlctors-a series of factors each associated with the same 
cnd-result. This idea owes its origin to Nilsson-Ehle (1909), 
who when investigati"g the inheritance of red and white 
colour in the grain of wheat found that while the red was 
incompletely dominant and the F, was of a pale red colour, 
intermediate between the parental red and white, in the 
F, generation all shades of red were found, from the very 
pale to about the same depth of colour as the parent race. 
The very palest of the individuals were looked upon as 
whites, and the rest as reds of different shades of colour. 
In one case rcds and whites occurred in F~ in a 3 : 1 ratio; 
in another in a 15: I ratio; in another they occurred in 
the proportion of 63 reds to 1 white. These results can 
be explained on the assumption that there are three 
independent factors each of which can produce independently 
the red effect. It will be remembered that the interpretation 
of the blue-roan coat colour in cattle suggested that the 
duplex conditions of a factor could result in the expression 
of a certain degree of colour-black- whereas the simplex 
condition led to the development of a dilute black-blue
roan. In this interpretation lies the germ of the idea of 
the cumulative or additive action of factors. This conception 
was elaborated by Nilsson-Ehle. Only three assumptions 
are involved: (I) that dominance does not exist in a 
particular case; (2) that the duplex state of a factor has 
twice the effect of the simplex; (3) that the independent 
yet similar factors are cumulative in operation. 

Let R. S, and T represent these three factors. The 
genetic formula of a race of wheat which owes its red 
colour to the presence of all three will be RRSSTT. Let 
the reds of the families which show the 3: I ratio have a 
formula which contains anyone of the three factors in the 
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simplex state, so: Rrsstt, or rrSstt, or rrssTt; the reds which 
give a 15 : I ratio will be: RrSstt, or rrSsTt, or RrssTt; and 
the reds which give the 63: I ratio will be so: RrSsTt. A 
white grained plant only arises from the union of two gametes 
having the constitution rst, and the genetic formula of the 
resulting zygote will be rrsstt, nulliplex that is in respect of 
all three factors. In those cases where the three factors are 
all present the inheritance is as that of the typical trihybrid. 

RST RSt RsT Rst rST rSt TsT rst 

RST II K l{-~~T 1-1~'I~S:T~i RR~~::~111:::5: RrSSTT : RrS~Tt : RrS:TT IIRrS:Tt II' 

I (IS) (15) I (i5) ,I~) (15), (n) ,(12) (9) 

I
I--Y-i - 1;;-: --1-1-!-;-;----;3-:-4'----;s-1-·-6-

RSt RRSSTt I RRSStt ~ RRSsTt I RRSstt 1 RrSSTt ; RrSStt RrSsTt ( RrSstt I 

;~)_I ~_L~_!_~) _1_(12)_i_~ __ (9_) _~I 
) 17 I 18 1 19 ! 20 I 21 );22 23 24 

RsT I RRSsTT I RRSsTt! RRssT'r I RRssTt I RrSsTT I RrSsTt RrssTT RrssTt I 
(15) I (I~) I (12) I (9) (12) I (9) (9) (6) 

--------- ---- ------_1_--
1

----------
25 ; 26 I 27 I 28 29 i 30 I 31 32 

Rst RRSsTt I RRSstt II RRssTt 1 RRsstt I RrSsTt I RlSstt RrssTt Rrsstt 

~~ __ : ~ __ ~~ 1_~_I~_i_~_I_(-6)-I~, 
D ! ~ I " I ~ I V i fo I ~ I ~ 

rST R,SSTT '. R,SSTt 1 R,SsTT II R,SsTt , rrSSTT ; r,SST! I "SsTT I rrSsT, 

~_) _!~_I_(I~i-(9~--I-~:-~-I-(-9)-~ 
41 " 40 I 43 I 4\ I 45 ! 46 I 47 I 48 

rSt RrSSTt RrSStt I RrSsTt 'I RrSstt \ rrSSTt I. rrSStt rrSsTt rrSstt 
(I.) (9) (9) (6) (9) I (6) (6) (3) 

1------' ~--------I __ , ______ _ 
49 I 50 i 51 I 5' I 53 i 54 1 55 56 

rsT RrSsTT i RrSsTt I RrssTT RrssTt rrSsTT i rrSsTt rrssTT rtSsTt 
(ll) I (9) i (9) (6) (9)', (6) (6) (3) 
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I 
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rst RrSsTt I RrSstt RrssTt Rrsstt rrSstt msTt rtsstt 
(9) (6) (6) (3) (3) (3) (0) 
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If for purposes of illustration, since each of the three 
factors for colour is of equal value, each .. dose" of each 
factor be supposed to equal 3 units of colour, the totals 
shown in the brackets will be found. These totals indicate 
the depth of colour of each plant which will result from the 
various strengths of the doses of the factors. RRSSTT = 18, 
and rrsstt=O. The different totals and the number of 
individuals in each class will be as follow:-

In 
15 
'2 

o 

'5 

Sqll"re~. 

2,3, 5,~), 17, 33 
4,6,7, 10, J I, 13, IS, '9,21,25, 

34, 35. 37. 4', 49 
S, 12, '4, 15, 20, 22, 23, 26,27, 29, 36, 38, 

39,42,43,45,50 ,5 1,53,57 
16,24, 28, 30, 3r, 40, 44. 46, 47, 52, 

54. 55, 58, 59,6, 
32, 48, 56, 60, 62, 63 

64 

A frequency curve can be constructed thus :-

5 
" ~ 
~ 

>or 

,. 

~ 6· 
:... 5'· .-, -

2" 

" .0 

Tlle mf>,&ll and the mOde. 

:n 

1-+--1 

12 15 1& 

Degrees of Colour. 

FIG. 13. 

. The intermediate shade of red produced in the F, genera
tion would fall into group 9, since the formula for the hybrid 
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will be RrSsTt. The varying shades of colour depend on 
the cumulative effect of the colour factors which have an 
additive effect, i.r., two factors produce twice the depth of 
red colouration that one can produce and all six are necessary 
for the production of the full colour of the parent red wheat. 
Consequently, there are six shades of red in F" a population 
possessing various frequencies with respect to the pro
portionate number of individuals which display a particular 
shade of colour, as shown in the diagram. Factors which 
display summation effects have been conveniently called 
cumu1ative factors. 

It remains to apply the Nilsson-Ehle explanation to the 
case of the lengths of the rabbits' cars. I f the average ear
length of a full-lop ear is placed at 220 mm. and of an 
ordinary ear at 100 mm., then the difference due to the 
factor for extra car.length is 120 mm. If, however, the 
first hybrid generation is a trihybrid in respect to ear
length then this excess is shared by three factors and each 
is responsible for 20 mm. There are 64 pos3ibilities in F" 
but since the average litter of rabbits is about 5, the chances 
are that these 5 will have ear-lengths more or less like their 
parents. Of the 64 individuals in F" 20 will be quite 
intermediate, and 50, or 75 per cent., will have ear-lengths 
between 140 and 180 mm., thus approaching a blend suffi
ciently to be classified as such upon a casual inspection. 
The chance that the F, individuals would closely resemble 
the grandparents with respect to this character is extremely 
slight, since in 64 only I individual is like either grand
parent, and, as has already been stated, in order to be certain 
of getting such, at least 292 individuals must be raised. 

The mode of inheritance of a quantitative character is 
exactly similar to that of a qualitative character. Size in 
an animal is the expression of the interaction of a large 
number of factors, in a plant it results from the interaction 
of a relatively small number of factors but the mode of 
inheritance is the same. rhe number of classes in the 
F. generation and the frequency of the reappearance of 
the P, characters will indicate the nature of the size factor 
complex. If but one factor difference is involved, then the 
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FI ,,,ill be intermediate and in the F. there will be three 
classes of which two will e"hibit the 1', and one the F, 
characters, i.e., the 1', cbaracters will be exbibited by 50 
per cent. of the F, individuals. If two factor differences 
distinguish tbe 1', individuals, tben the F, will again be 
intermediate in size; in the F., tbere will be five size 
classes and in every 16 individuals only 2 will exhibit the 
respective PI size characters. If three factor differences arc 
concerned, then there will be seven size classes in the F., and 
the P, sizes will eacb appear only once in 64. If four f~ctor 
differences arc involved, there will be nine size classes· ill 
F, and the 1', sizes will each appear but once in 256, and 
so on, so that if eight factor differenoes were involved 
each P, size character would reappear in F, only once in 
65536 times-in other words, tbey would nevcr appcar. 

Example :-An individual 10 inches tall is crossed with 
another 24 incbes tall, these length-differences being true 
Mendelian characters. 

(I) One II size H factor difference-
I', AA x aa 

12: 12 8: 8 
24 If) 

F, Aa 

12: 12 

'4 

12: S 
20 

I 
I 

,A. 
12: 8 

20 

Jaa 
8:8 
J6 

(2) Two" size J) factor differences-
P, AABB x a.bb 

(>6~ I 4444 
24 16 

F, AaBb 
6464 

'0 
F, I 

I I I I I I I I I 
IAABB zAABb zAaBB 4AaBb rAAbb raaBB zAabb .aaBb raabb 

24 22 22 20 20 20 18 J8 16 
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The expression of a character, quantitative or qualitative, 
depends primarily upon the presence and action of a corre
sponding factor or upon the coincident presence and action 
of several factors, which may be multiple factors, affecting 
the degree of expression of the character, or may be 
modifying factors. Since so many of the characters of the 
larger domesticated animals appear to be multifactor in 
nature, it is desirable to consider further examples of such 
factors as have been defined as inhibiting, intensifying, 
dilution, restriction, extension factors, accessory modifying 
factors acting in conjunction with the principal factors and 
resulting in some alteration in the form or degree of develop
ment of the corresponding character. It follows that a 
modifying factor cannot produce any effect if the factor 
for the development of the character is not also present 
and active-it is only when there is a developing single
comb that the modifying "rose" can fashion it into a 
rosecomb. It is important to recognise that variation in 
the expression of a character may be an instance of 
modification, a result, that is, of the impress of extrinsic 
environmental forces, and there is no question that 
environment, using the term in its widest sense, can modify 
and even condition the expression of a character, or it 
may be due to the action of independently heritable 
llIodifying factors present in the genotype. But in either 
case there must be a character to be modified. It is 
important also to recognise quite clearly that the principal 
factor and the one or several modifying factors are trans
mitted from generation to generation quite independently. 
An individual may possess the modifiers but not the principal, 
or the principal but not the modifiers, so that when two such 
are mated, there will be produced an F, with a character 
markedly unlike either of the P, types, and an F. which will 
include classes with different groupings of modifiers, either 
alone or in association with the principaL In this wayan 
F. which contains classes s\towing different grades in the 
exhibition of a character concerned can be obtained in the 
same way as in the case of multiple factors, If modifiers 
are not involved, the mating of P, individuals which are 
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homozygous in respect of the characters being investigated 
will produce an F, as uniform as themselves and any variation 
in the exhibition of the characters will be due to environ· 
mental agencies. (AA x aa= Aa). The F~ population like
wise will be similar in the matter of variability, but will show 
greater diversity than the F I , and if the numberg are sufficient 
will include P, types. Such a result follows segregation and 
recombination. (Aa x Aa= I AA+2Aa+ laa). If modifiers 
are present then there will be marked diversity in F ,. for as 
a result of recombinatlon individuals with a greater or a 
lesser degree of modification in characterisation will appear. 

Few attempts have been made as yet, for reasons that can 
well be understood, to apply to the larger 2nd more expensive 
domestic animals the principles of genetics which have been 
worked out as the result of countless breeding experiments 
with the usual laboratory material. Direct experiments with 
horses and cattle are prohibitive because of the expense, but 
many observations have been made as to the nature and trans
mission of characters in these animals from studies of the breed 
registers. Coat colour is the character most fully recorded. 
Frances Pitt (1919) has dealt with the genetic analysis 
of the characteristic Hereford colour pattern. The Hereford 
is a red beast with a white face and the white extends in a 
greater or lesser degree along the mid·line of the back and of 
the underparts in such a way as to more or less encircle the 
animal in the median plane. Ramm (1901) describes some 
seven continental breeds which possess the same fundamental 
pattern of coloured body, white face, feet and tail-end with a 
dorsal and ventral white line. Cattle of this general pattern 
were kept in Hereford in the seventeenth century and formed 
the foundation stock out of which the modern Hereford has 
been made. A study of the carefully kept records of a large 
herd has led Miss Pitt to the conclusion that five factors 
are concerned in the constitution of the modern Hereford. 
These hypothetical factors are as follow:-

(I) A "whitening" factor, responsible for the recessive 
character U extension of white," or U restriction of pigment" 
This factor modifies what otherwise would be a typical 
Hereford coat-colour pattern, 0, to grades - 1 to - 4-
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(2) A "dark-neck" factor, responsible for the dominant 
character "extension of pigment." This factor modifies 

FIG. 14.-Coat-colour pattern in the Hereford. 
(By J)<ltmu.s.{()\\ Qf tll!'.. Blliion of the JOOM\M f>J GtnU\u.) 

grade 0 to grade + 2 or + 3. The greatest effect is seen 
in the obliteration of the white area on the crest, but all 
the white areas are reduced. 
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(3) A "red-eye" factor, responsible for a ring of red 
around the eye, a dominant of some interest to the breeder, 
for some maintai,) that pigment round the eye is associated, 
with immunity to attacks of flies and certain eye diseases. 

FIG. Is.~Grades of the Red-Eye character_in the Hereford. 
(By perm1saion of the Editors of the JI)'lLnal of Gtndic, .) 

(4) A "dirty nose" factor, responsible for the presence of 
spots of brown and black pigment on the nose, a domillant 
character greatly disliked by the breeders. 

(5) A "claret" factor, responsible for the desired recessive 
character claret colour as opposed to the pale-brown known 
as yellow. 
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This preliminary analysis is an interesting contribution, 
but there are reasons for expecting that fuller information 
will necessitate a modification of the scheme. If, for example, 
the undesired character" dirty·nose" is a simple dominant, 
then by steady elimination of all "dirty-noses" a clean-nosed 
herd could be built up. Yet though the dirty noses are 
rejected the character still appears. Further, I and 2 could 
be regarded as allelomorphs, but as the degree of the 
expression of these characters is very variable most probably 
many modifying factors are involved. Coat·colour pattern 
mayor may not constitute a character of importance in the 
eyes of the breeder, but since it is not kllowll as yet whether 
certain patterns are actually correlaterl with such characters 
as immunity or milk yield, it will be well if the breeders 
of parti-coloured stock keep photographs or descriptive 
diagrams of each and every beast used along with their other 
records. 

Sewall Wright (1917.1918) has worked out in a masterly 
fashion the factorial significance of the various colour patterns 
met with in mammals. The pigment present in the skin, 
hair, and eyes of mammals is melanin, and the most intense 
coloration is found in the colour black in which the pigment 
has the form of dark sepia-brown granules. This condition 
may be diluted to form the browns or the blues (the maltese). 
The latter dilution seems to be of the same nature as the 
blue-roans in which there is an intermingling of jet black 
hairs and white hairs, for in the maltese pattern there are 
dense black pigmented areas alternating with colourless 
spaces within the hair. Another series of colours is the 
reds in which the pigment granules appear orange-yellow, 
and as yet it is not definitely decided whether there is an 
essential chemical difference between these and the sepia 
brown. Red undergoes dilution to yellow and cream, while 
a light red is equivalent to the maltese dilution of black. 
By combining the different kinds of dilution with the 
different kinds of intergrades between sepia and yellow 
an infinite variety of colour is produced. Sewall Wright 
suggests that melanin is produced by the oxidation of 
certain products of protein metabolism by the action of 
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specific enzymes and that the different colour characters 
result from differences in the enzyme element in this 
reaction. Colour depends on the rates of prl)ductioll or 
potency of :2 enzymes, enzyme J being essential to the 
production of allY coluur but alont! producing yellow; enzyme 
2. being supplementary to 1, producing no effect alone but 
with I produciIl~~ sepia, The combination I and 2 is more 
efficient than I alolle, also in that it prcduccs sepia pigment 
when I alone is at too low a potency to produce yellow. 
Above the level at which enzyme 1 produces its l'ffcct, 
I and :2 in association complete the oxidation of chronwgen. 
and chr(Jmogen oxidiscd by enzyme I to yellow pigment is 
incapable of further oxidation to sepia. The various factors 
concerned ;1] the production of coat·co]our characters act as 
if on enzyme I or 2. 

(I) There arc factors affecting the r/isln('ulio" and 
ill/tllsit)' of c()l(.)uf (acting on enzyme I), (0) thuse which 
affect the (lz~'Ir/;'"ti()" (/ ({I/u"" in contra:-t with whih;, and 
(b) those which affect the intolsit)1 (!f c%ur in the pigmented 
areas. 

(2) There arc faclors which affect the dlJ1ri/lIllioll alld 
in/l'llsily (If diifcrcllliati(lll from ye1I()w to black (acting on 
enzyme 2), (a) those affecting the distributiml or 11 delrk 
colour (sepia series) in contrast with rccl, and (b) those 
which affect the ifllmsily of tlte dark colollr. 

Thus, the factors in class I (a) determine patterns of 
colour and white; those in class 2 Ca) determine the pattern 
of dark and light colours in the coloured arc as, while the 
kind of dark colour and of light colour is determined by 
factors of classes I (b) and 2 (b). The factors which determine 
the white face of the Hereford are examples of class I (al, 
and since this white face appears in Hereford, A berdeen
Angus X Hereford, and Hereford X American Bison cross
breds, the factor acts on colour in general regardless of 
its quality. The same is true in the case of the Dutch 
belted cattle, in black-and-white Holsteins and in roan and 
in white Shorthorns, and in the case of the belted Hampshire 
pig. The common white patterns of horses, dogs, and cat. 
are similarly independent of the ground colour of the animals. 

E 
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The maltese factor which produces alternative bands of 
pigment and colourless spaces in the hair is provisionally 
placed by Sewall Wright in class I (a). Recessive factors 
affecting simultaneously the maltese type of dilution of the 
sepia and the homologous kind of dilution of yellow have 
been demonstrated in dogs, cats, mice, and rabbits. Of the 
factors in class I (/I), affecting the intensity of the colour in 
the coloured areas, those which produce correlated dilution 
of the sepia and the yellow are common. There seems to 
be such a factor difference between the dun, mouse, and 
cream-coloured horse, and the bay, black and chestnut 
respectively. Of the factors in class 2 (a) which affect the 
relative distribution of the sepia and the yellow areas, many 
have been determined. The factors hy which red cattle, 
recl pigs, bar horses, tabby ancl yellow cats, bi-colour and 
red clogs, agouti, tortoise and yellow guinea-pigs differ from 
the black in each species, are examples. The factors in class 
2 (b) which reduce the intensity of the sepia series without 
affecting the yellow series form a well-defined group. The 
difference between liver-coloured and black dogs is of this 
kind. 

There is more than one kind of white coat colour in 
cattle. That of the white Shorthorn is not a perfect white 
for the face carries red hairs. It is not the white extreme of 
the red and white condition but is probably due to the 
action of a recessive extension factor as suggested by Lloyd 
Jones and Evvard (1916). A white which is the extreme of 
the spotting condition is encountered in the Ayrshire 
and Friesian. The white Park cattle (with coloured 
extremities) constitute a third kind of white about which 
little is known. (Pitt 1921; Wallace 1923.) 

Red exists in different shades and the exact relation of 
shade to shade is not yet revealed. The distribution of red 
is affected by the action of a dominant extension factor and 
also by the roaning factor. Black is dominant to red in self
or parti-coloured breeds 'and its distribution is affected by 
the extension and roaning ~factors mentioned above. Little 
is known as yet concerning the exact relation between the 
above colours and yellow, dun, light dun, and brown. 
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Reference may be made to the following experimental 
r~"Sults-Parluur (1913) reports on Jeroey x Aberdeen-Angus 
crosses undertaken in order to test the possibility of 
combining in one and the same race the milking qualities 
of the Jersey with the beef qualities of the Angus. In P, an 
Aberdeen-Angus bull and four Jersey cows were employed. 
In F, there were three males, nine females, all black save one 
female which showed a patch of white near the udder. There 
were traces (If the Jersey in the udder (yellow, well-shaped 
and silky) and on the inside of the thighs and cars (covered 
with hair). The females were all polled but the males 
developed scurs (usually). A number of the 1', cows pro
duced calves, and all but one were as good milkers as their 
dams. The steers were only slightly larger than Jerseys; 
they fattened readily. In the F, there wa, considerable 
variation in characterisation; t\\'O black hornless females of 
Aberdeen-Angus type, one black amI white female with 
strong horns, one black female with fawn showing through 
(Jersey type), one black male with strong horns, une orange
fawn with white muzzle and hornless, and one fawn (dark 
muzzle), sex not given. 

The Shorthorn roan coat colour in most cases, as has 
already been stated, behaves as the hybrid between red 
and white. This mating indeed does yield a high proportion 
of roan offspring but calves with red and white coat coluurs 
appear also. The difficulty has been that in the recording 
of coat colour the greater popularity of 011e colour can bias 
the judgment of the observer, and that the degree of the 
mixture of red and white and the regional distribution of 
these two colours can vary so much in different cases that 
what to one observer would be a red-and-white to another is 
a roan_ The accurate statistical analysis of the inheritance 
of coat - colour characters is therehy rendered difficult. 
White x white in the Shorthorn yields whites, red X red 
yields reds, though exceptions are known, but as to the 
actual nature of roan, and of red and white there has been 
considerable doubt. Duck (1923) has suggested genetic 
fonnul.., for the 4 phenotypes satisfactory in many ways 
but not accommodating certain recognised exceptions. R 
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represents the factor corresponding to red coat colour, (-to 
white, E - the roaning factor. 

Red,;. 
!{REE 
RRb:e 
RRec 

Whites. 
TrEE 
nEe 
rree 

Roan. 
RrEE 
RrEe 

Red and W rute. 
Rree 

It is the RrEe genotype that has been so often regarded 
3:; the Rrec, since the roaning effect is not evenly distributed. 
Using these genetic formula' it is possible to interpret the 
results of different rnatings and to recognise the genotypes of 
the parents, 

The only advantage this theory has over the simple 
monohybrid interpretation is that it accommouates certain 
exceptional results, such as red off.'pring out of a Red by 
\Vhite mating. On the other hand it demands that no white 
shall carry the roaning factor, that a red may do so, that 
homozygolls roans shall be common and that ail red and 
whites shall be heterozygous. These are demands that 
cannot be granted since they require the Shorthorn to be 
genetically different from other breeds. 

Possibly Black and Red are the only fundamental coat 
colours ill cattle (Campbell, 1924). All Shorthorns may be 
reds. If this is so, it is necessar)' only to postulate a series 
of modifying factors affecting (I) the extension or restriction 
and (2) the regional distribution of the colour to get roans 
and also parti-coloured beasts. A. white would thus be 
duplex for the restriction factor, a roan one that is simplex. 
The factors affecting regional distribution can act on a roan 
as well as on a solid colour. 

Funkquist (19n), dealing with the Ayrshire, Shorthorn, 
and Swedish Red-and- White suggests that the flesh-coloured 
muzzle is dominant to dark and that the difference is a 
multifactor one. Smith (1924) observes that black-tipped 
horn is dominant to clear. 

Reviewing the whole question of colour inheritance in 
cattle Smith suggests the following scheme for phenotypes :_ 

B:lsic coloUl spots Others 
Highland (tawny) l)RCBF Six TMP 

or cb siX p 
Highland (light) Drellf Six TMP 

or bf 



("OAT-COLOUR l~ CATTLE 

\\,ild Whi,e 

Guerns.ey 

Jersey 

Callow:l), (dun) 

(bl;u:k; 
(helted·i 

Aherdeen Angll" 

lIol.,tein· Fric .. i:lll 
Blue Albi!)1l 

Devon 

Sus<.;ex 

Hed Poll 

Shorthorn (~(J!id fed) 

(red and white·j 

(roan, e\'en) 

(roan, spotted) 

(white) 

Hereford, (standard) 

(eye·tirde) 
Ayr~hire (standard) 

(mahogany bull) 

(mahogany cow) 

<ireBf 
or }If 

SP'Jt!'; 
siX 
Six 

..,1 X 
SIX 

Six 
"j\: 

or 

or 

or 

or 

or 

UrcbF 

lin hF 

Drc!iF 

drd\F 
tin 1:1" 
drc!lf 

F 
drcilf 
<.IrcHf WI\ 

drrlJf 

dn bf 

Six 

~I .\ 
SIX 

~ix: 

Si" 

SiX 

drchf \V\\, Six 
IX 

"ix dIChf\\,\V 

drchf \\'w 

dn:bf \\'w 

drcbfWI\" 

drcbf 

drchf 
drchf 

drcbf 

dcrbf 

IX 
Six f1 
IX tl 
. ..,ix (I 

IX n 
six tl 

SIX n 
IISIX 

IIS1X 
,IXfl 

ix 
(Ay) (Ay) fl 
(Ay) (ay) 
(Ay) (Ay) fl 

Otht"f!) 

TMKp 
tlllkP 
tlllK 

Tk 
T~IK 

mk 
M 

T~l 

'1'1\1 

T11lK 
k 

TmK 
k 

Till}\. 

k 
tlllKI' 

Tkl' 
tnlKP 

Tkp 

tlHKe 
TK 

tmKE 
tmK 
TMk 

Basic colour. factors. Dominants-D = Dun, R = Brindle\ C,= \Vild
type white (as in park Cattle), B=Black, b=red, Recessives-f=fawn, 
o=albino. Ay=the sex-linked intensification in the Ayrshire (page 195) 
-possibly identical with R = brindle. Spotting factors-H = the white 
face as in the Hereford, L = white belt as in the Lakenfeld, 1 = white 
inguinal spot, X = white switch, s = pied as opposed· to S = Solid, 
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fI - flecking- as in the Ayrshire and acting on s. Other factors.
T _- Black-tipped horns as opposed to t --=- clear horns~ M = Black 
muzzle as opposed to Ill:=- dear, k = smoky muzzle as opposed to 
K "- dean, p '- c penril rOUl1t\ the muzzle as opposed to P = no pencil, 
E eye-ein-k as opposed to no r.ircle. 

Scott Watson (1921) found that in the AngusxWest 
Highland cross the horned and polled conditions formed 
a simple Mendelian pair. Polled is completely dominant 
in the female but in the heterozygous male horn-develop
ment may be only partially suppressed. Black coat colour 
proved dominant to red and these colours behaved as a 
simple l\'lenrlelian pair. Dun proved to be dominant to 
black but the results did not show whether the dominance 
in this case was due to a simple epistatic factor or to a factor 
modifying colours other than black. (See page 140.) 

Hooper (1919) records that ill the case of the Jersey, solid 
colour is dominant to mottling, black tongue to white, black 
switch to white, and that the association of these three 
dominants is common. Roan was dominant to solid colour. 

Nabours (1912) reports that Zebu bulls imported into Texas 
were crossed with I-l ercford and Durham cows, and that in 
the F, the indi',iduals exhibited the coat colour of their 
respecti,'" mothers, and the hump, deep dew-lap, and sheath of 
the Zebu. They were immune to cattle tick and were 50 per 
cent. heavier than the ordinary range beast. I n one herd 
twenty-eight F, Zebu X Durhams were mated with F, males 
of similar origin; of the eighteen calves produced, six were 
white and resembled the Zebu grandfathers, while the rest 
mostly resembled the Durhams; the F, produced by Zebu 
bulls and native Texas cows lacked uniformity in character
isation; N abours suggests that this is probably due to the 
fact that in the Texas cattle there are traces of Zebu blood. 

Wriedt (1919), working with the Telemark breed of the 
Norwegian cattle, concludes that in this breed brindle is a 
simple dominant to red, but that homozygous brindles are 
rare. He refers to one such homozygous brindle which 
when mated to brindle and to red cows begot none but 
brindles. 

The Dutch belted cattle are of striking appearance, 
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being black with a broad belt of white. The beltiug has no 
relation to the ground colour, for heterozygous blacks produce 
a red calf with the characteristic white belt. The extent of 
the belt varies, however; some calves have no belt at all, and 
often the belt is but poorly marked. Belting is a dominant 
character, but it is suggested that several modifying factors 
arc concerned in the determination of the actual degree of 
its expression (Kuiper 1920.) This applies also to the cases 
of the Belted Galloway and Belted Welsh. 

Considering the economic importance of the question, the 
inheritance of the milk yield character has been but meagrely 
investigated. Wilson (191 I) showed that th~re may be wide 
difference between the milk production of a dam and her 
daughter, and produced evidence to show that the milk 
yield character is transmitted in Mendelian fashion. Parlour 
(1913) made the Jersey and Aberdeen-Angus cross, and 
found that the F, heifers had a milk yield almost equal to 
that of the Jersey dams. Kildee and l\I'Candlish (1916) 
crossed " scrub" heifers to Guernsey and Jersey and 
Holstein - Friesian bulls. The results showed that the 
daughters of the Friesian bulls had a milk yield of 5561.6 
lb. of milk compared to the 3:\00-:1900 lb. of their dams. 
Gowen (1920) continued the breeding work of Pearl on 
the study of inheritance in crosses of dairy and beef breeds 
of cattle, and has been able to show that the high milk yield 
character is incompletely dominant to a low milk yield, and 
that the factors for high milk yield could be transmitted by 
the male. The milk yield of the Fl is intermediate between 
the high and low parent, but approached most nearly that of 
the high milk yield parent. The character is certainly based 
on mUltiple factors. 

The transmission of the high or low butter-fat percentage 
character has been held to be transmitted solely by the sire, 
by the dam, and by both. Gowen investigated the question 
extensively and concluded that the butter-fat percentage is 
controlled by mUltiple factors and that both sire and dam 
playa very considerable r6le in deciding the butter-fat 
percentage of their offspring. It was demonstrated that in 
the cross beef-type X dairy-type the former chatacterised the 
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F, though these were intermediate actually when contrasted 
with the 1'< forms. 

In the case of Holstein '>( Guernsey reciprocal matings in 
which the F, indidduals were interbred, it was found by 
workers at the University of Illinois that the percentage 
fat content of the milk produced by the F, individuals 
varied about a mean which was the average of the parent 
forms with a distribution correspondin~ closely to a normal 
probability curve, In V! there were suggestions of segrega
tion but the data were insufficient to permit an estimate of 
the number of factors in\'oh·cd. 

It may lw said that a beginning has been made and 
that in time llO doubt evidence will be shown that will 
demonstrate clearly the mode of inheritance of the grades 
of milk yield. It is a most complex problem, but the 
indications are that it will be soh-cd. A useful experiment 
would be the reciprocal mating of Jersey and Aberdeen
Angus and the mating of the Fl males thus produced to 
!\berdeen-Angus cows. 

The analysis of the hereditary constitution of the horse 
has, so far, necessarily been limited to a survey of the Stud 
Books. There are reasons for holding that the trotting 
character is dominant to pacing. As regards coat colour, 
the following factors play their part: A dominant factor 
corresponding to black and a recessive corresponding to the 
alternatlYe chestnut; the simplex state of the factor for 
black yields the mahogany brown; a dominant restriction 
factor confining the expression of black to the tail, mane, and 
extremities, and leaving the rest of the body a bay colour. 
A chestnut can carry this factor though its action will not 
be expressed. A black horse which carries this factor in the 
simplex condition is a bay with black patches in the flanks. 
A dominant greying factor acting on black: the foal is black 
at birth but becomes grey later. A dominant roaning factor 
acting on any colour and so producing grey roans, chestnut 
roans, red roans (a roaned -bay), blue roans (a roaned black). 
Grey roans are grey at birth. A dominant diluting factor 
acting on any colour and turning black into mouse-colour, 
bay into dun, chestnut into yellow dun, and sorrel (a shade 
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of chestnut) into cream. ..\ dominant spotting factor leading 
to extreme spotting and so yielding a white. 

Chestnut x chestnut gives none but chestnuts. Sorrel, 
according to MfCann (1916\ is distinct from chestnut and is 
recessive to all colours. \Ventworth (1915) snggests that lighter 
mane and tail, often met ,dth in sorrels, is recessive to the 
darker coloration. Black is a simple dominant to chestnut, 
but the data arc unreliable because of the difficulty of getting 
different observers to agree as to what exactly constitutes a 
black, a browll, a chc:-;tnut. and a bay. Gre}' is nominant 
irrespective of the ground colour. In the Clydesdale grey is 
not fashionable, '" all grey males are castrated, and grey 
m'ares are mated to sires of some other colour with the result 
that the progeny of such matings include 50 per cent. greys 
and 50 per cent. not greys. Grey X grey produces greys, bays, 
browns, blacks, and chestnuts, the actual colour depending 
on whether the pareJlts arc greyed blacks, chestnuts, and So 

on. If nothing but greys are wanted both parents must 
possess the greying factor in the duplex state. 

The analysis is by no means complete. :\ survey of 
the Stud Books is not sufficient; actual experimentation is 
necessary) but even now it can be shown that the inherit
ance of coat colour in the horse obeys the Mendelian 
schemes. 

In the case of the pig very little genetical work has been 
undertaken, and therefore very little is known. Yet the pig 
must prove to be a most useful genetical material. The 
following table gives an outline of the present state of its 
character analysis; many of the statements cannot yet be 
accepted as being conclusive :-

Dominant. 

Litter s£ze
Small (wild pig) 

Earjorm-

Rer-ess\ve. 

Large (Tamworth), 
Lush (1921) Simpson (1912) 
Wentworth and Aubel (1916) 

Erect (Berkshire) i 
(Tamworth)fmulti-factor Lop (Duroe Jersey), Sil;npson (1912) 
(wild pig) 
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})ominant. 
FcIce .~ltape-

Long, narrow (Tamworth) 
Straight, no forehead promi. 

nence (wild pig) . 
\Vide forehea{l !}ierhhire ' 

Rece~5ive. 

Short, dished (I1erkshire), Simpson 
(1909) 

Prominent forehead, Simpson (1909) 
Medium forehead (Duroe 

Jcr~('y), 

(Tamworth x Ynrk-,hirL' gin's an 1'\ of intenntdiate 
f'haracteri:'<llioll ! 

('oat (olour 
Self whit(, 
Iklt (2·factor; . 
Self bla(;k 
Black (Hampshire," . 

\Vhilc (impro\-'ed (;crman pig 

Grey black (European wild) . 
Black and white (Hampshire) 

All colours, Simpson (1914) 
Self colour, 
Red (Tamworth), " 
Red (Dume Jersey), Lloyd Jones and 

£vvrard (1919) 
White alH1 black (Hanoverian), 

Frohlich (1913) 
Black (Berkshire), 
erey hlack (European wild), 
Grey black (Cornwall), 
Red (Tamworth), 
mack (Caucasian wild)! 
Red (TanHl,'orth), 
Red (Tamworth), 

Lush ano Simpson further state that the white of the 
Berkshire appears to be a diluted red and that the black of 
the Berkshire and of the Poland China when crossed with 
red breaks up into spots on a red sandy or white ground. 
Severson (1917) states that;-
Berkshire x Taunvorth-F) is red with black spots. 

x Dume J ersey- F I is red with black spots, or black with white 
spots (rare). 

" x Yorkshire-F! is white, or white with bJack spots (rare). 
Yorkshire x Tamworth-F) is white with a reddish tint. 

x Duroe Jersey-F\ is white with a reddish tint. 
x Chester white-F1 is white, or white with black spots. 

In sheep, black fleece colour is certainly recessive to white 
in many breeds as has been shown by Davenport (1905), 
but there are suggestions that the Black Welsh is a dominant 
as is that of the Karakul. 

The Karakul sheep is indigenous to the great Kara-Kun 
desert of Central Asia. The males have four horns, the 
females two. At birth the lambs ate black, and the fleece-
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Persian lamb-has a wonderful lustre and takes the form of 
tight curls. The atlult Karakul has a coarse greyish fleece, 
which is used cxtensi\'eh' in the manufacture of the various 
sorts of Oriental felt ;ugs. For years the natives have 
slaughtered the lambs with the best fleeces and have 
endeavoured to keep up the suppl)' of Persian lamb by using 
Karakul sires on the ewes of other herds. The Karakul 
lamb fleece-characters are dominant, though - probabJy 
because some of the sires used have been heterozygous
many of the cross-bred lambs have a much more open fleece 
-the so-called Astrakhan fur which is much less valuable. 

Karakul rams have been used in crossing with long_ 
wooled European domesticated sheep-Lincolns, Leicester., 
Cotswold. and Blackface, and the FJ lambs have the desired 
black curly Persian lamb fleece. In one extensive experi
ment there were two exceptions-two lambs were rcd, OIIC 

was out of a Leicester, the other out of a Linwln, by the 
same Karakul sire. Duck (1921), who has investigated the 
matter, has suggested there are two factors involved-H, 
that for black lamb fleece colour, and R, that for red, and he 
suggests that there is correlated (lin ked 7) with the factor for 
black the factor which determines the Persian lamb character. 
He suggests the following genotypes:-

Black Karakuls 
Reds 
Reds or spotted 
White 

BBRR, HBRrl BBrr, BbRR, BhRr, Bbrr. 
bbRR. 
bbRr. 
bbrr. 

A further point of interest concerning the Karakul is 
that there is on record a six horned ram out of a four horned 
male X two horned female mating. This ram when mated 
with Karakuls produced normal four horned male and two 
horned female offspring, and when crossed with Lincoln ewes 
produced hornless lambs of both sexes. 

The Corriedale sheep was made deliberately to take the 
place of the Merino, which does not readily endure restraint. 
A New Zealand breeder, James Little, wanted a sheep with 
the wool of the Merino and with a form somewhat between 
the Lincoln and the Down-a dual-purpose sheep. He set 
out to make it, and the result is named after his property-
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Corriedale. In 18G5 he made the first mating-a Lincoln 
ram and a Merino ewe. This mating was repeated and 
selection among the off,pring practised. In-breeding and 
careful selection followed. The same method was taken up by 
other breeders and there arc now some t\venty-two registered 
flocks. (Ill one case all English Leicester was introduced.) 

I t is c()mmonly held that the half-bred sheep, produced 
regula.rly by the mating Cheviot ram on Horder-Leicester 
ewe .... , breeds true when interbred, that there is no segregation 
in the F:!. If. however, sufficient numbers of F:! individuals 
are raised eddence of segregation presents itself, and there is 
a range of characterisation from Che,'iot to Border-Leicester. 
Report has it that the half-bred is not interbred commonly, 
because it is still more prone to braxy than is either P 1 form. 
I f the !\ forms differ one from the other in a considerable 
number of factors, it can be understood that only very rarely 
indeed would a 1', characterisation be obtained in the 1', and 
that the great bulk of the F, individuals would resemble the F" 

Pucci (1915) examined the inheritance of profile in the 
sheep, using R.ambouiHet Merinos (straight line of nose and 
forehead) and Italian ewes (convex profile). These Italian 
ewes have an open fleece, and the head, throat, belly, and 
limbs are bare of wool. The convex profile proved to be 
a simple recessive. It appeared that straight profile was 
associated with extension of fleece. In 1', the ratio 3 
straight profiles to I convex was obtained. 

These scanty references to the character-analysis of the 
domestic stock wiil at least serve to show how fragmentary 
is our present knowledge of inheritance in these forms. It 
is not secure with respect to any character of economic 
importance. The fact is that up till very recently the study 
of inheritance in live stock has been forced to take the form 
of a genetical study of Herd Book and Stud Book records
research has not been experimental but interpretative, and 
the records upon which this interpretation has been based 
are definitely unreliable. In this matter if there is to be 
exact scientific knowledge there must be experiment, and 
it behoves the breeder to see that opportunity for such is 
provided. 



CHAPTER III 

1;\ re\'iewing the hybridisation experiments so far dealt with 
it is possible to infer from their analysis, if one accepts the 
hypothesis that there is a material basis of heredity-the 
germ-plasm within the gametes-that there must be some 
unit which is structurally continuous through alJ the ccli 
divisions from the fertilisation of the egg- to the liberation 
of the gametes by the resulting zygote; that these units 
must be present in duplicate in the fertilised egg; that they 
must segregate into maternal and paternal components at 
some point before the functional gametes arc formed; and 
that they must be present in the zygote in pairs which 
correspond numerically with the num ber of character linkage 
groups. 

It is necessary, therefore. at this stage to examine rather 
more closely the structure of the cells of which the individual 
is composed. in the hope that it may be possible to identify 
therein some mechanism by which these conditions may be 
fulfilled. 

The body of an individual is built up of cells; all cells 
arise by the bipartition of pre-existing cells and if this 
process of cell-division is traced back it will be found that 
the individual has its origin in the zygote-the fertilised 
ovum, formed by the union of an ovum and a sperm (in 
those cases in which reproduction is sexual). Life comes 
from life: protoplasm "the physical basis of life" from pre
existing protoplasm. The fundamental problem of the origin 
of life therefore becomes that of the origin and nature of 
protoplasm. The segmenting zygote divides into numerous 
cells; these arrange themselves in different ways, assuming 
various functions, to become differentiated into the various 

77 
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tissues and organs constituting the body of the new individual. 
If there is a material basis of inheritance then the hereditary 
characters must be represented and determined by something 
present in the zygote, conveyed thereto by either the male 
or the female gamete or by both. 

In the ordinary forms oi asexual multiplication, repro
duction is quite independent of egg and sperm or indeed 
of any process cyuiyalent to ferlilisation. The new life 
has its orjgin in a portion of the parent which becomes 

COlltriolO$ 
'llijthin a.t.~n.e\v.m ~phere_ 

Cl,romatl11 
1'Ia:;II!O,;UIIll;. 

Urullwl Uyl"plaslU 

FIG. 16.-The Cdl. 

separated off from the rest. In such cases the resemblance 
between the generations tends to be complete since the 
portion is a representative sample of the whole. In sexual 
reproduction the germ-cells contain, as it were, the essence 
of the whole individual that liberates them. Or all the cells 
of the multicellular organism the gametes in their union 
alone have the power of developing into an individual which 
within limits is like the parents. These gametes are micro
scopical in size, the sperm often being but ,-if"" the size of 
the ovum, yet within them must lie the mechanism of organic 
inheritance. 

The methods of cytology, tissue culture, and micro. 
dissection have provided a faithful picture of the organisation 
of the living cell which consists essentially of a vesicular 
spherical body, the nudeus, lying in a viscous substance, 
the cytoplasm, in which are found granular bodies, the 
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mitochondria and Golgi rods. The nude,,, of the resting 
cell appears in microscopic preparations as a vesicle con .. 
taining a network of delicate linin threads upon which 
are borne, like beads upon a tangled string, minute 
masses of a readily staining material called for this reason 
chromatin (from the Greek jj chroma" = colour). At one 
side of the nucleus is a small area of cytoplasm known 
as the attraction sphere, the division of which into two 
parts heralds the inception of ceil-division. As the two 
attraction spheres thus formed separate, they seem to draw 
out the surrounding cytoplasm into a spindle of fine fibrils. 
While this is happening, changes are taking place ill the 
nucleus: the tangle of fine threads has resolved itself intu 
a certain constant number of filaments of definite shape; 
these become progressively shorter to assume the form of 
stout rods-the cltyomosolllts-which arrange themselves on 
the equator of the spindle and split longitudinally in halves 
(Fig. 17). The halves pass to opposite poles of the spindle. 
The cytoplasm of the cell divides and the chromosomes spin 
out again into fine threads to form the nuclei of the daughter
cells thus formed. The chromatin material of the nuclei 
is structurally continuous: each of the chromosomes in the 
nucleus of one cell-generation is structurally continuous with 
a corresponding chromosome ill the nucleus of that of the 
preceding and succeeding cell-generations. 

This phenomenon is true of all cell-division save that 
which produces the mature gametes. The spermatozoon is 
very different from the egg in size, structure, and appearance. 
It is much smaller, carries practically no nutritive matter, 
and most of its cytoplasm forms a locomotor tail which 
drives the head consisting of the nucleus before it. The 
relatively large food-laden passive ovum is fertilised by 
the in6nitely small active restless sperm. But in one respect 
ovum and sperm are alike and in this they differ from aU 
other cells. The penultimate division of the germ nuclei 
is preceded by the lateral approximation in pairs of the 
constituent chromosomes (synapsis), so that when the 
chromosomes proceed to split on the spindle, one member 
of eaeh pair passes to each daughter nucleus. The succeeding 
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1. Rtl6ting stagto of' cell nu("l!ltlS in "splrophMc" (or int.('rpl!aB(I). 
:.!,30 ProphAse; appearance ofodetlrut!\O", chromosomes. it ~:~~=:; splitting 0{ ehromO!l.Qmea. 

';".~: ~~&.~~elel (lnt.erphase). 
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division is a normal one, so that each gamete has half the 
num ber of chromosomes characteristic of the cells which 
constitute the bod" of the indh·idual. ,\t fertilisation, the 
normal number is~ restored and each ordinary cclI of the 
organism has therefore a chroI1l()~omc set of which half the 
components arc paternal and the <Aher half maternal in 
origin. The number of chromosomes i~ u~l1ally some tnultipk 
of two and is c/ltlr{ld('li,rlif" (!l tIl( s/,fYic.J t(J "i'liidl /111.' intiiilldull/ 
bdtlllgs,' in certain !'>tasc .... of cell activity the chromosomes 
are arranged in pairs. In many instances the different pairs 
are of different shape and sizc~arc hl'tcromorphic--utld, 
therefore, it is sumetimes quite simple to delllonstrate the 
fact that each gamete receives one member of each pair of 
homologous chromosomes which were present in the cdl 
that, dividing) gave risc to it. 

In slightly more detail the process is as follows:-
Just LeforI...' the gametes become transformed into 

functional spermatozoa or o\"a the chromosomes conjugate 
in pairs-each paternal chromosome unites with the corrc~ 
sponding maternal one S(l that at this :,tagc it seems as 
though the chromosome number had been reduced by half. 
But this apparent reduction is due to the intimate COIl~ 

jugatioll of the members of each pair, and each chromosome 
is really two lying side by side. Following this conjugati()n 
a spindle appears and each double chromos(,mc separates 
into its component halves and the cell divides. In the 
case of the egg, one daughter cell constitutes the first polar 
body into which one set of chromosomes passes. Without 
a resting phase a fresh spindle is formed and each 
chromosome of each set divides lengthways. The mature 
egg and the second polar body are then formed, while 
the first polar body divides, yielding two daughter cells so 
that four cells result, one functional egg and three polar 
bodies (abortive eggs), and each is haploid containing but 
half the original diploid number of chromosomes. In the 
case of the sperm four functional gametes result. 

The important points to note are the conjugation of 
maternal and paternal chromosomes in pairs and their 
subsequent separation and distribution in such· a way that 

F 
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each germ-cell gets one or the other of each and every 
pair. Further, it is seen that if the chromosomes should 
prove to be the" germ-plasm" each and every cell of the 
body contains the sum total of all the hereditary elements 
and development and differentiation of the tissues of every 
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part of the organism proceeds in the prese11ce of all the 
hereditary material. 

The search for a material apparatus for genetic segrega
tion is ended, for the formation of gametes involves the 
segregation in each patr of homologous chromosomes of 
its paternal and maternal components. In the behaviour of 
the chromosomes there are realised the precise conditions 
of hereditary transmission demanded by the results yielded 
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by breeding experiments. Material units preserving their 
integrity through all cell divisions between the fertilisation 
of the ovum and the liberation of the gametes by the 
individual thus originated. and segregating before these 
gametes are actually formed, so that with reference to any 
given pair a gamete can receive one or the othcr·--the 
paternal or the maternal-but not both at the same time: 
these conditions are realised by the chromosomes, the only 
identifiable cell structure the behaviour of which conforms 
to the law of segregation. 

\Veismann had hazarcletl the sug(;cstion that the gnm
plasm had its seat in the nucleus, was extremely complex 
in structure yet nevertheless had an extreme power of 
persistence and an enormous power of growth; that the 
germ-substances proper must be looked for in the chromatin 
of the nucleus and more precisely in the chromosomes which 
contain the primary constituents of a complete organism and 
which are built up of vital units or determinants, each of 
which determines the origin and development of a particular 
part of the organism, but it was not until 1902 that a young 
student, William Sutton, whilst working in the laboratory 
of Professor E. B. Wilson at Columbia University, first drew 
attention to the possible interpretation of Mendel's laws by 
the application of the then known facts of cytology outlined 
above. The factors are borne on the chromosomes and the 
phenomenon of linkage suggests that factors borne upon 
different chromosomes segregate, whereas those borne upon 
the same chromosome remain linked in inheritance since 
they are carried upon the same structural unit. No animal 
or plant has yet been shown to possess a number of linkage 
groups in excess of the number of chromosome pairs in 
the dividing ceil-nucleus. It is of interest to note that in 
the same year as linkage was first discovered Lock called 
attention to the possible relation between tbis phenomenon 
and chromosome behaviour. 

When the genetic significance of the nucleus was first 
emphasised by Nageli and Weismann, the distinction 
between nuclear apparatus and ground cytoplasm comprised 
the existing state of knowledge with regard to cell organisa. 
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tion. The discovery, due to ne\\" technical procedure, of 
other cell organs has necessitated a reconsideration of the 
problem, especially in vie\\" of the discovery concerning 
fertilisation in the case of Ascaris that these structures may 
be carried over with the sperm nucleus which had previously 
been regarded as the unique link between the male parent 
and zygote. 

Two categories of extra-nuclear cell organs arc nowadays 
recognised. These arc: (a) the mitochondria (chondriosomes 
or chondriokonts), the existence of which first attracted 
attention through the labours of Benda ,md his followers 
in connection with their relation to the" middle piece" of 
the sperm; alld (b) the Go)gi apparatus (dictyosomcs) first 
recognised by Golgi, Kopsch, Cajal, and others as a can· 
stituent of nerve ganglion cells and later homologised 
through the work of lIirschler, 'Veigel, Nussbaum
Hilarowicz, and others with a diversity of cell organs 
previously described by a variety of terms (nebenkern, 
batonettes, acroblasts, etc.). 

The mitochondria are granules, spherules, rods, or 
filaments scattered in the cytoplasm and often congregated 
eccentrically with reference to the nucleus. They are 
usually identifiable after fixation with reagents containing 
no lipin solvents (f.g., acctic acid, alcohol, chloroform) as, for 
example, Flemming without acetic (Renda), Richromate
osmic (Champy), and Formol-bichromate (I{egaud). They 
readily stain intra "ita", with J anus green. The Golgi 
apparatus is described as a reticulum of filaments, rods or 
discs often applied to the denser cytoplasm (archoplasm) 
enveloping the attraction sphere, though sometimes dispersed 
in the cytoplasm like mitochondria. As with the latter, all 
lipin solvents are injurious, and though in a few cases the 
Goigi elements are readily demonstrable with the mito
chondrial technique, it is usually necessary to apply the 
metallic impregnation methods of Mann-Kopsch, Cajal, and 
Da Fano, in order to identify them satisfactorily. 

The work of a large body of continental investigators, 
notably Duesberg, Hirschler, Terni, WeigeJ, and of Gatenby 
in this country, has now given a fairly consistent account 
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of the beha vionr of mitodwndria and dktyosomcs throughout 
the germ-cycle, in cel! division, in gamet(lgcnesis and in 
fertilisation. Both types of cytop\asmic inclusions are self
propagating cell units; they divide and are distributed in 
a quite haphazard manner to the daughter-cells during cell 
division. Their number is illconstant in the same cell 
generation; then: is great diversity ill the configuration of 
the cytoplasmic inclusions within the same phylum, species, 
or even individual; and it is clearly l'stablished that there 
is no precise correspondellce bdween the mitochondrial or 
Golgi components uf the zygote and those of the germ-cells 
in the individual which develop from it. 

While the case of Ascaris raised the wholt question of 
the nucleus in relation to heredity on a somewhat different 
basis from previous discussion, recent work has shown that 
the transmission of the cytoplasmic units is very often purely 
matroclinal. Thus in Peripatlls the entire mitochondrial 
content of the spermatids is sloughed off during sperma
teleosis, and the same is true of the Golgi elements in 
Paludina. I n other cases, as in Annelids, where the 
cytoplasmic inclusions play a part in the formation of the 
middle piece, the latter is left outside the egg when the 
sperm-head penetrates it. In Echinus and in mammals 
the middle piece also penetrates the egg, but the mito
chondrial mass C' mitosome II or "chondriome H) passes wholly 
into one of the blastomeres and probably degenerates. In 
gametogenesis there is no indication of segregation. Gatenby 
has shown with reference to the Golgi apparatus of Limax 
and Wilson in the case of the mitochondria of Centrurus 
that the number of units present in the spermatid is one
quarter that present in the spermatogonia. According to 
Gatenby no mitochondria pass out into the polar bodies, 
so that segregation of maternal and paternal units in the 
female is absolutely precluded. 

It thus appears that the behaviour of the cytoplasmic 
units fulfils none of the conditions of the material basis of 
inheritance inferred from breeding experiments, and the new 
knowledge of cell anatomy which has emerged from the 
impetus given by the" mitochondrial" theory of· inheritance 
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advocated by Meves' school has placed the chromosome 
hypothesis on a more secure foundation. 

It is granted that the botanist can demonstrate that, in 
the case of his material, the inheritance of certain characters, 
such as albinism in certain plants. can be traced to the 
behaviour of the chlorophyll bodies in the cytoplasm which 
are known to divide and to be distributed to the two 
daughter-cells at each division independently of the nuclear 
division and of the maturation process in the egg. But 
the evidence is such that leads to the conclusion that 
cytoplasmic inheritance cannot play any important role in 
inheritance in the case of animals and the more highly 
complex plants. From what has been said it must not be 
inferred that the cytoplasm is an unimportant element of the 
zygote. Indeed it is not, for if the developmental processes 
are to proceed there must be cytoplasm. However, the 
problems of the role of the cytoplasm in development and 
of the relation twixt chromosomes and cytoplasm are 
not strictly problems in genetics, but in developmental 
physiology. In the case of unicellular organisms, bacteria 
and suchlike, the evidence is not such as leads to any 
conclusion concerning the mechanism of heredity therein. 



UL\I'TER IV 

TilE ('ENES .\~D Till': CIlRO,l\lS()\lES 

A. Tlu (J'OltS nrc bONIt' 011 tlu' (ftrOllloJ'olJu's 

I" 1909-1910 Professor 1'. H. Morgan of Columbia University 
first used Drosophila as experimental material with which 
to explore the possibility of inducing mutation by means of 
treatment with such agencies as different chemicals, different 
diets, and radium. These experiments yielded no positive 
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results, and as a side-line Morgan undertook a selection experi
ment to obtain a stock in which all the individuals should have 
a dark trident pattern on the thorax. This was the beginning; 
since 1910 the investigation of the problems of heredity has 
increased a thousand-fold. Drosophila me/anogaster, the 
pomace fly, so small that for its inspection a good hand-lens 
is necessary, in the hanels of Morgan (1919, 1923) and his 
colleagues of the University of Columbia has extended our 
knowledge to a remarkable deg<ee. This Dipteran with its ... 
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prolific breeding habits, short life-cycle and ease of handling, 
has shown itself a form far superior to any other thus far 
investigated for the unravelling of the problems of heredity. 
These advantages have been thoroughly exploited by the 
American geneticists and have led them to formulate what is 
known as the Chromosome Theory of Heredity, according 
to which tilt, dl1'OIllOS{I1IIt'S form the materia/ basis {If IlfrediO" 
and Itton /lu'sc, (tld, ill its mell particular fools upon a 
/flrtjot/(lr dlrOmOSOI!lt, arc residcnt tlte Kc'l1CS t lite activit), of 

'h,/tid, t/rkrmin,'s tIll' 1'_l/'YCssioll of i.:orrt·s/,olldz'ng cHarae/ers. 
The theory as it stanch to-day is founded on the results of 
countless breeding experiments; much of it is endorsed 
by recent advances in cytology; further understanding 
of its significance, it would seem, will come from future 
research in the realms of physico- and of bio-chemistry. 

The first /J/lltants in Drosophila-individuals exhibiting 
novel characters appearing unexpectedly-occurred in 
laboratory cultures of the wild flies in the spring of 
)910, and since that time an ever-increasing series of novel 
types has been appearing. There is no absolutely definite 
knowledge as to whether the laboratory conditions are in 
any degree responsible fur the frequency of mutation. They 
cannot as yet be produced by planned experiments. It is 
probable that the discovery of so many mutants is due solely 
to the fact that immense numbers of flies have been under 
observation, that mutation is as common in Nature as in the 
laboratory but is not so readily recognised, and that the 
mutant forms in many instances could not thrive in the 
open. The numerous mutants (400 or so) have provided 
unparalleled material for the experimental study of charaeter
analysis, of varia.tion, and of inheritance. 

The chromosomes of Drosophila melanogaster number 
eight, arranged in four pairs during certain stages of cell
activity. As has already been said, this number is constant 
and is characteristic of the species to which the individual 
belongs. They are different in size and shape-hetero
morphic; there are two pairs of large curved chromosomes, 
one pair of very smaIl round ones, and one pair in the case 
of the female of straight chromosomes about two-thirds the 
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size of the large cun'cd ones; in the male instead of this 
last pair there is a pair consisting of one straight and one large 
somewhat hooked chromosome: otherwise the chromosome 
picture in the case of the male is identical with that in the 
female. Because of this distinction in the chromosomal 
picture of male and female tisslles, these last chromosomes 
are spoken of as the ux-cl,YOJlloSOlllcs. The two chromosomes 
of the female and the similar one of the male are called the 
X-chromosomes, a:1(l the unequal mate of the X-chromosome 
of the male is kno" n as the Y -chromosome. The large 
curved and the small round chromosomes are referred to as 
(lutOSOJtltS in contrast to the scx-chr(Jmosome~, The chromo_ 
somes themselves possess a definite individuality . 

..P~ .JJ..~ 
1\ It 
.x x " y 

Fir;. 20.-l "nvcntional diagr,lD, ()f the Chrnmo50me~ of 
jJ1iJII1'hifa nu/aflogaJ/fr. (After ~t(!rKan.) 

The characteristic paired relations which exist among 
the chromosomes are of general significance. During the 
process of gametogenesis in the meiotic phase, reduction 
divisions occur by means of which the chromosome number 
becomes reduced so that in the mature gamete there is 
but half the number which is characteristic of the immature 
gamete and of the body-cells generally. In Drosophila for 
instance, the mature gametes contain Oldy one member of each 
pair of IlOJ!lologolis chromosomes, and there is reason to believe 
that the distribution of the members of anyone pair has no 
influence upon the distribution of the members of any of the 
other pairs. The mature gametes can, therefore, contain 
various combinations of chromosomes. There are eight 
different ways in which the chromosomes may be grouped 
in the reduction figures and on the basis of chance anyone 
of these is as likely to occur as any otber; as a result of 
this, there are sixteen possible combinations of chromosomes 
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in the mature ovum (and spermatozoon, if one of the 
X-chromosomes is replaced by the Y). 

In a species with two pairs of chromosomes there would 
be only four possible combinations; in one with three, there 
would be eight, and so on, so that in general the number of 
possible com binations is given by the expression 2' in which 
n is the number of pairs of chromosomes in the individual in 
question, and with the increase in the nurn ber of pairs there 
is a rapid increase in complexity. . 

When gamete unites with gamete, the characteristic 
number of chromosomes is restored and of each pair of 
homologous chromosomes one has been received from the 
male parent, the other from the female. The mature germ
cells can be of sixteen sorts in the case of Drosophila, owing 
to the different possible combinations of chromosomes. 
As of these there are two series, male and female, it is 
seen that in the formation of a new zygote by the union 
of gamete and gamete, there is ·a multitude of possible 
combinations of chromosomes. 

The chromosomes are regarded as aggregations of 
chromatin, which in itself has a definite and highly 
organised structure and consists of a definite num ber of 
individual elements called chro1llollleres. The suggestion is 
that a certain definite group of these elements makes up 
each chromosome: the individuality of the chromosome 
depends upon the individuality of the chromomeres of 
which it is composed. Each chromomere is supposed to 
have its own definite position upon a particular chromosome 
and to be identical with a certain locus in that chromosome. 

It will be remembered that Mendel proposed a very 
simple hypothesis to explain the 3: I ratio in the F, of his 
experiments. The PI parent with the dominant character 
contributes one element and the parent with the recessive 
character another element to the hybrid. When the germ
cells of the hybrid thus formed mature, these elements 
separate (segregate), so that half the female and half the 
male gametes contain the element for the dominant and 
the other half the element for the recessive character, and 
chance fertilisation of any ovule by any pollen-grain will 
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be expected to give three genotypes, UD, Uk, RR in the 
ratio of I : 2 : r. This slIggc,tcd segregation of the factors 
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FIG. zt.-The different combina.tions of the Chromosomes of Dros'!Phi1a 
'I1f4/aIWgasler in gametogenesis. (Aftu Balx-ock and Clausen.) 

finds a parallel in the distribution of the chromosomes of 
the hybrid. One member of each pair of homologous 
chromosomes was received by the hybrid from its paternal 
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parent, the other from its maternal parent. When the germ
celIs of the indiddual mature, the members of each pair 
of homologous chromosomes pass into different cells-they 
segregate-so that as a result one-half of the gametes carry 
one member, the other half the other member of each pair. 
'lite dLromosoJJ/{'"\ bt'lwz'f like JTouiefs "factors." 

As an example of a monohybrid experiment, the case 
of mating a pomace fly with normal wild type long wings 
with one with \'estigial wings, may be considered. The 
wings of the latter arc shrunken and useless and the character 
first presented itself among the offspring of wild type flies. 
(Fig. 22). The 1', of such a mating is entirely composed of 
long-winged flics, the character long-wings being dominant 

+ , 

. . 

FIG. 22. 

to vestigial, and in the F, in every four 
individuals there are three long-winged 
to everyone vestigial. The explanation 
of these results in terms of the chromo
some theory rests upon the assumption 
that the factor for the character" long
winged" is resident in each member of a 
certain pair of chromosomes of the long
winged race oj flies, and that the factor 
for the vestigial character is resident in 

each of the same pair of chromosomes in the vestigial-winged 
race. Apart from this one difference, the two individuals in P, 
are identical as far as their genetic constitution js concerned. 
Let V represent the gene for the dominant character of the 
wing form-long, and v the gene for the recessive character
vestigial-wing form (not the L of long-winged, since it is the 
inheritance of vestigial which is being studied). The name 
given to a mutant character is that which most clearly 
emphasises its contrast to the wild-type. For the corre
sponding gene the initial letter of the name is used, the 
capital if the character is a dominant, the small letter if 
recessive. The letter is used to indicate the character, the 
gene, and the locus. In order to distinguish between two 
genes with the same initial letter a second letter is added
so, b "" black; bn "" band (a thorax pattern); bx = bithorax 
(body segmentation). It is assumed that the genes V 
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and v cannot be resident in one and the same chromosome 
at the same time. Of the four pairs of chromosomes of 
Drosophila only that pair need be considered which bears 
the gene V in the case of the long-winged. race, or in th(,~ 

vestigial~wil1gcd race its allelomorph, the gene.; v. In the 
hybrid produced by crossing- a long-winged aud a vcstigial
winged fly, one member of this pair of chromosomes bears 
the gene V, and the other the gene v. \Vhcn the gametes 
of such a hybrid arc maturing, the members of this pair of 
chromosomes become separated and distributed to different 
germ-cells in such a way that half of them will receive that 
member which bears the gene V, and half that member 
which bears the gene v. When two such hybrids are 
interbred, recombination of these chromosomes will yield 
the ratio 3 long-winged: vcstig-ial~wingcd; S()-

\·cstigial. I,ong-wingctt 
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The genetic and cytological results agree and the 
hehaviour of the chromosomes provides an explanation of 
Mendel's law of segregation. 

As an example of a dihyhrid may be considered the 
case of the crossing of a vestigial-winged, grey-bodied fly 
with" long-winged ebony-bodied individuaL The Fl are 
all long-winged grey flies, and, in the F" in every sixteen 
there arc nine long-winged grey, three vestigial-winged grey, 
three long-winged ebony, and one vestigial-winged ebony 
flies. The corre1ation of the above facts with chromosome 
behaviour is again vcry simple. V is taken to represent 
the gene of the dominant character long-wing, little v that 
of the recessive vestigial, E the gene of the dominant 
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character grey or wild - type body - colour, c that of the 
recessive body colour, ebony, (It is assumed that the genes 
V and v are resident in one pair of chromosomes, E and e in a 
different pair, and that E and e, Vand v cannot reside in one 
and the same chromosome at the same time,) The two stocks 
of tlies differ only in the matter of these two characters and 
their respective genes, so that the other pairs of chromosomes 
bear the same sets of genes and need not be considered, 
Each gamete of the vestigial grey parent will contain one 
chromosome with the gene for the vestigial character and 
one with the gene for the grey, each gamete of the long
winged ebony parent will carry one chromosome with the 
gene for the long-winged character and one bearing the gene 
for ebony. The hybrid will carry one chromosome with the 
gene for vestigial and its mate with the gene for the long
wing. and another chromosome bearing the gene for grey 
body-colour and its mate bearing the gene for ebony (Fig. 24). 
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In the maturation of the gametes of the hybrid the members 
of each pair separate from each other and free assortment 
occurs, with the result that four different kinds of gametes are 
produced. The chance meeting of the four kinds of ova and of 
the four kinds of sperm will give results as sholl'n on pp. 94, 95. 

It is to be noted that there is actual evidence that 
such independent aS5urtment of chromosomes occurs. l\1iss 
Carothers (I9~I) has sholl'll it te> happen during the matura
tion divisions in several grasshoppers. Siight but constant 
differences in the mode of attachment of the chromosomes 
to the spindle enabled her to demonstrate that the sorting 
out of the memhers of the pairs is independent. 

The trihybrid mating is excellently illustrated by the 
mating vestigial- winged, grey - bodied, normal- eyed, and 
long - winged, ebony - bodied, eyeless. The classes in F, 
can be accounted for if it is assumed that the genes for 
vestigial, ebony, and eyeless are situated each on a different 
chromosome. 

The multiple factors explanation of Nilsson-Ehle dealt 
with previously is readily interpreted in terms of the 
Chromosome Theory and many similar instances of more 
than one factor producing similar or identical effect~ are 
known. For example, in the case of the Nilsson-Ehle 
experiments with wheat, all that is necessary is to assume 
that wheat has at least three pairs of chromosomes and that 
the genes R, S, and T, are resident upon separate ones_ 

B. Certalll Grollps arc borlle OIt cert(lill Chro/llosomes. 

[n interpreting the results of the above experiments in 
terms of the Chromosome Hypothesis, there has been the 
suggestion that different genes are resident in different 
chromosomes. 

The interpretation of the results of a breeding experiment 
is straightforward until a case is encountered in which there 
are found to be more genetical differences than there are 
chromosomes, when it follows, if the theory is valid, that there 
must be more than one gene borne on one and the same 
chromosome_ In Drosophila, for example, several hundreds 
of different Mendelian characters have been investigated, and 
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if for each of these characters there is a gene, then it follows 
that each chromosnme must carry a very great number of 
these. If two genes are situated on the same chrOmO~()flle 
it would be expected that they sh<)uld always be fuund 
together in successive generations and the characters which 
they represent should remain iilll.'cd in inheritance. In 
Drosophila the linkage relations of some hundreds of 
characters have been investigated and it has been clearly 
shown that these characters fall into four groups. the 
members of each group showing variolls degrees of linkage 
with each other but giving free assortment with the ll)embcfS 
of any other group. The most significant fact in regard to 
linkage in Drosophila is that tIlt' ,,"mher 0/ linka/:,(' .r;r{IUpS 
corresponds to tlu II11111blr 0.1 F(lirs (If dtFOllU1SOllitS and that 
the relative sizes of the groups correspond roughly to the 
relative sizes of the chromosomes. If the genes for the 
characters are carried by the chromosomes, this is what one 
should expect to find-that there are as many groups of 
characters that arc inherited together as there arc pairs 
of chromosomes. provided the chromosomes retain their 
individuality. If at any future time the number of linkage 
groups should be found to be greater than the number of 
chromosomes, it would follow that the Chromosome Theory 
must undergo profound modification. 

In Drosophila obsclIra there are five pairs of chromosomes, 
and Lancefield (1922) has shown that there are five linkage 
groups ~ in Drosophila 'uirilis, which. has six pairs of chr()mo~ 
somes, Metz (1916) has already identified five non· linked 
characters. In Drosophila wiltis/oni, Metz (1914) has found 
three groups of linked characters, three pairs of chromosomes. 
In Dyosophlla s;mulans, Sturtevant (1920) has found 50 tar 
three linkage groups and four pairs of chromosomes. From 
the evidence of comparative cytology it would appear that 
the difference in the chromosome pictures in these cases 
is the result of difference in the form and distribution of the 
II and I II chromosomes seen in the conventional diagram 
of Drosophila I1ltlanogaster. InD. viri!is each of these 
chromosomes consists of two separated halves; in D. willistoni 
or D. obscura, one-half of one of them has become united with 

G 
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what corresponds to the X-chromosome of D. mc/allogastcr, 
leaving the other half free. 

The phenomenon of linkage is excellently illustrated 
in the case of what arc known as sex-lillked characters, 
the genes for which are placed upon the sex-chromosomes 
for reasons to be stated. In Drosophila (as has been stated) 
the male is to be distinguished from the female by the 
!:hromosomc picture. In female tissues there is a pair of 
X-chromosome,:.; and in male there is one X associated 
with a Y-chromosomc. Thus! XX designates a female, XY 
a male. Every cg~ will possess one X) the other being 

xx Xy 
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Dctcftllinillg !\lechani~Jl1. 

eliminated into the polar body; half 
the sperms will contain an X and the 
other half a Y. Any egg fertilised 
by an X-bearing sperm will become 
an XX zygote-a female; any egg 
fertilised by a Y -bearing sperm will 
become an XY individual-a male. 

Sex, it would appear from this) is 
determined by a process which auto
matically yields equal numbers of 
males and females in each generation. 
A son always gets his single X from 
his mother, a daughter gets one from 
the mother and the other from the 
father. If on the X-chromosome of 
the father are borne the genes for 
a recessive character the track of 

this chromosome in inheritance can be followed if tlte Y
dzrMllosoIJU (~f tl male (arries 110 factors whatsoever, and 
since in the case of many insects, for example, there is no 
Y but ol1ly a single X in the male, this assumption is not 
extravagant. As an example of sex-linked inheritance the 
case of mating red-eyed and white-eyed flies may be taken. 
The eyes of the wild fly are red; in one culture a mutant 
white-eyed fly appeared. He was mated to a red-eyed 
female, the offspring (both males and females) were all 
red-eyed. These were interbred and produced in the 
next generation three red-eyed to one ",hite-eyed in 
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every four on the averag-c, equal numbers of males and 
females, but (i'tTJ' ;~'iJlk~f·Vt'rI indh .. idllill iUtlS (1 IIIIt/f. 

The \vhite-eyed gr~Uldfathcr ~ had tran ... mitted the character 
white - eye to half his grandsons but tl) non{~ of his 
granddaughters. A \ ... ·hite.eyed female can be produced 
easily by matitl~ the Fl heterozygous red-eyed female to 
a white-eyed male. \VhC11 it white-eyed female \ .... as mated 
to a red-eyed male, the reciprocal mating, that is, a/I t/;c 
dflU._t.;Jltcrs ,i!(rt' Nd-(1'i'd (md al! tl't' SOliS ;<','rt' 'l'lli/c-(J't'ci; 
when these were interbred, they gave rcd-eyed ma\cs and 
females, and white-eyed males and females in equal numbers. 

This type of inheritance can be cxplai;lcd as follows. 
The gene for the recessive white-eyed character is 
represented by wand is borne on the X-chromosome; 
the gene for red· eyes, W, is borne by X-chrumosome of 
the red-eyed race of flies. Tht: two X-chrumosumes of the 
female both contain the gene \\" and in a convenient short
hand system the genetic constitution of such a fly may 
be written (WX) (\\'X), the brackets indicilting that the 
gene W is carried by the X-chrumosome. Each egg from 
such a female will contain an X-chromosome with the 
gene W, i.e., everyone of them will be (WX). On the 
other hand, the white-eyed male will have the genetic 
constitution (w X) (Y) and his sperms will be of two sorts; 
half will have an X-chromosome with the gene w thereon, 
and half will have a Y -chromosome which does not bear 
this gene; there will be two kinds of sperms, (wX) and Y. 
The matings are then as follow:-

A. 

(wX)(Yi While·eye, 

Gametes 
/', 

("X) (Y) Gametes 

F, Red-eyed ~ 

IWXj(WXj 

(wx( (WX) 

(WXXwX) 
/". 

(WX)(Y) Red·eyed. 
/'-, 

Gametes (WX) (wX) (WX) (Y) Gametes 

F, (WX)(WX) (WX)(Y) (wX)(WX) (wX)(Y) 

Red-eyed ~ "---~-- ~ White-eye, 
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B. The Production of a White-eyed Female:-

hitc·eycd cl (wXlY 
.X) Y 

x (WX)(wX) 
(WX) (wX) 

FJ heterozygous red-eyed ~ 
Gametes 

(wX)(\\"X~ 
T~ed ~) 

(w:\)(wX) 
\Vhitc ~) 

C The Reciprocal Cross:-

\\'bite-eyed ~' 

(wX) (wX) 

Criss-cross Inheritance 
Red-eyed ~) ('VX)~wX) 

"-(\\,X) (wX} 

(WX)V 
Red cl 

(WX)(Y; 

(w>;2(\') 

(wXl \Y) 

( .. X)V 
\Vllite J 

\\'hile-eyed 6 

(WX)(wX) (W.'n:V) (wX)(wX) (wX)(Y) 
2 J5_ 
I I 

Red-eyed 

Or, diagrammaticalIy-
Whitl'-!'j'l"l 

o 
Hml-flr!,rj 

9 
/'-'. 

(B) @ 
[W,xJl 

10/ ~'~y 

9 '" I I 

\Vhitc-eyed 

l\\\ _~_ //7· 

IllY IJ OV f, 

._____, 
_ • 1 

FtG. 26.-Whit~yed 0 x Red-eyed ';I. 

(Afor MMgaD.) 

~he numbers of males and females are equal; 
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all the females and half the males are retl-e)"c<I; all the 
white-eyed individuah arc males. 

Rec.iprocal cro<.;s·_ 
H, .. I·;YOl<I 

@ 
I~ X 
/ --, 

I,,! 
/ \ 

i\: 

ID IY 

Whl,,·· .. )"··\ 
\' 

r, 

FIG. 27.-ReJ-cyc(i ,.{ ;( \Vnite-eye,l 1', CrL,H:ro% inheritance in 1'\ 
(Ajt,r Morg;Ill.) 

In the F., there are equal numbers of red-eyed and of 
white-eyed ir;dividuals, and of males and females, 

The peculiar relations which exist in the inheritance of 
the characters red and white eye-colours can readily and 
logically be interpreted if it is assumed that their genes arc 
borne UDon the X-chromosome and that the Y-chromosome 
of the ~ale carries no gene at alL Many other characters 
of Drosophila are inherited according to the above scheme. 
These sex-linked characters (not sex-limited since they can 
be exhibited by both sexes) constitute the lirst linkage
group and their factors are placed upon the X-chromosome, 
chromosome I. A larger group of characters not sex-linked, 
all show linkage relations with the character black bodJ·
colour and with each other and their genes are placed 
upon chromosome II, the chromosomes of the top right
hand large curved pair of the conventional diagram. As 
an example of linkage within this group may be considered 
the mating of vestigial wing-form and black body-colour 
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with long-wingcd grey (wild type), F, consists solely of 
long-winged greys, but in the F2! though two pairs of 
allelomorphs are involved, a monohybrid and not a dihybrid 
ratio is obtained, for there arc three long-winged greys to 
everyone vestigial black, These characters are linked and 
the genes for vestigial and black are borne on one and the 
same chromosome. 

Or 

L';Ug.'\IUr-rd 
;.::rey 

P, (bY)(bv) 

F, (BV)(bv) 

F, (BV)(B\') (B\')(bv) 

\',,~t igitLl 
lJlack 

x 

x 

(BV)(BV) 

(BV)(bv) 

(B V)(bv) (bv)(bv) 

_Long-winged grey Lon~-winged grey Long-winged grey Ves1iV:lI~!ack 
I 
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If, on the other hand, black long-winged is mated to grey 
vesti~iaJ, the ratio in F~ i,-:; different, 50-

PI (hV;-b\') 
F} /h\'»)\\'} 

\b\' 1.1\') (h\')(lh \ 

Bhtck long (;rey long 

(Hv)(Hv) 

(J,\')(l\v) 

(1\\')(h\' ~ (Bv)(Bv) 

(;rey_ vestigial 
I 

and 110 d(luNI' r((csJi;'t' af/'t'drs in till' j,~~; this is regarded as 
trustworthy evitiellce of linkage, 

Instead of raising an F~! however, the usual procedure 
in testing linkage is to back-cross the F, individuals to 
others exhibiting both recessive characters. For example, 
an F, long-winged grey male (VB)(vb) is mated to a double 
recessive female, black vestigial (vb)(vb), when only two 
types of offspring- arc produced, long-winged greys and black 
vestigial, in equal numbers. The characters long-winged 
and grey remain together as do the characters black and 
vestigial. 

Or 

F, f,O)'",.Whll"··! O()llj,j" 

~r~'Y 

Lc,n;,;-wln;:;t'!fl 
){f"Y 

::.(1 l~~r ('HIt. 

Bla,'k 
1,..;,ti!-'inJ 

~)JfflrCI'JJt. 

FIG. 29.--Linkagc: lhck-crot,<:. 

F J c (VB){vb) 
" . 

Gametes (VIl) (vb) 
(VIl)(vb) 

Long-winged grey 
50 per cent. 

Ivb)(vb) \' 
/ 

(vb) (vb) 
(vb)(vb) 

Vestigial black 
50 per cent. 

FR, 

Gametes 
FR,!' 
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The sym boIs FR, and FR, may be used to indicate the 
back-cross of the heterozygous 1', individual to the recessive 
and the of (,pring of this mating respectively. Similarly 
F]), and FD, can be used to indicate the back-cross to the 
dominant. 

In this particular instance F, actually is equivalent to 
FR" but usually these generations differ-rf. DR x DR and 
DR x RR. 

I n the case of dihybrid in which the characters are 
not linked, the result of back-crossing an F, ci with a 
double recessive :? is the production of four sorts of 
individuals in equal numbers. Take the case of vestigial 
grey and long-winged ebony mating in which there is 
free assortment-

J,II)ng.winged 
grey 

25 pel' cent. 

Vestigial gT~ly. 

Long.wingl"d 
l.loony 

26 per L'eDt. 

lJOllg.wlnged euouy. 

Vestigial 
grey 

25 p6f cent. 

Vestigial 
ebony 

25 per CtlIIt. 

FIG. 30.-Free assortment. Ba('k-cross. 



Or 
P, 
F , 

c' 
VE Ve 

\"'vEc 
long,winged 

gn~y 

z; pcr ,t'nt. 

LINKAGE 

, VVee 
\"\' Ee 

\'vEf' 
vE vt." 

Vvee 
long-winbcd 

ebony 
:::; per cent. 

vvEe 
vestigial 

grey 
25 per cent. 

10; 

1\ 
F, 

B<lck·noss FRI 
Gametes, 

v\""ee 
vesti..:ial 

ebony 
25 per cent. 

FR. 

Such a ratio in FR, is regarded as evidence that the 
genes for the characters ·concerned are resident in different 
chromosomes. 

The members of another large group of characters exhibit 
linkage relations with each other and with pi"k ~J'e-c%ul' and 
the genes for these arc placed upon tbe cbromosome II I, 
the top left-hand pair of large curved autosomes of the con
ventional diagram. For example, a pink-eyed grey is mated 
to a red-eyed ebony and the 1', consists solely of red-eyed 
greys and when these are interbred the F, consists of pink
eyed greys, red-eyed greys, and rcd.cy(!u ebonies in the 
proportion of 1: 2: I, but no double recessive, pink ebony, 
appears. 

The fourth group is smaU, consisting as yet of some five 
characters onl)' and tbeir genes are placed on chromosome 
IV because they arc not sex-linked and sbow no linkage 
with members of either the second and third groups. 

To place any new character in its proper linkage-group 
tbe following procedure may be adopted. Pink-eyed black
bodied flies are crossed with the new mutant: black is in 
the second group, pink in the third, and if the new character 
belongs tu either of these it will fail to show the correspond
ing double recessive forms in Fo. If it is sex-linked this is 
clearly demonstrated from its s~x relations; and if it does 
not belong to groups I, II, and III, by exclusion it must 
belong to group IV. 

Suppose, for example, that" blistered wings" was a new 
mutant character. A normal-winged, black-bodied, pink
eyed fly would be mated to this blistered-winged, grey
bodied, red-eyed novelty. The F, flies would be wild type
normal-winged, grey-bodied, red-eyed; these· tben would 
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be interbred II'hen no blistered black but blistered pink 
flies would appear. The mutant character" blistered" would 
therefore be placed in group I I. 
Let b~' gene fur black body colour. B:c" that for its nonllal allelomorph 

grey body-colour. 
normal allelomorph 

red-eye. 
p pink eye. 

hli-;tcrt."d wing. normal allelomorph 
normal wing. 

(lbhiJ;..,h) pp (bsBi(bsl:) PI' 
nOrill:t1 black pink hli:-tC'red b:rey red 

(Bsb) P I (hsH) I' 
(Hsh)(bsll) PI' 

(Bsb) l' (Bsb)p (bsH/ P 

(Dsb.," :Bsb)(Bsh) PI' :,'gsh)(Ibb) I'l' 
Bormal black. norm;).} black 

red red 

\Bsb)(bsH) PJ' 
normal grey

red 

p , 

F , 
(bsB) I' 

(Bsb'lp , (Ihb)(Bsb) 1'1' ' (llsl»(Bsb) PI' , (Bsb)(bsB) 1'1' , (lbb)(bsB) PP 
: normal black- i normal hlack- : normal grey- I normal grey-
I red I pink I red pink 

I , 
(bsH' p!,{Hsb)(bsH)Pl' :(B~b)(hsH:'Pp 

! normal grey· i normal grey-
red 1 red 

(bsB) II : (llsb)(usB) 1'1' : (BsB)(bsB) pp 
I normal grey- j nom1ai grey-
! red J pink 
I 

(bsll)(bsll) Pp 
blistered grey

red 

No blistered blacks, but blistered pinks; no suggestion 
of sex-linkage; blistered, therefore, is placed in group II. 

This method has now been replaced by another. It is 
accepted that a non-sex-linked recessive mutant character 
gives a 2: 1 : I : 0 ratio in F, with any other recessive of the 
group to which it belongs, and a 9: 3: 3: 1 ratio with any 
character in any other group, But the more satisfactory 
method of testing for linkage is to mate the new recessive 
mutant to a Star Dichaete. These characters are dominants; 
Star is in the second group, Dichaete in the third. The 
F, Star Dichaete males from the mating are then back
crossed to a female exhibiting the new recessive mutation 
(or to an F, female heterozygous for the character). Among 
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their offspring if the mutant character bcl<l11gs to Rroup I I 
!lone of the indidduab which exhibit the character Star will 
POSSCS:-i the new rccc..-sivc, but ()f thllse which exhibit the 
character Dichaetc 50 per cent. "or 25 per cent.) will do so, 
lf the new charactt'r belongs t(! group I I I I then none uf the 
Dichacte individuals will exhibit the new character, whereas 
50 per cent. (or 25 per cent.) of those that are Star wil1. 
Suppose ehony is the new recessive character, the matjn~ 
is an ebony to a Star Dichaete, Ebony shows lillkage with 
the latter: it is placed in grouJl I I L 

:is (cd)(edj x SS (ED)(ED) 
I 

Ss (cd)(ED) x $S (ed)(ed) 
S (cd) ) ( Ss (ed)(cd) Star ebony 
~ (eel) l d. ss (('d)(ed) ebony 
c." ([','ll) J x S (e) t c I'("[») C I)' [ ., ,_,:; \Cl } r~ "tar Ie liletc 
~ ,En) ~~ (cd)(ED) I )ithaetc 

50 pel cent. of rhl' SIan; arc ebony. 

Or) using the hClcrozyg(_)lI~ ebony femaJe-

S (ed: 
" (cd) 
S ,Elf) 
,>(ED 1 

Is 
(s 

:-1s (,ed)(EI» 
f,<; (cd)(ED) 
S5 :ED)(Ed) 
" (Ell)(Erl; 
Ss (t:d)(ed,l 
ss (t'd)(cd) 
Ss (ElJ)(ed) 
S5 (EIJ)(ed) 

~5 per cent. (Jfthe Stars Rre ebony. 

Star Dichaetc 
lJichacte 
Star Didlaelc 
Dickl.cte 
Star ebony 
ebony 
Star Dirhacte 
J)ichaett: 

The phenomenon of linkage was first observed by 
Bateson and Punnett, and to explain the results which 
were observed in their Sweet Peas and l'rimula work a 
theory of Coupling ami Repulsion was developed, This is 
known as the Reduplication Hypo/liesis and was formulated 
before the greater part of the Drosophila work had 
been performed, It does not assume that the factors 
are borne upon the chromosomes, as is postulated by the 
Chromosome Theory of Heredity, nor that segregation 
occurs at the maturation phase of gametogenesis, This 
theory cannot provide interpretations for many of the results 
of the later Drosophila work, whereas the Chromosome 
Theory of Heredity can be applied to the cases previously 
explained by the Reduplication Hypothesis, But the 
theory advanced by Bateson and Punnett constitutes a 
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historic milestone in the advance of genetical science, for it 
was the foundation upon which the Chromosome Theory 
has been built. The Chromosome Theory is capable of 
general application, and though it is clear that the Chromo
some Theory is borne almost entirely by Drosophila, yet 
the evidence derived from the results of this work is such 
that it is unlikely that the theory is far from the truth. It 
may have to be re-expressed ill terms more physiological, it 
is probable that it will be, but not only is it a magnificent 
and inspiring working hypothesis, but it rests on very sure 
foundation. 

C. Eadt (:r~OlC has its OWJt particular Locus IIPOIl a 
j}(lrticular CllrOlll0Sollll'. 

It will be remembered that white-eye colour is a rypical 
sex-linked character; yellow body-colour is another, and 
both characters are recessive to their normal allelomorphs
red-eye and grey body-colour. If a female of a yellow-bodied 
white-eyed strain, (yw X)(yw X), is mated to a wild-type 
male with grey body-colour and red eyes, (YWX)(Y), all 
the females of F, are like their father and the males like 
their mother--criss-cross inheritance. If a female of the F" 
having the constitution (YWX)(ywX), is mated to a male 
exhibiting the two recessi"e characters (ywX) Y (and since 
her brothers have this constitution, the F, individuals in this 
particular case may be interbred), the offspring produced 
will fall into four groups in the following ratio:-

Grey-reds Yellow. whites Grey-whites Yellow-reds 
49'25 per cent. 49'25 per cent. 0'75 per cent. 0-75 per cent. 

It is seen that 98. 5 per cent. of the offspring show the 
normal linkage relation between the eye and the body-colour, 
while in the case of the remaining I· 5 per cent. this linkage 
is broken down-the white-eye of the yellow-white strain 
has crossed over to the greys, and in exchange the red-eye 
of the grey-reds has crossed over to the yellows. The double
recessive white-yellow male parent produced two kinds of 
sperms, (ywX) and Y. Therefore the resulting ratio can 
only be explained on the assumption that the female 
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produced four kinds of eggs in the proportions equal to 
those of the four groups of oi[<pring-

(YWX) (ywX) (YwX) (y\vX) 
49"25 per cent. 49-25 per (('IH. ()'75 per cent. 0-75 per cent. 

The suggestion is that in a certain percentage of cases 
(I. 5 per cent.) there ()ccur~ a1l tXdhlll/;f' {!( dlrOIl/(ltiu aud tht'rr'~ 
fore of gellts /Jdwtt!l tilt' .\"-cltro1ll(JsOlJttS during the matura~ 
tion of the ovum, so that the gene Y becomes associated 
with W, and y with \V. (This Y, the gene for not~ycl1ow, 
must not be confused with the Y-chromosome of the male.) 

The progeny resulting from the union of these ova and 
sperms will he as follows-

2 (\,\vX)(ywX); (YWX)(Y) <) ,;'·c),,",," I NOll. 
¥ (ywX)(ywX) : (yw:\)(\') (~Yellow-white f Cro",,-ovcrs 
9 (YwX)(ywX) ; (YwX)(Y) () Grey·white I . 
? (y\vX)(ywX) : (yWX)(Y) 1, Yellow red J Cros>-over> 

As the sperms carry the genes for the recessive characters 
(the X-bearing), or else no gene at all (the Y-hcaring), the 
characters of the zygote in such a case as this are really 
decided by the genetic constitution of the egg, and the 
kinds of eggs and their percentages determine the groups (If 

individuals and their proportion in the FR, generation-

P l Yellow-white '.? 
F, Grey-red? 

(ywX)(ywX) 
(ywX)(\,WX) 
(ywX)(Y\VX) 

(YWX)(Y) 
(ywX)(Y) 
(ywX)(Y) 

. I 

Grey-red c~ 
Vell()\,,~while <:5 

Yelfow-white d 
(douhl.c reccs-

Fl{1 Grey-red ? 
I 

I I I I I I 
Gametes (ywX) (YWX) (yWX) (YwX) ; (ywX) (Y) 

SIVC) 

49'25% 49'25% 0-75% 0'75% --~-98.s--- -~ ':5- -
Non-crass-over Cross-over 

gametes gamete.'> 

FR, 1JywX)i>:",)()_~;_cl (ywX)(Y) !...D:_~!()ir\V)(L; cl (YWX)(Y) 
49'25 per cent. 49'25 per-cent. --_ - -
Yellow-white Grey-red 

, ~ 
98'5 per cent. Non-cross-overs. 

2 (yWX)(ywX) : cl (yWX)(Y) _L\YwX)(ywX): cl (YwX)(Y) 
0075 per cent. 0-75 per cent.---~-~ 

Yellow-red Gr~e 

1'5 per cent. CToss-overs or 
Re-combination classes. 
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If the genes enter in the reverse combinations, the 
classes of cross-overs are different but Ilze paceN/ages arc 
tltc samc. For example, a grey-white female is mated to a 
yellow-red male. The offspring are grey-white males and 
grey-red females. A female is then mated to a double 
recessive yel1ow~\Vhite male. The FR~ generation consists 
of four groups-

erey"hite Ye1]OWoJTfl Crcy-red \'cl!ow-\\hite 
.+'r~3 per u:nt 4')""23 pel (_e11t. 0'75 per u.'n~. 073pertCllL 

The double rccc;-;:-.h..-c male, } cllow-whitc, has the: constitu~ 

tioll (}'II'X)(Y) and produces t\\'o kinds of sperms (},,,,X), and 
(Y). 'The results in the FR~ generation can be explained 
on the assumption that in 1'5 per cent. of cases during the 
maturation of the ova there occurred an exchange of the 
genes, so that w became associated with )1, instead of V, 
and W with Y instead of y. The F, female then must 
produce four sorts of eggs in definite proportions-

Crey-whitt.: :.-

1', Grey-red (] 

FR.I Grey-red ';: 

\"Y\.\I:\\\"\\:\"' 

<YwX)(y\VX\ 

,YwX)(yW..\:; 
i 

I I I 

(y\YX)iY'i Yellow-red (; 

(YwX)\Y) Crey-white ,j 
Yellow-white 0 

(double rece~· 
i I sive) 

Gamete::. (\\\ X) \y,,"X; (y\\,x) (y\\X) (Y) 

4i)'~r 49'~5 0'75 ~ ~)5'-, 
9')"j }'5; 

Non-crass.-over Cros!:>-ovcr 
gametes gametes 

49.25 per cent. 49'25 per cent. 

~eY-~ite ____ . ____ Y_e_llo_,_v-_re~d 

98·S per cent. Non-crass-overs 

I' (YWX)(ywX) : 6 (YWX)(Y) I' (ywX)(ywX) ; 6 (ywX)(Y) 
0'75 per cent. (}o75 per cent. 

Grey-red Yellow· white 

1'5 per cent. Cross-overs or 
Recombination classes 
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Genes borne by the same chromosome tend to hold 
together. They do 110t huld together because of any innate 
relation between them: thl'Y tend to prt':,cr\'c whatever 
combination.; they han.~. ~ome 100 other characters of the 
first group have beell studieu in this war and for each pair 
there is fuund to be a characteristic mean cross-over value 
(CO.\'.) The C.O.V. between the same loci varies however. 
For example, ill the case of the second chromosome Bridges 
and Morga.n (11)19) found that the percentage (If cfos:-.ing
O\'cr between purple and vestigial ranged from I·R and I i,g ; 
that between purple and 'peck from 39' 5 to 54' I; that 
between streak and curved from 362 to 49'4; that between 
black and purple from 4'9 to 10·0. I n the case of the first 
chromosome, Detlefsen and Roberts (19IS) fuund that in the 
offspring of ()2 unsclectcd pairs of Drosophila a range of from 
TO to ah,)ut 40 per cent. in CO. V. between loci, the average 
for which had been defined as 3~·o. Gowen (1919), tc;;ting 
for crossing·ovcr in the third group, came to the conclusiun 
that this phenomenon is one of the most variabh.:. 

Crossing-over may 110t take place at all j and in ... uch 
cases linkage is said to be complete; or it may be less 
than I per cent. when linkage is strong. It may take place 
in about 50 per cent. of the individuals in an FR. and 
then the results would be indistinguishable from a c~se ill 
which there is free assortment and in which the pairs of 
genes are borne by different chromosomes. But there is a 
characteristic percentage of crossing-over for each two genes 
resident upon one and the same chromosome under the 
same experimental conditions. The method used in such 
a case is to test the characters against others; if each is 
linked with a third then they are linked with each other; 
also if sufficiently large and accurate numbers are raised 
the actual situation will be recognised. 

So far no mechanism by which this dissociation of linked 
characters and recombination in a certain percentage of cases 
could be effected has been discussed. As an explanation it 
is satisfactory as far as it goes, but since the phenomenon 
obviously demands an interchange of chromatin material 
by the members of a pair of homologous chromosomes it 
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is necessary to inquire whether there is any cytological 
basis for this suggestion. It is a fact that, in certain cases, 
it has been actually demonstrated that in certain phases 
of cell-activity the members of each pair of homologous 
chromosomes approach each other and become intertwined 
-conjugate-and then separate again. The idea, that in 
synapsis homologous chromosomes twist about each other 
and in separating tend to break at places where they adhere 
and that in separating and recombining there occurs an 
exchange of chromati n material, was developed by Janssens 
(1909) and has heen seized UpOil by Morgan and applied to 
the interpretation of the results ()[ crossing-over. Actual 

fiG. 31.--TIle Mt'(:hanism of C.v.:;sillg-vvcr. (After '\luller.) 

TiLII tt'latJous or II an,] \', of band ... arc onl} ,11stufood by eIus"jug-on;!r 
at i>oint!! btltWOOll them. 

exchange of material has not been identified, but the con
jugation of the chromosomes affords an opportunity for such 
interchange which would provide a suitable mechanism by 
which crossing-over could be effected. 

For example, the case of crossing-over in black vestigial 
x grey long-winged experiment may be considered. One 
member of the second pair of chromosomes was received 
from the mother, the other [rom the father, and the con
stitution of an F, female with respect to the two characters 
concerned is (BV)(bv). The offspring of her mating with 
a double recessive (bv)(bv) male fall into four classes. Two 
of these correspond to the combinations received by the 
F, female from her parents; the two others are such as 
would be expected if interchange of chromatin material had 
taken place involving portions of the chromosome which 
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bear$ one pair of the genes-,oestigial and long .. winged, Of 

black and grey. The percentage (17 per cent.) indicates that 
the chances arc about 5: I that the combination that goes 
in together will remain linked. 

As to why there is no crossing-over in the male 
Drosophila no explanation has as yet been found It 
might be difficult for an X- and a Y -chromosome to inter
twine and exchange chromatin material on account of 
their dif(erencc in shape. But the autosomes are alike 
in both sexes and there is no appreciable morphological 
bar to crossing-over in the male. Yet in the case of 
the l.nale no crossing-over involving factors lying in the 
second and third groups has been encountered and it 
may be accepted as a working hypothesis that in Drosophila 
none occurs. 

The reader should take care at this stage of the argument 
to see that he visualises clearly all that ;, involved in this 
conception of crossing-over. It is usual to speak of the cross
over percentage betyveen black and vestigial, for example. 
But the process involves two chromosomes and four genes. 
On one member of the second pair of chromosomes are 
located, each in its own particular locus, the genes band 
v; on the other member of the pair of chromosomes the 
genes Band V are located, B in a position exactly equivalent 
to that occupied by b in the other chromosome, V in a 
position exactly equivalent to that of v. Crossing.over 
involves the disruption of the relative positions of both 
pairs of genes, of the BV association and of the bv. A break 
in the continuity of the BV chromosome demands a break 
at an exactly corresponding point on the other chromosome 
of this homologous pair. 

Sturtevant (1915) has identified definite genes on chromo
somes II and II I in Drosopbila which alter the percentage 
of crossing-over in the different regions of the cbromosome. 
A map of the chromosomes constructed from tbe results of 
crossing-over when these genes are present gives different 
distances between the genes but the order of the genes 
is unchanged. (See page Il6.) 

Muller (1916) found one such gene in chromosome III, 
II 
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which when present in the simplex state decreased and in 
the duplex state increased the e.O.V. between loci in this 
chromosome. ~1ureover this gene exerted its maximum 
effects close to the locus in which it was situated, the effects 
diminishing with di:-;tance. 

It has already been stated that the e.O.V. is very vari
able. Detlefsen and Ruberts (1918) were able by selection 
through some ten to twenty generations of Drosophila to 
reduce the e.O.V. of the loci with which they were dealing 
from over 27'0 to 0·6 per cent. in one experiment! to about 
G·o pcr cent. in another, the stock breeding true to the 
new values. \VhL:fCaS selection can reduce the C.O.V. to 
practically nothing, it cannot, in the other direction, raise 
it markedly owing to the complicating effect of double 
crossing -over. 

Bridges (1915) has found that the percentage of crossing
over is increased with sub- and super-optimum temperature 
and diminished with age, and it is likely therefore that 
environmental circumstances may also affect the process. 
Plough (1921) has shown that only the middle portions of 
I I and I I I chromosomes are affected in their crossing-over 
properties by temperature and age. 

It should be recognised that the evidence as to crossing
over derived from an immense amount of data collected 
from breeding experiments with Drosophila is not as yet 
corroborated by any cytological demonstration of actual 
exchange of chromatin material between homologous chromo
somes. But the experimental breeder awaits cytological 
confirmation with a quiet confidence. 

The 11Japping (if tile Chr011l0S0lllfS. ~ If the twisting of 
the members of the pairs of homologous chromosomes is 
taken as evidence of the phenomenon of crossing-over 
and if the genes are strung, as it were, like beads upon 
a string, each gene having its own proper locus upon 
a particular chromosoine, then it follows that the per
centage of crossing-over between any two loci may be 
taken as an indication of the distance between them. If 
the chromosomes are as likely to break, stick, and rejoin 
at one point as at any other along their length, then it 
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foJlows that the: further apart two genes lie in the 
chromosome the greater is the chance of crossing-o\'er 
occurring', and cOlH"crsely, the fIe.trer together genes for 
different characters lie the smaller is the chance of 
crossing-~o\"er between them. Granting this, then.· lies 
here the pc.ssibilitr of constructing a diagrammatic map 
of the chromosomes showing the relativl' po:->itions of 
the different genes borne by each chromo~orne. For 
example, if the genes A, H, and C fonn a linear series 
and if the gene B lies between 1\ and C, then the 
crossing-over percentage between A and B should equal 
the sum of the crossing-o\-er values for A and Band 
Band C. Using the crossing-over \"allics as the basis 
for comparing the proximity of the genes illtt'Y Sf, it is 
possible to construct a map of the chromosomes from 
which predictable inferences can be drawn and verified 
The conception of the localisation of the genes in 
linear alignment is due to the pecllliar differences 
between the percentage .A crossing-over between {;cncs 
of the same linkage gruup. The relation of three Qf 

more points to each other is a relation of linear order 
and cannot be represented in space in any other manner 
than by a series of points arranged in a line. 

Yellow 

\Vhitc "5'5 CO.V. 

Echinu~ 
/ 

First, the linkage group of a character is determined 
and then cross-over experiments are carried out in order 
to place the gene in its own particular locus. For 
example, in the first linkage group, yellow body-colour 
and white eye-colour give a cross-over value of I· 5 per 
cent Another eye character, echinus, gives 5'5 per cent 
of crossing-over with yellow. The first chromosome can 
be represented by a straight line divided into units-
ems., inches, or of whatever size is regarded as convenient. 
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Morgan has taken I per cent. crossing-over as the unit 
for expressing linkage relations. Expressed in such units 
-commonly known as morgans-the first chromosome has 
a length of 70, the second 107, the third 106, the fourth 
I respectively, and these figures correspond fairly well to the 
known relative sizes of the chromosomes when compared 
with each other in metaphase plates. I n order to locate 
cchinus in the first chromosome, a horizontal stroke is made 
cutting the line which represents the chromosome - this 
stroke marks the locus of yellow at 0·0 (zero); another 
horizontal mark, 1'5 units distant from the yellow, indicates 
the locus of white. The situation of echinus cannot be 
determined until the cross-over percentage with white is 
found, for otherwise it is not known whether echinus lies 
" North" or "South" of yellow. It is found that cross-over 
percentage with white is 4. Thus, echinus is 4 morgans 
distant from white and 5'5 units distant from yellow, i.e., it 
lies on the same side of yellow as does white. 

Another sex-linked character, ruby-eye colour, gives 
i', per cent. of recombination classes with ),ellow. If it 
lies to the "North" or left of yellow then with white it 
should give 9-0 per cent. of cross-overs, if to the" South" 
or right then 6 per cent. Breeding experiments show the 
latter figure to be the true one and the gene for ruby can 
be marked on the map. Theoretically, echinus should give 
2 per cent. of crossing-over with ruby and 4 per cent. with 
white-it is possible to predict these results. This 
relation of the genes one to another is as that of pointso,; 

in a line and so force is given to the conception that>l< 
the chromosomes are to be regarded as linear arrange
ments of genes. 

When the loci or a number of genes in a given group 
have been plotted accurately, with a new gene it is only 
necessary to determine tbe linkage relation with any two 
of the already plotted genes in order to determine its locus 
and to be able to predict its linkage value with any other 
melll,bers of the group. 

in further explanation, the table on page 118 giving some 
of the characters in group II I may be consulted. 
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FIG. 3%.-The Chromosome Map of Drosophila nultlnogaJter. 
(After Morgan and Bridges.) 
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('h,uartcr. Symbul. f.fKU ..... Effens mainly 
. __ -_._ 

Roughoid. ru 0'0 Eye-texture. 
Star·intensifler. s-i 10'0 Star-eye. 
Smudge . SIll 15'0 Eye-texture. 

, Benign II! be III 25'0 Tumour-growth. 
Sepia 5e 26'0 Eye-colour. 
Hairy h 26'0 Extra hairs. 
l)ivergent UV 32'0 \Ving-posture. 
Cre;"tlU III cr III 34.0 Eye-colour. 
})ichaete II 3°·5 \\'ing-bristles. 
Lethal IIlf I lilf 39'! Life. 
Tilt tt 40 "2 \Ving-posture. 
Scarlet st 4 2 '0 Eye-colour. 
Ascute 43'5 Scutellum. 
Pink. p 45-0 Eye·colour. 
Curled 46.0 \\'ing-cun·ature. 
Smudge Sill 46.5 Eye-texture. 
Deformed. LJf 47'5 Eye-shape. 
Peach pP • 8·0 Eye-colour . 
Dwarf dw 51.0 Body-size. 
\Varped wp 52•0 \Ving. 
Spineless 55 54,0 Bristle-size. 
Bithorax bx 50 Thorax segmentation. 
Two-bristles ob 58'3 Bristle-number. 
Glass gl 59.0 Eye-colour and texture. 
Stripe 62·0 I Thorax pattern. 
Delta ~ 63'; Venation. 
Hairless H 6;'5 Bristles. 
Ebonv 67") Body-colour. 
Sooty' e' 7CY7 IJ l) 

\Vhite ocelli wp 72·0 Ocellar-colour. 
Cardinal cd 75'7 Eye~colour. 

Lethal lIla lilla 83.0 Life. 
Rough , rp 86'5 Eye~texture. 

Pointed wing Pw 90.0 : Venation, 
Beaded Bd 93,8 : \Ving~margin. 
Claret ca 9;·5 i ~~:~f~_l~~:: Minute f Mf 105,0 
Minute g Mg 106·2 

In describing a fly with more than one mutant character, 
if all these characters belong to one and the same group then 
they are mentioned in the order of their position in relation 
to the North end (0.0) of the chromosome-so, roughoid, 
hairy, bithorax; if the characters belong to different groups 
those of group I precede those of group II, and so on, 

A mutant character may be based on more than one 
gene and in this case all the genes concernerl are given the 
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same name, but Roman numerals are employed to distinguish 
them-so, olive, olive (II), olive (1111. 

In the case of two distinct mutant characters which are 
indistinguishable (mimics) their genes arc distinguished by 
the addition of letters - so, sarrauin (chromosome 111); 
safran in b (chromosome I I). 

A glance at the map of the chromosomes of /),."sopl/l'l" 
meianogastt'1- shows that some genes an: located over 100 units 
of distance apart. The cross-over percentage between such 
has been obtained by the estimation of the cross-over 
percentage between each of these with several others lying 
between them. 1 t is of importance to note that until each 
chromosome is more or less completely mapped, 
it is possible to get a number of linked characters 
in excess of the number of chromosome pairs. 

For example, the characters corresponding to 
the genes A and B show linkage as do those 
corresponding to C and D, but until the genes E 
and F have been located A and II would appear 
to segregate independently of C and D, and not 
until the interrelation of A, B, E, F, C, D had c 
been demonstrated would the fact that all these 0 

genes are resident upon one and the same chromo- FII;, 33. 

some, ,:e., that all the corresponding characters 
are included in one and the same linkage group, be 
recognised. 

If sticking, tearing, and reunion is possible at one point, 
it can happen at two or more and a double crOss-over at two 
levels in the same linked series at the same time, until 
recognised as such would seem to contradict the conclusion 
that the factors are arranged in a linear series. But by 
marking intermediate points between the extreme ones all 
double cross-overs can be recognised and the distance 
corrected for them. 

Tbe hypothesis of linear arrangement of the genes has 
received considerable support from what Morgan had called a 
three-point experiment, i.e_, one involving three different 
loci in one and the same chromosome. For example, white 
has its locus at 1'0, miniature (wing-form) at- ,6-0. and Bar 
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(eye pattern) at 5i'0 on chromosome l. Actual data show 
that white and miniature give 33'2 per cent. of cross
overs, and miniatur~ and Bar 2(}5 per cent; 33'2 + 20'5 

per cent. = 53'7 per cent., and, therefore, theoretically, the 
percentage of crossing-over between white and Bar should 
equal ;3-i. whereas in reality it is 43-6 per cent., i.e., [0,[ 

per cent. short of the calculated value. 

A B c 
w w w w 

M M 

FIG. H.-A Three-point Experiment. (Aft~r Morgan.) 

A female heterozygous for these three characters has the 
constitution (wmBX)(WMbX) and lays eggs of the following 
sorts-

A 

~\VMbX 
i 
I 

I 

\ 
N on-cross- over 

gametes 

B c 
wMbX \VmllX ~'WM'i3X 

I I 

I I 
1_-1-_1 
Single crOSs-oYer 

gametes 

D 
,--'--., 
wMBX WmbX 
(the relation of 
wand B, and 

of \V and b, is 
unchanged) 

1 
Double cross
over gametes 

J t is the double crossing-over that accounts for the low 
percentage of crossing-over between white and Bar as 
compared with the sum.of the crossing-over values given 
by white and miniature, and miniature and Bar. Experi
mental results when analysed indicate that in the instance 
of white-miniature-Bar double crossing-over occurs in I(} I 

per cent. of cases. Since double crossing-over of this type 
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(D) does not involve a rearrangement of the loci Wand b, 
the actual crossing-over between white and Bar obtained by 
experiment will fall shott of the calculated value 53'7 per 
cent. by 10·1 per cent. and will equal 43·6 per cent. In 
Drosophila it seems that the occurrence of multiple crossing
over prevents a CO.V. of much more than 50. 

Breeding experiments have demonstrated that though 
theoretically crossing-over might affect isolated genes here 
and there along the chromosome, actually it usually takes 
the form of exchange of large corresponding sections of the 
chromosomes. Muller (1916) made up a stock in which 
the females carried twelve sex-linked characters: from one 
parent they received the genes for yellow body-colour (Y), 
white eye-colour (w), Abnormal abdomen (A), bifid wings (bi), 
vermilion eye-colour (v), miniature wings (m), sable body
colour (5), rudimentary wings (r), forked spines (f), and 
from the other parent the genes for the nonnal allelomorphs 
of all these characters (normal abdomen, a; not-bifid, Bi; 
not~miniatureJ M; not~sable, S, etc.)·and also the factors fur 
cherry eye-colour (w'), club wings (el), and Bar eye (ll). 
Their constitution, therefore, was as follo\ .... s:-

(ywAbiClvffisrfbX)(Yw'alliclVMSRFBX). 

Crossing-over in 712 individuals was found to be as 
follows:-

Non-cr{}.fs·ov~r 

Single cross¥over:

yellow and white . 
white and Abnormal 
Abnormal and bifid 
bifid and club 
club and vermilion 
vennilion and miniature . 
miniature and sable 
sable and rudimentary . 
rudimentary and forked 
forked and Bar . 

15 
44 
97 
16 
37 
66 

5 
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/)ouble cross-O'lJer:-
Y -W CI-\' 
Y - \\ ~l- S 
Y , .. W S -R 
Y-W R-F 
\\'-A CI- V 
\V -"A R - F 
A -- B; CI -,- \. 
A ~ Bi S -R 
ll; CI 1>1·-S 
!<; -CI S R 
(I \' V --~T 
CI - \' S - R 
Cl \- J{ - F 
CI -- \' f - Tl 

30 

There was no crossing-over in 54-4 per cent. of cases, 
single crossing-over in 4 I-I per cent., and double crossing. 
over in 4'2 per cent. No example of triple crossing-over 
was observed. The values agree satisfactorily with those 
calculated from the three-point experiments involving the 
genes ,V, M, and B in this chromosome. The occurrence 
of double cross-overs supplies considerable evidence of the 
section as opposed to the single-factor exchange, 

illtnjercllCt' is a consequence of the sectional mode of 
interchange of chromatic material between homologous 
chromosomes. The term is used to designate the observed 
fact that when crossing-over occurs at any given point along 
the chromosome, the regions on either side of the point are 
protected from coincident crossing-over, since there can be 
no close twisting or possibility of breaking near by the first 
point The phenomenon of interference provides additional 
force to the conception of the linear arrangement of the 
genes. Interference decreases with increase of distance. 

The theory that the chromosomes constitute the material 
basis of inheritance, has received strong support from the 
study of certain unusual genetical phenomena, 

The chromosome mechanism is sufficient to explain the 
processes of segregation and recombination, but in order to 
demonstrate that there is a specific relation between chromo
some and character it is necessary almost to extirpate a 
chromosome and obtain, as a consequence, an absence of 
the character, the gene for which is resident upon that 
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chromosome. This operation has not yet b"cn performed 
by an experimental biologist, but Drosophila with a single 
IV chromosome Or containing three instead of two have 
been identified by Bridges (1921). A fly with but a single 
IV is a small pale individual which has a dark trident, small 
slender bristles and which hatches late. The wings arc 
blunt and but slightly spread and' the eyes arc large and 
rounded. Such a strain is known as "Diminished Bristles." 
Such a female wili produce two kinds of mature eggs; those 
with and those without the IV chromosome. The egr,' with 
the single I V is normal, but the one without, if fertilised by 
a sperm carrying a gene for a recessive character on the IV 
results in an individual which will exhibit this recessive 
character of the father. A male with but one I V chromosome 
produces two kinds of sperm, one with a I V and one withollt. 
Mated to a normal ? the results will be equivalent to those 
above. A male and a female each possessinr, only one IV 
when mated might be expected to produce some off.<;pring 
(25 per cenL) without a IV. None ,uch appear, however, 
and ratio, ,how that they die. 

U Diminished" d is mated to (, Eyeless" 9 (~-the gene 
for eyeless is resident on the IV chromosome and the character 
is recessive. The male produces two kinds of sperm-those 
with a IV and those without. All the eggs contain a IV and 
upon it is resident the gene for the character eyeless. Two 
kinds of offspri"g result-" diminished" with but one IV 
chromosome, and since these received that from the eyeless 
mother, these flies will exhibit the recessive character; whilst 
the others will be normal·looking l1ies though heterozygous 
for the eyeless character. It is seen that when II diminished" 
is mated to a stock exhibiting a recessive character, the gene 
for which is resident upon the IV, the recessive character 
behaves as though it were a dominant. 

Individuals with three IV chromosomes were also dis
covered by Bridges and are dark with a faint trident, long 
bristles, small smooth eyes and long narrow wings. 

Such a triploid IV individual produces two sorts of 
gametes, those with two IV's and those with one, and when, 
for example, such a triplex individual is mated to an eyeless, 
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half the offspring will be triploid lV's, and when two such are 
interbred to produce an F" the ratio will not be 3 : I. As 
a matter of fact, it is something like 26: I which is the 
expectation for such a chromosome situation. In back
crosses the F 1 flies give a 5: 1 and not a I: 1 ratio. 

NORMAL EYED 
(triploId J ... ' 
/'" 

x 

·L.-··----:>·· 
•• 0 

_/.;-? T~\<:~"-
////// / ~ ~,~ 

EYELESS 
(reces'5ive) 

00 
i 

0 ~Mete5 

i 
I 

.C) F( 

_// ! ' '. • .0 .0 . .. '0 ':lamete. 

I I ' ' i Jo ec.;o eoo .0 .. 0 C{) FR2 
~~~~~~~~~~~~/~ 

...._~.,,~5 ~~_R~AL ~Y_~D .// I, E_YE_bESS 

~ "-'..\ I 

o 9~m.tes 

0
1
0 

EYELESS 

FIG. 35.-Baek-cross of Triploid IV. (Afi~r Morgan.) 

New phenotypes and genotypes in Drosophila can result 
from alterations involving a single locus in a chromosome; 
a whole chromosome, as is seen in chromosome elimination 
or duplication, or the whole chromosome group as is seen in 
cases of triploidy; and from a mutation that involves a 
section of a particular chromosome as is seen from the 
work of Bridges (1917) and of Mohr, in which i~ ;s shown 
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that the loss or inactivation of all entire definite measurable 
section results in a definite modification in characterisation. 
The Y-chromosomc of the male mar be structurally perfect 
but physiologically inactive in Drosl>phila--an instance of 
jnactivation deficiencv, i\S a result of sectional inactivation 
of a chromosome, let"hal effects, suppression of crossing-over 
and false dominance of included recessive genes arc seen 
in breeding experiments. 

Mohr (1923) has investigated the case of a new mutation, 
called Notch 8, in the X-chromosome which affects not a 
locus but a dennite and measurable scction of the chromo
some near the left (N orth) end which includes the loci of white 
(recessive) facet (recessive) and Abnormal Abdomen (partially 
dominant). These loci arc situated 1'5,2'7 and ± 4'5 units 
of distance from rellow. He found that in the heterozygous 
female white and facet, in spite of the fact that they arc: reces
sives, were exhibited, and concluded that the section of the 
other X-chromosome from non-\vhitc to Il(m~facet had, as a 
result of a mutatio!1, become inactivated, and lost the normal 
action of the contained genetical materials. The loci in other 
parts of the X-chromosome were unaffected and only this 
length of about 4'7 units was involved. The framework of 
the chromosome is affected as well as the genes, for crossing
over is entirely suppressed within the abnormal section. Mohr 
made the interesting observation that the genes in that 
section of the other X-chromosome, which in its mate was 
physiologically inactive, are exaggerated in their effect. 

In explanation of sectional deficiency two possibilities 
present themselves, (I) a simultaneous mutation involving 
a series of adjacent loci or (2) a physical loss or complete 
physiological inactivation of a section. The latter is regarded 
as being the more reasonable. These cases provide strong 
evidence for the correctness of the theory of the linear order 
of the genes and of the reality of the chromosome maps. 

Evidence from a different source provides not only proof 
of the r(lle of the chromosomes in inheritance but also 
demonstrates very clearly the continuity of the chromosomes 
through successive cell generations. Different genera of sea
urchin have been hybridised by Herbst (1909), Baltzer (1910), 
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and others. When the eggs of Sph<erechinus were fertilised 
with sperms of Strongylocentrotus, the free·swimming larv", 
or plutei inherited both paternal and maternal characters; 
when the reciprocal cross was made the plutei displayed the 
characters almost exclusively of the mother. On cytological 
examination Baltzer found that in the latter case a curious 
a.nomaly occurs in the first few segmentation divisions for 
most of the chromosomes contributed by the sperm were 
thrown off thL: spinule and left behind when the claughtcr
nuclei reformed, so that the purely maternal type of inherit
ance as contrasted with the hi-parental type in the first 
cross is associated with the elimination of the chromosomes 
contributed b\' the father. 

Federle), i ]()13), working on thc "chocolate tip" moth 
Pyg<era, found that the chromosome_<; of certain species of this 
genus differ both in size and number, and that when crosses 
are made the hybrids display an abnormal number which can 
be identified as paternal or maternal in origin. The haploid 
number in P. curtu/a is 29, in P. alltldwrtta 30. The 
spermatogonia of thc hybrid have 59, but in the spcrmato
cytes very fc\v chromosomes pair; they divide equationally 
in both divisions with the result that the mature gametes 
contain (about) 59. If thc F, is back·crossed to the parental 
anachoreta, the spermatogonia of the offspring possess (nearly) 
89 chromosomes. In its spermatocytes the two sets of ana
choreta chromosomes pair so that on the spindle of the first 
spermatocytes there are about 30 (bivalent) anachoreta 
chromosomes and about 29 curtula. The mature gamete will 
therefore contain nearly 59 chromosomes as did those of the F" 

Corresponding with these cytological facts Federley found 
that the F, individuals exhibited both curtula and anachoreta 
characters, and that in the back-crosses there was no char
acter segregation, the individuals having the same character
isation as the Fl' Since all the gametes of the back-crosses 
contain both curtula and anachoreta chromosomes, it would 
be expected that no segregation of characters would occur if 
the factors for these characters are borne on the chromo
somes. Analogous conclusions were derived by Doncaster 
and Harrison (1914) from their study of other motl, hybrids. 
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As yet no one knows exactly what a "gelle n is. The 
factor in the i...;crm-plasm~ the gene in the chromosome, is 
recognised by its effects during the development of the 
individual; the character is the end¥proouct of a long chain 
of developmental stages involving interaction between the 
cells and their external environment, the outer world, and 
their internal ellvironment, the prodllct.s of activity of other 
cells, including thl' internal secretions or hormones, which 
recent work has shown to play ;;0 important a r61e in 
co~ordinating the sequence of ontogenetic events, The 
absence of an essential ingredient in the external environ
ment will profoundly modify the character of the individual, 
hence genetic experiment must always be conducted under 
standardised external conditiuns, while the part played by 
the" internal environment II illustrates how the absence of 
one gene may profoundly affect the manifestation of another. 
Thus the Mexican Salamander, a geographical race of 
AlIlblystomll tigrillum, is characterised by a hereditary 
endocrine defiCiency which prevents the adult characters 
from appearing, though the potency of thyroid extract to 
induce metamorphosis shows that the Axolotl actually 
possesses the hereditary antecedents of the anatomical 
figuration characteristic of the adults of related races of 
the same species. The expression of the action of a gene 
is influenced by the remainder of the genotype. 

Lethal Etfects.- In Drosophila there is a gene" eyeless" 
situated in the fourth linkage group, which produces a 
condition of rudimentary eyes or even their complete 
absence. However, a fly without eyes can live. But if there 

121 
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is a gene which in its expression produces a non-functional 
condition of a vital organ then such individuals cannot live. 

Yellow mice produce smaller litters than mice of other 
colours and Oil the average in these litters there are 
2 yellows to I grey. Yellow mice will not breed 
true but always throw a proportion of grey offspring. 
The ratio 2: I suggests that there is another 1 missing 
-the homozygous yellow. and that the ratio actually is 
[ hom,ozygous yellow I 2 heterozygous yellows, I grey, 
though for some reason the homozygous yellow is never 
seen. If a pregnant yellow mouse js dissected, early 
degenerate embryos will be found in addition to those 
which arc normally developing. I t can be accepted 
that the degenerate zygotes are the homozygous yellow 
individuals, and thal linked with each gene for yellow is a 
letha! jador which in its expression produces a non-viable 
embryo probably because some vital organ or tissue therein 
is either profoundly imperfect or absent. Death occurs at 
too early a stage of development for the condition to be 
identified. 

Fl (YL)(; (YL)G 

F. ,YL)(YL) (YL)G (YL)G GG 
(dies) '-,--' 

Yellow Yellow (;rey 

The duplex condition of the lethal factor causes death 
during early development, a simplex condition does not. 
Greys are ordinarr recessives, and on interbreeding give 
nothing but greys. Yellow X grey will give half yellows, 
half greys, and litters of the ordinary mouse size. There 
is weighty reason for suspecting that lethals somewhat 
similar in their action to this are a common cause of 
embryonic death in the domesticated animals. There would 
appear to be Olle in the white cat for this habitually produces 
smaller litters than coloured cats. 

Dunn (1923) has demonstrated the action of a lethal 
factor in the fowl and has shown that this is either closely 
or completely linked with the factor which in its action 
determines the difference between coloured ane recessive 
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white plumage colour. lIe m~ltcd a Pit-Game cock of 
unknown origin ',vith a \Vhite \\'yanduttt: hell and got 
a coloured FI The F:: consisted of 105 colourf:tl~ alld 
33 whites. The difft'rcncc bet\n~cn the characters coloured 
and reccs"j\,c white plumage i~ that of a single (actor, 
Pit Game is CC: \\·hitc Wranduttc cc. Thl" F, males 
were mated with their mother and yielded S I coloureds and 
29 whites. although c'lual numbers of the two phenotypes 
were expected. The deficiency of ,,,'hites in this generatioTl 

was found to be due to abnormal ratios in the progeny of 
two of the F, cockerels. Olle of these actllally gave 
19 coloureds and :) whites, a ~ : I ratio when mated with 
his mother, yet when mated with his sisters he gave 
a normal ratio of Ii coloureds: 5 whiles. The next 
season he was used in the folluwing matings and the 
results obtained were as under:-

~. Phl.'/lntYl'e. -

: C(JI'Jurcd. \\"hitt·, Culol!rt:d. \\'iJitl'. 

1 }aughter Cc IS 23 '7·3 5'7 
Half-!:ii:.ter Cc 2\) 34 25'5 0'5 
~iece cc '" 20 10'0 lu-O 

Mother 8 27 1)'; 13'5 
Aunt 8 25 12'5 12'; 

" 3 1'5 1'5 
Cousin '4 7·0 7'0 

.1 1'5 '·5 
,8 C)"U 9'0 

In the last six matings there is a considerable departure 
from the expected ratios; in fact the ratios obtained 
resemble a 2: 1 rather than a I: 1. The inference is 
that the individuals which are carrying some factor in the 
duplex state are missing, that a differential mortality is 
responsible for the absence of certain of the genotypes. 
The facts can be accommodated by the following scheme. 
The original mating was (CL)(CL) x (cL)(cl); the white 
Wyandotte carrying a recessive lethal gene I in the simplex 

f 
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condition. The F, individuals would then be (CL)(cL) or 
(CL)(eI). The mating of the F, males of the genotype 
(CL)(eI) with the mother CcL)(cI) would yield the following 
genotypes (CL)(cL), (eL)(eI), (cL)(d) and (eI)(cl). Of these 
the last is non-viable, so that a ratio 2 coloureds: 1 white 
is produced. 

From this work it emerges that if in a (( pure" stock 
there is a high mortality of embryos early in incubation, 
if there is a low mortality when this stock is out-crossed, 
and if certain of the back-crosses of F, individuals, produced 
by such an out-cross to the parent stock which exhibited 
the high mortality, show a high mortality, then the presence 
of a lethal factor is to be suspected. 

Little (1920) has found that in the case of the 
mouse there is a factor intimately associated with that 
for white coat colour, which when present in the duplex 
condition behaves as a lethal. Jones (1922) has recorded 
what seems to be a similar case in the cat. He had. 
noted that the primary sex-ratio in cats was distinctly 
higher than the secondary, and had interpreted the 
difference as evidence of selective degeneration in a pro
portion of the f",tuses. He then noted that the number 
of degenerating fcetuses in the case of the white female 
was greater than that in the non-white, and suggests that 
in some white female cats a lethal action of some sort is 
operative when the factor for white is present even in the 
simplex condition. 

I n Drosophila, Morgan has identified a considerable 
number of lethal factors which in their action lead to more '. 
or less profound disturbance of the expected phenotypic 
ratios. Many of these lethals are resident in the X-chromo
some. One, lethal III, is placed about the point 26'5. and 
since it is in the X-chromosome, the XY male cannot also 
possess the factor for its normal allelomorph. If a white
eyed female with this .gene lethal I II (I.) in a simplex 
condition is crossed with. a red-eyed male with the gene 
for the allelomorphic normal condition, all the daughters 
will be red-eyed, but only half will possess the normal L. 
in the duplex condition-
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1', (wl"X)(wL,X) (WL,\" 

F, (\\'L,X)(wl,X: (wt,X)Y \.wf'.IX /(\\·LsX) (wLJX)\' 

Rcd~eyed 'I \\'hlttH'yed r! Red-eyed ~ \\"h\te~ey( .. d 0 
I" in simple:>. with I;) Li in duplex with L.I 

~tate '>tate 

The female duplex fur L3 when mated to their brothers 
with L3 produce an Ft consisting of the following classes: 
I red ~ J I red :3, I white ? I white d, or 1 female to 
I male, which is unremarkable. The female simplex for 
I, mated to her brother with L" produces an F, including 
4 red 9 ~) 3 red d: 0 ) 4 white 1 Q) I white ~~) i.e.) 7 reds to 
5 whites in every 12, or 2 females to I male in every 3. The 
absence of I male in this ratio gives the clue to the lethal 
factor involved. A male with I" (the lethal) perishes not 
only in F, but also in F,. There were thus no (wlaX)Y 
males in F

" 
all the males had the constitution (wLaX)Y. 

Lethal III (I,,) is distant 25 units from W. so that 25 pcr 
cent. of cross~over gametes can be expected. Any crossing-
over in the female duplex for L, will not affect the result, 
for every male will receive from his mother the X-chromo
some carrying L3, but the females of F1 with the constitution 
(wl.X)(WL,X) will produce four sorts of gametes in the 
following proportions-

(wl,X) 

The zygotes in the F2 will then be as follow:-

7 ¥ 
(wl,X.(wL3X) 
(WL,X)(wL,X) 

1 (wL,X)(wL,X) 
1 (Wl:~X)(wL3X) 

\Vhite 
Red 
White 
Red 

ci,! 
(wl"X)" 
(WL,X~\, 

(wL,X;Y 
(Wl."XjY 

4 white ¥ ~, I white 0, 4 red '/ i), 3 red d 0 
and8~~:4c!ci 

2 : I 

\\"hite (tiie) 

Red 
\\'hite 
Red (dies) 

(7 reds: 5 whites) 

Here, then, is one cause of a profoundly disturbed sex
ratio and of an unusually small litter. 

The lethals in the X-chromosome are numbered I,. 12 , I, 
and so on, in the order of their discovery; lethals on the 
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autosomes are referred to as I IIa, I lIb, I lIe, I IlIa, I IIlb 
and so on, the Roman numerals indicating the particular 
chromosome concerm·d, and the small Jetter the order of 
their disco\'ery. 

Silllilar hl/rds prodllcrd bj' ])i(1<'r<ll1 (;wrs_-Sable, black, 
and ebony body colour in Drosophila arc indbtinguishable 
to the inexperienced eye. Yet breeding experiments show 
that the), bclnl1g to difkrent linkage groups and arc situated 
on Chromosomes I, If, and III respectively_ Black X sable 
produces the \\'jId type g-rcy body colour ill FJo Su do the 
rnatings black and ebony ur cbony and sable. "How II wings 
(I) and "are JJ (II) both yield a \\"ing character in which the 
\\'ings are curved downwards oYer the abdomen. Fringed 
(II) and Spread (II [) both gi,·c thin textured wings held 
out nearly at right angles to the body_ 

Til,. "lImit/old FiFds of" ,"-i'(,(/r CClh'.-It is not to be 
imagined for a moment that the action of a gene determines 
the exhibition of its corresponding character and that alone. 
1\ gene, judged by its effects, often visibly affects several 
widely different structures of the body, For example, the 
gene for ,< rudimentary" \vings is identified by its effect 
upon the characterisation of the wings but further inspection 
of stich a stock will elicit the fact that it produces other 
constant effects-the hinel limbs are shorter than those of 
the wild-type fly, the females are almost completely sterile 
and the viability of the stock is comparatively low. Since 
the females arc sterile, the culture has to be maintained by 
using heterozygous individuals. If this is true in the case 
of the yisible characters there is c,-ery rcason to hold that 
it is true also of the physiological characters_ Fecundity 
and wing-pattern arc both affected by the action of one 
and the same gene. There is no such thing as a "unit" 
character sellsu stri[to, but it is convenient to refer to a 
gene in terms of its most obvious effect. This matter 
bears upon the group characters of the systematist. Such 
characters in themselves are often insignificant and seem 
insufficient to separate group from group_ But regarded 
from the Mendelian point of view, it is possible that the 
group characters are really only the most obvious effects 
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of the vari(lus genes posses:'Ocd by the differcllt groups 
and that the group differt'nc('~ which really matter are the 
othC'fS, probably ph~'"inl(lf:ical rather than morphological ill 
nature. the effects of which arc not seen and han' not yet 
been measured. 

1 ~dri(l!i;'!I.-Hjol()i!i<,t~ up till Tl'(('1)t1y have H'icd the term 
Ii variation "tu include all phcllotypic diffcn.:ncesdL-,tin~~tl i:-.hillg 
the g-encratiollS, and ,;incl' flO tWI) h:cm:rati(lns afC absolutely 
alike it seemed tn them that heredity and \'ariatiOll were 
but two aspects of a single pr{)ces-.:, co·cxtellsi\'c tllle with 
the other. It i=-, !lO\\' known that heredity and variati()11 
arc two fundamentally distinct proulein.:;, It is also recognised 
that the differences between parent <1no offspring arc not 
necessarily genetic variations, for the characters of an 
individual arc the end-prod\lcts of a long series of reactions 
into which environmental forces enter at ever), stage. Varia~ 

tion is of two kinds: (J) genetic, and (2'! that which is due 
to the conditioning of genetic action i 'y environmental forces. 

GtJldi( J~(11"i(l/;(I1l.-1n addition to the \'ariatioll which 
follows from the presence ill the genotype of modifying and 
multiple factors there is also genetic difference based on 
the duplex and the simplex states of a gene. \Nhcn a pair 
of alternative characters is concerned complete dominance 
is often the rule. In Drosophila it is usual for the normal 
allelomorph to show dominance OVer the mutant character 
and as will be remembered every character of the culinary 
pea investigated by Mendel fell readily into the dominant 
or recessive class. But though even on fairly close examina
tion it would appear that dominance is complete, there are 
reasons for believing that in most, if not in all, cases the 
completeness of dominance is more apparent than real, that 
in most cases there is a difference in the expression of a 
character in an individual which carries the gene for the 
dominant character in the duplex state and one with that 
gene in the simplex state. In Drosophila the long-winged 
condition is dominant to miniature wings, but Lutz (1913) 

• has demonstrated that if accurate measurements are made 
it is possible to distinguish between homozygous and 
heterozygous long-winged individuals. 
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I n many cases the F j individuals exhibit a condition 
which has every appearance of being exactly intermediate 
between the characters of the parental forms, as in the case 
of the Blue Anc!alusian. Bateson and Saunders (1902) first 
suggested that the blue was probably a heterozygote of 
black and splashed-white and in 1905-6 Bateson and Punnett 
tested this suggestion by extensive breeding experiments, 
finally concluding that the suggestion was a correct one. 
The case was further investigated by Goldschmidt, the 
Hagedoorns, and more recently by Lippincott, and these 
investigators were led to the conclusion that it was not 
one of simple homozygosis and heterozygosis, but that 
the blue was a dihybrid. 

Lippincott (1918) points out that the 1 ; 2 : 1 ratio in the 
F, of a black X splashed-white mating can be regarded as 
compounded of two 3: 1 ratios involving linkage. The 
blue is like the black in that both are self-coloured birds, 
and resembles the splashed-white, in that the pigment is 
restricted to certain parts of the feather and takes the form 
of rounded granules as opposed to the rod-shaped granules 
of the black variety. 

Pigment NOT 
JU!:;T"ICTEV in 
Barbuie-celb: 

Pigment 
RFSTRICTEll in 
Barhulc:-cells : 

Pigment 
RESTl\ICTED in 
Barbule-cclb: 

L\TENlJEll FXTENTlEfi NOT EXTENDED 
through Plumage. lhrollgh PJumllge. through Plumage. 

Phenotype Black Blue Blue-splashed White 

Ratio for Restriction I 

Ratio {or Extension 

He postulates two linked factors, R, which arranges and 
restricts the pigment in the feather structure so that 
it gives a bluish-grey appearance, and E, which extends 
the pigment present to all the feathers of the body, both 
of these acting in the presence of P, the factor producing 
black pigment. 

The black has the constitution PP(rE)(rE), the splashed
white PP(Re)(Re) and the blue will therefore be PP(Re)(rE). 
Blue mated to blue will give the I :2: 1 ratio, 50,1 PP(rE)(rE): 
2 pp(rE)(Re): 1 PP(Re)(Re). 
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On the assumption that the recessive white varieties of 
fowls are homozygous for the factors E ane! p, p being the 
recessive allelomorph of P, the factor ncccssar}' for the 
production of black pigment in the fcathers, Lippincott 
explains the results of the mating of the Andalusian with 
such genotypes as the following:-

Blue-splashed Anda.
lusian 6 

PP(Re)(Re) 

x \Vhite \Vyandotte or 
\Vhitc Plymouth 
Rock ~ ~ 

pp(rE)(rE) 

White \Vyandotte or x Blue~splashed And'}" 
lusian 9 2 

PP(Re)(Re) 
\Vhite Plymouth 
Rock 6 

pp(rE)(rE) 

Per eClit. 

100 Blues 
I'p(Re)(rE) 

JOO " 

l'N cent. 

(l Blacks 

o 

Blue Andalu~ian 1-
PP(Re;(rE) 

x \Vhite \Vyandottc or 50" 50" 
\Vhite Plymollth Pp(Re)(rE) Pp(rE)(rE) 
Rock 9 >' 

pp(rE)(rE) 

White \Vyandotte or x Blue Andalusian ':( ? 
White Plymouth 
Rock 6 

Black Andalusian d 
PP(rE)(rE) 

x Vlhite Wyandotte or 
\Vhite Plymouth 
Rock>' >' 

White Wyandotte or x Black Andalusian ):I ~ 
\Vhite Plymouth 
Rock d 

50 )l 50 

o " 100 " 
Pp(rE)(rE) 

o " 100 

Reciprocal crosses of White Wyandottes and White 
Plymouth Rocks give only whites, and it is reasonable 
therefore to hold that the recessive white of both breeds 
is due to the same factor p in a duplex condition, since there 
is no evidence of recombination. It was found that the 
recessive White Rocks carried pattern-factors as cryptomeres, 
hidden because in the absence of P they had nothing on 
which to aet. They possessed the sex-linked pattern factor 
for barring, and all pigmented offspring by a White Plymouth 
Rock cock and Blue Andalusian hens exhibit at hatching the 
occipital spot which indicates the presence of the barring 
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factor. Th~ progeny of a White Wyandotte cross frequently 
show Wyandotte lacing, evidence of the derivation of the 
\Nhite from the Silver-laced Wyandotte, and the presence 
of the factors for lacing in the P-Iacking white. 

Further experimentation showed that as far as the factors 
under discussion were concerned, the Black Langshan was 
identical with the Black Andalusian, being l'P(rE)(rE) and 
that the Blue Orpil1gtol1 was identical with the Blue 
i\ndaillsian, being l'p(Re)(rE). 

Occasionally Blue Leghorns appear in flocks of pure-bred 
\Vhitcs. Lippincott investigated the breeding behaviour of 
two such and the writer has recently confirmed his results 
in the case of three others. 

The white of the White Leghorn is a dominant white, 
and the White Leghorn is a pigment-possessing bird, but 
owing to the action of an inhibiting factor, called I by 
Hadley (1915), this pigment does not become expressed. 
The constitution of the White Leghorn as far as plumage 
colour is concerned is IIPP(rE)(rE), the formula for the 
black uf the Black Andalusian plus this iuhibiting factor. 

\\'hite Leghorn 0 
IIl'P\rE)~rE) 

Blue Andalusian 0 
iiPP(Re)(rE) 

x Blue Leghorn ~ 
iiPP(Re)(rE) 

\Vhite Plymouth x 
Rock d 

iipp(rE)(rE) 
or "'hite \Vyandotte 

Black Andalusian (~ x 
iiPP(rE)(rE) 

nlue-~plashed 

Black, Blue. White. White. 

25 pcr 5') per 2; per 
cent. cent. cent. 

50 per 50 per 
cent. cent. 

50 per 50 per 
cent. cent. 

roo per 
cent. 

The mutual relations of the factors Rand E are such that 
they are never found together in the same gamete. Rand E 
are therefore either allelomorphic, occupying identical loci 
on homologous chromosomes, or each is linked so closely 
to the recessive allelomorph of the other CRe) and CrE), 
that crossing~over rarely, jf ever, occurs. No evidence of 
crossing-over has presented itself, but the case is very similar 



SEx-nnlORPHISlII AND HO:\{()ZYGOSIS 137 

to that of Castle';; (191:-;) black rats which, 011 being interhrecl, 
invariably yickkd white:-;, blacks, and rcd~cyl'd yellows in tht~ 
ratio of I : 2 ; !. E\·idl..!IlCC of cro:-.sing-l"I\'cf would be sllpplkd 
by the appearance of a tflw-hrcedillg blut' in t1ll' cast.' of the 
fowl, of a true-breeding black in the case of the rat. It 
should bl~ noted that breeders claim ttl have produced a 
true-breeding hlue f(,\yl. Ibsen and lhlllll collaborated with 
Castle in his work, and Dunn (1920) reported the occurrence 
of uct\\..·ccn I and 2 per cent of cro:-.s-ovcrs. I Jl the Case 

of the fowl if as a f('sult of crossing-over bdv .. 'cen H-<: anti 
rE, gametes with the constitution RE were produced there 
would be great possibilities of producing a true-breeding 
Blue Andalusian. But it may be that in the fowl there arc 
genes like those discovered by Sturtcvant on the I I Chromo
some of Drosophila which almost completely inhibit crossing-
over in the regions adjacent to their own loci. 

lt is impossible to speak with any certainty as to the 
origin of the Blue Leghorns which occasionally appear in 
a l)tlfc,brcd white flock. It scellls possihle that two White 
Leghorns, each with the factor I in the simplex condition and 
one possessing the factor R arc mated by chance, and out 
of this mating, lil'l'(rEJ(rE; X liI'P(RerrE), iiI'P(Re)(rE) 
birds could result. Thb is mere conjecture, but the breeding 
results indicate that this is the constitution of these Blue 
Leghorns. 

In other instances the Fi characterisation is intt:r
mediate, but the degree of expression of the character 
is very variable, ranging from nearly the condition present 
in one parent to that in the other. Bar ere is a typical 
example of this. The F j of a normal X bar· eyed mating 
consist entirely of individual, with bar eyes. The males 
are as bar-eyed as the 1', bar-eyed, the females vary from 
very nearly round eye to typical bar-

P, 
F, 

(BX)(BX) 
(BX)(bX) 

x (bX)Y 
(IlX)(Y) 

The male of F» with respect to the genes concerned, has 
the same genetic constitution as a male of a pure bar-eyed 
race, whereas the F, female is different from homozygous 
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bar-eyed females. The eye character of such will be the end 
result of the competitive interaction of the genes Band b 
within a particular environment-the fly (a certain genotype 
during development)-and so the expression of this character 
is variable. A" black" (bb) fly is much darker than the wild 
type grey-bodied fly (BB), but the F, grey (Bb) is a shade 

~~ ... ".- .J.'. ~~'. 
Wil,! tn,!' ~ 

I -;;::" 

Fj(~. 3fi.- -Bar. (. ljto' Morgan.) 

darker than the BD. An ebony fly (ee) is again much 
darker than the wild fly (EE) and the heterozygous 
individual (Ee) is a shade darker than the EE. When a 
black fly is mated to an ebony, the F, individuals are 
slightly darker than the parental forms, and in F, there is 
a series ranging from individuals darker than either the black 
or cbony forms to the wild grey, so-

bbEE x BEee P, 
I 

EbEe x BbEe F, 
I 

BBEE BBEe BbEE BeEe bbEE BBee bbEe Bbee bbee F, 

grey slightly slightly slightly still darker still darker very 
dark dark darker dark 

Dominance is not complete and every group, each with its 
own mode, overlaps its neighbours. The body colour further 
varies with the age of the individual. 

I n addition to these two genes band e there are many 
others which produce a dark body-colour so that if in a 
breeding experiment each of these had not been investigated 
and identified previously, the results would not be interpret
able and would seem to fall outside the Mendelian scheme. 
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A small variability in F, and a greater variability in F" 
indicate the presence and action of man)' genes producin~ 
similar or apparently similar effects. This, as has been seen, 
applies particularly to quantitative characters such as size 
and length, hut it must not be forgotten that in the case 
of qualitative characters there may be differenc,"s which 
cannot be appreciated by the c)'e. Delicate shades of 
colour differences may not be identified, for the eye is not 
so accurate a gauge as the calipers or the balance. 

Gl'1It'li((z! .r1rtion flnd E.rtrrnal Fm,ir(l1llllt'l1t.-The degree 
of expression of genetical action may be conditioned by 
external environmental circumstances. It is a matter of 
common obsen'ation that locality has an important influence 
on animals with regard to the expression of their genotypes. 
The fleece, the size, the flavour of a sheep of one and the 
same breed differ markedly according to the climatic con
ditions, and with different food and soil and exercise. It 
is no uncommon thing for a litter of pigs to be born com
pletely hairle". The pigs are (,f normal weight and size, 
they arc carried the full gestation period and arc born alive 
only to die within a short time. The condition is the result 
of hypofunctioning of the maternal thyroid gland and is 
prevented and cured by the administration of iodine and 
green food. The thyroid of the fretal pigs is likewise in a 
state of hypofunctioning and in consequence the hair is not 
developed-the chqracter is not expressed until the thyroid 
deficiency is made good. This deficiency is not genetic in 
origin, it is the result of faulty feeding of penned-up animals 
that cannot choose their food for themselves. 

The expression of the gene for abnormal abdomen in 
Drosophila depends upon the amount of moisture in the 
food. When the food is moist the abnormal abdomen is 
exhibited and under these conditions abnormal abdomen X 
normal gives the expected ratio. With dry food the 
abnormal abdomen character is not expressed; with moist 
food flies carrying this factor produce offspring with abnormal 
abdomen; those without it do not. Reduplication of legs 
or parts of legs is another instance of environmental 
conditioning of factorial expression, as has been shown by 
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Ho~e (1~)l5). Stocks carryin~ the factor for this crossed 
with normal flies produce, when kept at a temperature below 
1 o'~ c.) offspring obeying the 11cndelian scheme, but at 
ordinary temperature the condition is not expressed and 
its moue of inheritance is obscured. In hot climates there 
would be no c\'idcncc that the factor for this recessive 
character was being: transmitted regularly. 

Age can influence the degree of expression of a character. 
For example, in Drosophila a young pink-eyed rly can 
readily be distinguished from a purple~cyed, but as the 
individuals age the eye-colour of uoth becomes a dark 
purpJe shade and the two can nu longer be distinguished. 
Newly-hatched black-bodied flies are indistinguishable from 
the normal grey wild-type since the body pigmentation is 
not developed at this time. 

In certain cases although two principal genes, affecting 
one and the same structure and not being resident in one 
and the same locus, are present, the character based upon 
one of these only is exhibited. For example, a fly with 
the genes for both white and pink, or with the genes for 
both white and purple, has white eyes. The character white 
is cpistalie, to pink and to purple, which are il),/,ostati, in 
relation to white. 

It is important to recognise the distinction between 
dominance and epistasis; between hypostasis and recessivity. 
Dominance and recessivity are terms applied to the behaviour 
of alternati,·e characters based upon genes which occupy 
one and the same loclls on a particular chromosome. 
For example, in Drosophila not-white is the dominant and 
white is the recessive of one particular pair of allelo
morphic characters and this [act is recorded by the use of 
the symbols Wand \\' in the representation of their genes. 
The characters white and purple on the other hand do not 
constitute an allelomorphic pair; each is a member of a 
different pair, not-white and white, not-purple and purple, 
and the relationship of white and purple is very different from 
that of the members of the not-white and white or of not
purple and purple pairs. The action of the gene w prevents 
the manifestation of the action of the gene p when both 
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are present in the same genotype and to express this fact 
the term epistatic is applied to the bchadour of the gene w, 
h),po::>tatic to that of tht· gene p. The difference bct\\'ccn 
dominance and epistasi!) is made clear in the F:::. If in the 
1'1 a white~eyed male is ma.ted to a wild-type. in the F;! 
there will be 3 v,dld-type to I white-cye in evcry -+ on the 
average, or if a wild-type is mated with a purplc-eyt . .'d 
fly, in F, there will be 3 wild-type to each purple-eyed. 
But if a white-cyed male is mated to a purple-eyed female 
the F, males will have the constitution l'p(\VX)Y and the 
females Pp(\\' X)(wX) and all will have the wild-type eye
colour, and if thc.se arc interbred in the F .. there wi11 be ill 
every 16 on the average, 9 wild-type, 4- \;'hitc.cycd aJld 3 
purple, so-· 

PP(\YX')I:\VX) \\'tld·type 
l'P(WX:Y 
l'p(\\"X.I, \vX) 
Pp,:\\'X"Y 
I:l'(\r~/\\"X) 
Ip:\\Xj\ .' 
pp(\\'Xi:WX> ]'urplc 
pp~WX)Y 

PP(\VX_), wXj \\'ild-lypc 
1'}l.' ..... X)\' \\'hite 
l'p(\VX)(\\ X) \\'ild-typc 
l'pr:w.x,,v \\'hite 
I'p:,\\'X),'wX) \\'ild-typc 
pp\wX)\, \Vhite 
pp(\\,Xj(wX; Purple 
pp(wX)\' \Vhitc 

This is rcally a ~; 3 ; 3 ; I ratio, save that in the case of 
the double recessive the white is epistatic in relation to 
purple and so the individual will have white eyes. 

The effect of the synchronous presence of epistatic and 
hypostatic characters in other sorts of matings can be 
indicated as follows;-

(I) Two dominants-A is the factor for a dominant 
character of one allelomorphic pair, B that for the dominant 
of another. The character based on 13 is epistatic in relation 
to that based on A. 

P, 
F, 

F, 

AAbb x aaBll 
AaBb 

(exhibit the epistatic chara{ tcr i 
I AABn I aaBB I AAbh 
2 AABb 2 .aBb 2 Aabb 
3 AaBB 
4 AaBb 
~ 

12 

Exhibit epistatic 
character 

3 
Exhibit 

hypostatic 
character 

aabb 

1 
Exhibits 
neither 

character 
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(2) One character is the dominant of a pair, the other 
the recessive of another pair. The character based on B 
is epistatic to that based on a. 

P, 
F, 

aabb x AABB 
AaBb 

(exhibit the epistatic character) 
F, AAllE "aBB AAbh aabh 

AAHb aaBb Aabh 
Aabb 
AaBb 

12 

Exhihit epistatic 
character 

c 
Exhibit 
neither 

character 

J 

Exhibits 
hypostatic 
character 

(3) Each of the (wo characters is the recessive of a 
different pair. The character based 011 b is epistatic to that 
based 011 a. 

F 

aaBB x AAbb 
Aallb 

(exhibit neither character) 
AAllU AAbb aabb 
AABb Aabb 
AallB 
AaBb 

9 
Exhibit 
neither 

~--.--
4 

Exhibit epistatic 
character 

aaUn 
aaBb 

3 
Exhibit 

hypostatic 
character 

It is seen that the F, characterisation is not a true indica
tion of the exact relation of the characters concerned. The 
character which is expressed may be either the dominant 
member of an allelomorphic pair or it may be epistatic to 
another which further breeding will show to be not its 
corresponding recessive. To raise an Fl is not sufficient in 
character analysis. 

ltfultiple Alle!omorphs.-It has been suggested that the 
difference between allelomorphic characters is an outward 
expression of a difference in a particular chromosome at a 
particular locus and that tlUs difference is possibly chemical 
in nature. A certain sort of change in the chromatin at a 
particular point of the X-chromosome of Drosophila results 
in the production of white-eye instead of the red-eye. 
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White-eye is associated with a change in the chromatin 
at a point 1'5 units of distance from yellow. A white-eyed 
male mated to a red·cycd female produces a red-eyed 
F I , and in the F, there arc 3 red-eyed and I white-eyed 
individuals in every 4. Red is dominant to white; white 
is a recessive mutant character. Later, in a culture of 
white~eyed flies an individual with eosin coloured eyes 
appeared. An eosin-eyed male mated to a red-eyed female 
gives a red-eyed F 1, and in the F~ 3 reds to 1 eosin; eosin 
is a recessive mutant character allelomorphic to red, as 
was also white. Later, there appeared flies with eye-colours 
cherry, tinged, blood, buff, coral, ivory, apricot, ecru, and in 
each case their eye-colours were allelomorphic to red. 

l( a white-eyed male is mated with an eosin-eyed 
female, in F, there arc 3 eosills to every I white. Eosin 
and white arc allelomorphs, just as are whitc and red and 
eosin and red. 

The linkage value of \'lhite and yellow is 1· 5, i.e" crossing
over between white and yellow occurs about once in a 
hundred times. Eosin gives the same linkage value with 
yellow and so do also cherry, tinged, blood, buff, apricot 
ivory, ecru, and coral. \Vhite-eye gives 44 per cent of 
crossing-over with bar; so do all the others. The genes 
for white (w), eosin (w'), cherry (w'), ecru (Wi'), tinged (w') 
blood (wb), buff (wbu), apricot (wa), ivory (WI), and coral (w··) 
must therefore either occupy one and the same locus or else 
lie so extremely close together that they show complete 
linkage about this point If they occupy one and the same 
locus then one and only one of them can be present in the 
same chromosome at the same time. \Vhite-eye occurred 
in a red-eyed culture; so did cherry, and if the genes for 
white and for cherry occupy different loci a cherry-eyed 
individual possesses the normal allelomorph of the white
eye and the white-eye that of the cherry. A cherry-eyed 
individual would tben have the constitution (Ww·X)(Ww'X) 
or (WW<X)(Y), whereas a white-eyed individual would be 
(wWCX)(wW'X) or (wW·X)(Y). Consequently, on crossing 
they should provide a combination of genes the action of which 
would result in the production of red-eye (Ww'X)(wWcX). 
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But if the gene for cherry-eye occupies the same locus as 
that for white-and this is equivalent tv saying that the 
mutation which produced cherry and the mutation which 
produced white occurred in the same locus-then cherry 
mated with white should not proeluce a reel-e),ed F,. As 
a matter of fact, such a mating produces an F] in \vhich the 
females have an eyc-c(Jlour intermediate between cherry and 
white, and the ma1es have cherry eyes) so--

1'1 Cherry'J ,W"S,II'X, ,,\\XJ';Y) \\-hite i_~ 

1-'1 C!H'rry-whitc S' ':;\ ~\\'(.\ ," ,II X:' (\\(:\;(y) Cherry r'~i.~ 

Similarly in the case of eusin and whitc-

1') EO!:iin ~ (w"X)(w'X) x ~wX) Y) \\-hite 

F J Eosin-white ¥ 'J \\1,," X)(wX> : (w"X)CY) Eosin (; J 

The eye-colours eosin, ivory, apricot, and cherry supply 
a reasonable explanation of certain forms of sexual 
dimorphism. In the case of animals it is not uncommon 
for the sexes to be strikingly distinct. The theory of 
sexual selection endeavours to explain the origin and 
perpetuation of the distinctive characters of the two sexes 
by suggesting that individuals of the one sex preferentially 
mated with individuals of the other which exhibited 
certain characters to a marked degree and so tlirouglz time 
the sexes diverged. But as is seen in the case of cherry 
and eosin eye-colours, a striking difference may become 
established as a result of a single mutation. Many of the 
distinguishing sex characters may be explained in this way 
-homozygosis and heterozygosis resulting from the XX 
and XY constitutions. 

\Vhite-eye appeared in a red-eyed culture, eosin appeared 
in a white-eyed culture. Eosin, therefore, might be looked 
upon as the result of 1\vo consecutive mutations affecting 
neighbouring and completely linked loci. If it is held that 
cherry and white are completely linked, then they must each 
differ from red by the same gene, but they are not alike, so 
that, according to this vie\v, .one of them must differ from 
red by still another gene, and since each arose from red it 
follows that one of them has arisen by a simultancuus muta-
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tion in two loci completely linked an,l affecting the same 
chromosome. 

An interpretation alternative to that of complete linkage, 
and far more reasonable, is that of ,1ru/II/,/" .1IIt/''''lUl'/,ilS. 
A certain change in the organisation uf the chromatin at 
1·5 units qf distance from zero on Chromosome I resulted 
in the production of the character white eye~colour. The 
condition in this locus is now represented as w as opposed to 
that in the wild-type fly \V. Another sort of change in this 
localised area of chromatin resulted in the production (If 
eosin eye-colour; another in cherry. another in tinged, 
another in blood, another in buff; others in ivory. apricot, 
and ecru respectivcly, and yet anothcr in coral. Red (W), 
white (w), cherry (w'), eosin (w',), tinged (WI), blood (wi'), 
buff (WI",), ecru (we), apricot (wa), ivory (WI), and coral (w"'), 
constitute a multiple system of 10 allelomorphs all due to 
different states of the same area of chromatin, and su all 
affecting the same character. If so many changes arc 
possible, there is no reason why ntUYJl or rC7..'(T5(' mutation 
should not occur. Eosin arose from white; white in turn 
should arise from eosin; it has done so on several occasions. 
Morgan has suggested that perhaps the chromosomes may 
be regarded as a chain of chemically complex substance, 
(proteins), and that any rearrangement of what may be 
compared to the atoms in the molecule might well produce 
a modification in the character which stands in relation to 
that particular area of the chromosome in which this change 
has occurred. I t is of interest to note that it has been 
observed in Drosophila that certain loci undergo mutation 
more than others and that this is shown not only by the 
recurrence of the same mutant character but also in the 
occurrence of multiple allelomorphs. 

A quadruple system of allelomorphs has been identified 
in the mouse-the grey, the white-bellied, the yellow, and 
the black; in the rabbit there is a triple system consisting 
of the Himalayan, the albino and the self-coloured. 

The wild fly has a red eye-colour and tbe genetical require
ment for tbis consists in the" normal" state of the chromatin 
at more than one locus on more tban one chromosome. A 

1< 
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change in the state of the chromatin in one of these many 
loci will result in an alteration of the eye-colour. The 
white-buff series is at point 1'5, vermilion is at point 
33.0 on Chromosome I; on Chromosome II at point 40'0 
is the locus for purple; at point 25.0 on Chromosome III is 
the locus for pink, and so on. In fact, Morgan states that 
at least 25 genes are known to be concerned with eye-colour 
in Drosophila mc!anogaster. The wild-type eye-colour is to 
be represented by a formula which symbolises not-white, 
not-vermilion! not-purple, not-pink, etc., which thus indicates 
that in none of the loci concerned \\'ith eye-colour has a 
change from the normal occurred. A change in one locus 
throws the whole eye-colour system out of gear; a mutant 
character will appear. A purple-eyed fly is one in which a 
change in the chromatin has occurred at one situation; a 
pink-eyed is one in which the change occurred at another, 
and so on. A normal-eyed fly might thus be represented by 
the following chromosome map-

II JII IV 
\V Not-white-buff. Vol 
V Not-vermilion . V Pk 
P N at.purple P 
Pk = Nat-pink, and so on. 

Or by the formuJre-
I' (WVX)(WVX) PP PkPk. 
J (WVX)Y PP PkPk. 

A purple-eyed is similar save that P is replaced by p; a 
pink-eyed fly has Pk replaced by pk, so-

W W 
V n V ~ 

p 
(WVX)(WVX)pp PkPk 

P 
(WVX)(WVX)PP pkpk 

The mating of purple with pink can be shown thus-
W W 
v n v ~ 

p 

i.e. PI' PkPk 

Not-purple and purple. 
Not-Dink and oink. 

P 

x PP pkpk 
I . 

PI' Pkpk = Wlld.type. 
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The F J individuals are heterozygou, for both characters 
and, as a result of the competitive balancing action of the 
genes P and p. Pk and pk, the flies show red eye-colour. 
The wild-type cye-colour b exhibited by the F, of a mating 
jn which the parent$. differ one from the other in this way 
-where two different loci on the same or on different 
chromosomes arc concerned. But when the mating is 
between individuals showing mutant characters depending 
on differences in the same locus (multiple allelomorphs), 
the red eyc-colour is nut produced in F, but a colour 
intermediate between those of the parents. 

Mutation in a certain locus implies nothing more than 
a change in the state of the chromatin in this particular 
situation. As to the exact nature of such a change it is 
idle as yet to speculate. Mutation is rare; the ~:enc "wild
type" and" mutant" is exceedingly stablc. It is of interest 
to note that certain loci are more prone to mutation than 
others and that mutation is not restricted to any particular 
phase of the individual's life history. It is also to be 
noted that mutation yielding a comparatively slight altera
tion in characterisation is more common than that which 
leads to profouncl change therein. I t is probable that 
the most common mutations of all are those which yield 
end-results so insignificant that they are not observed; 
unsuspected "Iethals" are possibly the commonest of all 
mutations. 

When mutation occurs it is usually restricted to one 
locus. .Muller has shown, however, that a mutation in one 
and the same locus does not always lead to the same result. 
In Drosophila a mutation in a certain locus may result in a 
shortened wing, an eruption on the thorax, in a lethal effect 
or in any combination of these. But the effect of the 
mutation is preferential, it occurs more often in some 
directions than in others, though this tendency itself may 
become changed as a result of another mutation. A mutant 
character is usually recessive and in Drosophila is commonly 
deleterious in its action, being "retrogressive" rather than 
progressive. In Drosophila also it is found that any com
bination of recessive characters (morphological) is almost 
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invariably associated with a disadvantageous physiological 
characterisation. 

A mutation may be ga1JlL'tic, i.e., it may occur predous 
to the maturation of the gamete, \vhen, unless the chromo
some concerned passes into the polar body in the case of 
the ovum, its effects may be profound and patent upon the 
entire development of the individual. If the mutation is 
gametic, then obviously it must enter the zygote from onc 
parent only, and if it is a recessive mutation the corre
sponding character will not appear until some subsequent 
generation when two individuals simplex in respect of it 
chance to mate . 

./\. mutation may be ::_.'t'g()ti(J i.t., it may occur immediately 
after fertilisation and, in these circumstances, its effects will 
be exhibited by the developing individual. 

A mutation may be sOlllatic, i.e., it may occur in a cell 
in the body of an organism. The germ-cells are not affected, 
but one individual somatic cell and the tissues having their 
origin in this particular cell will exhibit the mutant character. 
It is in this fashion that bud variations, chimeras and the 
like arise. 

A study of the circumstances in which a mutant form 
appears will indicate the origin and the time of the actual 
mutation. If but one mutant appcars in a culture then it 
can be assumed that the mutation occurred in the late stages 
of oogenesis, for otherwise there must have been more than 
one mutant. If a mutation results in the production of a 
gene which in its reactions conditions a recessive character, 
which is linked to a lethal, the character may not be exhibited 
for a long time after the occurrence of the mutation, for not 
until crossing-over has occurred and has separated the genes 
for the recessive and lethal characters will the recessive be 
seen, since all individuals homozygous for the linked lethal 
will perish and in the heterozygous condition it will not be 
observed. 

Parallel mutations - mutations occurring in different 
germ-plasms but yielding the same character-are fairly 
common. Many such have already been examined in the 
different species of Drosophila. In the case m- the domesti-
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cated animals, the polled cOlldition has b(,t"n rccorded in 
horned race:-; of cank, sheep. and deer; ~hnrt~l(,.·ggedtl(.'ss in 
the horse, cattle, sheep, dogs, anti the f(1wl: taill("SSrH.~5S in 
the horse, sheep. pig, dog, cat, and fowl; syndaclylisrn. in 
cattle and swine; polydactylism in the horst", cat tIc. sheep, 
deer, pig. dog, cat, guinea-pig, and fowl; i\ngora hair in 
cattle, sheep, goat, cat, rabbit, and mouse; both rabbits and 
guinea-pigs present the same series of coat-colour varieties. 

The critics of the gene maintain that the overwhelming 
majority of Mendelian mutations have arisen under the 
unhealthy circumstances of domestication and are patho
logical in nature. They refute the suggestion that the 
gene is "a vital unit which controls energy, material, and 
pattern and out of which definite form develops," and regard 
it as the measure of the amount of pathological damage 
which the hereditary substance has undergone. It is true 
that our prescnt-day knowledge of hereditary tran~missi(Jn 
in the case of Drosophila is founded on the behaviour of 
characters, ver), mar.y of which may be regarded as distinctly 
pathological, but actually it is the hereditary transmission 
of norlllal characters which has been studied by contrasting 
normal with .• pathological," and in any case the prominence 
of the abnormal is due to the fact that the unusual is more 
readily observed. "The geneticist knows that opposed to 
each defect-producing element in the germ-plasm tbere is a 
normal partner of that element which we call its allelomorph. 
We cannot study the inheritance of one member of such a 
pair of genes without at the same time studying the other. 
Hence, whatever we learn about those hereditary elements 
that stand for defects, we learn just as much about the 
normal partners of those elements. I n a word, heredity is 
not confined to a study of the shuffling of those genes that 
produce abnormal forms, but is equally concerned with what 
is going on when normal genes are redistributed. This 
method of pitting one gene against the other furnishes the 
only kind of information relating to heredity about which 
we have precise knowledge." Each mutant gene implies a 
normal allelomorph and the latter exerts the same type of 
action as the former as is shown by the multiple· allelomorphic 
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series. There are great numbers of Mendelian characters 
which cannot be regarded as pathological; and, after all, 
the normal is but the characterisation of the average, 
and pathology includes both the harmful and the unusual. 
The unusual is abnormal though it is not necessarily 
deleterious. 

Tile Br<,riIlK of Gelletic Tilfory upon tlie Spfcies Problem.
Among the mutations, met with in Drosophila there are 
several so profouno that the new forms exhibit characters 
sufficient to remove their exhibitors from the species in 
which Drosophila is placed by the systematist. Since the 
mutations in Drosophila produce characters in some cases 
as striking as those which mark off species from species, it 
is inevitable that the possible bearing of the Drosophila 
work upon the problem of evolution should be discussed 
discretely. II \Vingless," "eyeless/' "reduplicated-legs" are 
instances of such recessive characters; '" Bar" an instance 
of a dominant. " Tan" (body-colour) flies differ from the 
wild-type in that they are negatively heliotropic. "Tan" is 
a sex-linked character, and if a "tan" female is mated to 
a wild-type male all the sons are tan and all the daughters 
grey. But if such an F, culture is disturbed, all the females 
fly to the light and all the males do not. (Here, incidentally, 
is a method of picking up a physiological character by means 
of a visible morphological one.) These characters may not 
constitute the sort of variations upon which the advance of 
a race may have been made, but at least they do illustrate 
the extent of variation. 

The evolution theory is a hypothesis which seeks to 
interpret the facts of the progressive differentiation of living 
types as they have spread over the earth during the ages 
in terms of the ordinary phenomena of reproduction. This 
being so, the theory must stand or fall according to the 
adequacy or otherwise of the reproductive mechanism to 
account for the genetic. discontinuity that exists among 
living organisms. Presentcday knowledge of the Mendelian 
inheritance can explain the persistence and accumulation 
of structural differences of accepted evolutionary significance 
without any appeal to such agencies as geograp!tical isolation 
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or even to natural selection. It is known that new typ~s do 
arise, and having arisen l persist in virtue of the integrity and 
segregation of hereditary factors, unless they are incapable 
of surviving. There is a considerable amount of evidence 
also which justifies the view that the characters which dis
tinguish the breeding-units-the species in the Linn",an 
sense-are also inherited in a manner compatible with the 
chromosome hypothesis, a$ will be seen when the question 
of the sex-ratio and of fecundity are discussed. The final 
justification of the evolutionary hypothesis will be found 
when under experimental conditions intersterile mutant 
forms appear in a stock and when (he nature of mutations 
has heen laid bare. 

Natural selection is the appraiser of new characters and 
the eliminator of the possessors of the undesirable, but in 
itself it does not produce anything new. The evolution of 
a race depends upon the appearance of new characters and 
the modification of the old, and for advance or for regression 
new characters mu.t appear and must be transmitted to 
succeeding generations. 

Bateson (1914) pOinted out that it was desirable to 
consider the trend of genetical thought in that there 
were suggestions which went to ,how that evolution had 
occurred through the loss of inhibiting factors-that the 
living organism in the beginning had been equipped with 
the factors for all characters that can ever become exhibited 
.by any of the descendant species and that characters became 
expressed as the steady Joss of inhibiting factors proceeded. 
It is not so difficult to accept the view of evolution through 
factorial loss as to accept that which demands the acquisition 
offactors during phylogeny-evolution through factorial gain. 
But neither view is so satisfactory as that suggested by the 
work of Morgan and his school, for it is not difficult to accept 
the idea of a plastic organisation within a highly complex 
biochemical unit. 

An apparently insignificant variation in the matter of 
external and morphological characters can be associated 
with a variation in the phYSiological characters sufficient to 
constitute a real "life and death" difference 'twixt the 
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mutant form and the ancestral stock. Evolution need not 
have been a "war to the knife" with the survival of the 
fittest and the extirpation of the weak, but it may have 
been a gentle process during which mutations modified 
the old through incorporation into the race. Evolution 
need not have been a gradual process of morphological 
transformation of the old into the new in response to the 
impress of exercise or environment; it can have been a 
process by which a new characterisation has arisen through 
independent germinal alterations. 

The fcather of the bird is not necessarily the modified 
scale of a reptile but may be a distinctly different 
characterisation based upon an entirely different genotype. 
A certain genotype results in a certain characterisation
scales; mutation - alteration - in this genotype results 
in a new genotype and thus leads to another character
isation. The old genotype is transformed into the new 
but the old characterisation is not transformed, it dis
appears and is replaced. Scales and feathers are not 
homologous structures - homology attempts to establish a 
similarity in origin and nature of structures seemingly 
different and is based on the assumption that during the 
course of evolution structures have undergone transformation 
yet remain fundamentally the same. In fact this concep
tion of homologous structures cannot be accommodated by 
the chromosome hypothesis until it can be experimentally 
demonstrated that the genes themselves can pass through 
a process of gradual modification. 

It is a far cry from Drosophila to the mammal, but such 
characters of wild animals as have been examined by the 
methods of the geneticist conform in their behaviour in 
inheritance to those so well understood in the case of the 
fruit-fly. Frances Pitt (1921), for example, found that in the 
case of the polecat X ferret cross the F, individuals exhibited 
the general appearance· and temperament of the polecat 
while the characters of the skull were as those of the ferret. 
M'Arthur (1923) states that the mating pure silver fox X red 
fox gives an F, of an intermediate coat-colour (patchy) 
and that the F, consist of I red, 2 patchy and I silver 
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in every 4 on the average. Silver x patchy gives 50 per 
cent. silver and 50 per cent. patchy. In the case of the 
silver there arc <:;cyeral factors concerned a.nd it is known 
that pale silver is incompletely dnminant to dark silver. 
The coat.colonrs of the skunk obey the Mendelian scheme 
in their mode of inheritance. Black, seal.brown, striped, 
white and albino coat-colours arC known. Genetics has 
its applications in the new industry of fur-farmin~. If in 
the wild a mutation occurs, a new character can appear. 
There is no bar to the appearance of new characters which 
are useless to the individual. The origin of mutations 
which obey the Mendelian scheme of inheritance has no 
relation to the question of the evolutionary value of 
characters already in existence even though these also 
are inherited in a typically Mendelian fashion. If the 
Drosophila type of mutation is pathological, the Mendelian 
type of inheritance certainly is not, for characters of accepted 
evolutionary significance are known to be inherited in exactly 
the same manner as the classical II tall ~j and H dwarf" in 
Mendel's own work. If a character is neither advan
tageous or disadvantageous, the chance that it will become 
established in the race is extremely small. If it is dis
advantageous to the extent of handicapping the individual 
and rendering it incapable of continued existence, it has 
no chance of becoming established; if the character confers 
advantage upon its possessor, then there is every chance for 
it to become incorporated in the racc, and with such an 
increase in the number of individuals exhibiting the new 
character there is an increased chance for further advance 
through a second mutation of the same sort. 

A species as recognised by the systematist is an 
association of individuals all of which exhibit a common 
morphological character-complex; such species are generally 
defined without any first-hand knowledge as to their 
behaviour as breeding-units. It is perhaps due to this 
fact that most workers of the Mendelian school, with the 
notable exception of Bateson, have turned their attention 
from the historic problem of the origin of species to the 
more immediate question as to the origin 'of characters. 
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Nevertheless, as Bateson has rightly pointed out, the 
fundamental discontinuity uf species in the Linnrean sense 
as breeding units has still to be interpreted in terms of the 
factorial hypothesis which though it has shed much light 
on the discontinuity of animal structure has not greatly 
illuminated the problem of the discontinuity of the breeding
unit. Until further light has been shed on this issue the 
validity of the a",umption upon which the evolution theory 
rests will not have found a satisfactory basis in experimental 
inquiry. 

The species may be a gene-complex, as suggested by 
Morgan, and the morphological characters may be linked 
with physiological characters which reallr separate unit from 
unit. Mutation affecting a purely morphological character 
may result in the origin of a distinct breeding-unit. For 
example, a tailless cock (a dominant mutant form of the 
ordinary domestic fowl) cannot fertilise a hackleless hen 
(another dominant mutant form), for the simple reason that 
he cannot balance himself during the sexual act. Each bird 
is perfectly fertile when mated with normal fowls, and the 
reciprocal mating is productive. In cases in which reciprocal 
matings are made impossible for mechanical reasons two 
discrete breeding-1mits may arise. 

A mutant lethal factor may be such that in the simplex 
state its action is balanced by its normal allelomorph, but in 
the duplex state the combined action of the two results in 
the production of anatomical anomaly and physiological 
derangement of a kind that render the further development 
of the zygote impossible or profoundly abnormal. Such is 
the case of the homozygous yellow mouse. Or else, a 
mutant factor may be of such a nature that alone, either 
in the simplex or in the duplex condition, it produces no 
evident effects; but combined with a complementary factor of 
the same nature it results in a non-viable condition and the 
mating of two individuals which carry such complementary 
lethal factors is rendered abortive. 

A mutant appears in a stock; a lethal factor is present 
in the simplex state, and in the Course of time there will 
make their appearance also individuals with this factor in 
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the duplex state. The nature of the factor is "uch that alone 
it results in no appreciable effect. Synchronousl)" or at a 
different time and in a different race of the same stock 
another mutation occurs and a factor appears whose action 
is complementary to that of the one referred t() above, and 
in time individuals with this factor in the duplex state will 
be produced. Two distinct breeding-units may thus arise 
within a common stock; each can successfully mate within 
its own group and with the parent stock, but the mating 
between the groups is rendered abortive. The expression 
of the action of such complementary lethal factors may 
take the form of incompatibility in the form or the copulatory 
apparatus or in the physiological relationship between the 
male and female or between the ovum and the sperm; of 
anatomical anomaly or of physiological derangement leading 
to an abnormal development of the zygote and its death, of 
hydramnios or of dystocia, or of steri)it}' of the 1', hetero
gametic sex. The two g-TOUPS, however, have had their origin 
in a common germ~plasm and so, in the light of return and 
regional mutations, it is to be expected that parallel 
mutations will occur. Members of the two groups will 
exhibit characters which were borne by the common stock 
from which the groups arose, and characters which have 
resulted through mutation since the groups became distinct, 
some of these being the result of parallel mutation and some 
of mutation which has occurred in one group only. Such 
mutant morphological characters as are linked with the 
respective complementary lethals cannot be brought into 
genetic association and will become the distinguishing 
characters of the group. 



CH.\l'TER VI 

TilE \IECllANIS\1 OF SEX-llETEIOII"i,\TION 

SEX is the term applied to the differentiation of individuals 
for the production of dissimilar gametes. A female is an 
individual organised for the production of ova; a male, 
one that is equipped for the production of spermatozoa, 
the function of which is to reach the ova and to unite with 
them in the process of fertilisation to form the zygote in 
which a new individual has its origin. In the great majority 
of animals every individual is either a male or a female; 
in each species there is a fairly constant average ratio 
between the numbers of males and females born and this 
ratio is usually not far from equality, although it varies 
considerably from species to species. In most animals the 
difference between the sexes is not restricted to the sex
glands but involves also the structures of the accessory 
sexual apparatus which is concerned with the conveyance 
of the products of the gonads to the site of fertilisation and 
in the viviparous female with the transit of the fcetus during 
parturition, the external organs of generation concerned 
with the act of sexual congress, and the secondary sexual 
characters which are not concerned directly with sexual 
union but which in certain instances play their part in 
courtship, combat, concealment, and, in the case of the female, 
in the care and nourishment of the young. 

Mendelian heredity is a manifestation of sexual repro
duction and a possible reason for the success of sexual over 
asexual reproduction is the opportunity bisexuality affords 
for the mingling of different genotypes and the consequent 
creation of different genotypic recombinations to form 
plentiful raw material upon which the selective agencies 
may work. For example, if N mutations occu: in the germ-
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plasm of an asexually reproducing organism only N types 
of individuals can arise, whereas if i'\ mutations occur in the 
genn~plasm of a sexually reproducing organism .2 N types 
can be formed. Ten mutations mean 10 possible types in 
the first case, IO::q. in the second, Sex i~ the basis of 
evolutionary plasticity since throug-h sex, mutation;.; which 
hav~ occurred independently in time and remotely in !'irace 
can meet to reinforce each other. Circumstantial evidence 
from the study of cum parative murphology suggests the 
vic\\' that one of the great steps in organic evolution was 
the establishment of sexual fusion and of cross-fertilisation. 
Parthenogenesis, the origin of a new individual in the 
development of the unfertilised egg, is the rule for some 
groups of animals such as the Rotifers; A utogamy-self
fertilisation-has sufficed for others such as the liver-fluke; 
but the general rule is that those organisms which practised 
some form of cross-fertilisation, at least occasionally, huld 
considerable advantage over those ",,'hich have continued 
through one line of descent, judging at least from the fact 
that their descendants have persisted in greater numbers. 
Even in the case of the hermaphrodite animals, mechanisms 
were developed which enabled them to exercise one of the 
most important functions of bisexuality-cross-fertilisation
without giving up the probable energy conservation which 
the production of both ova and sperm by one and the same 
individual entails. In some the individual functions first 
as a female and later as a male, the state of protogynous 
hermaphroditism found in the Turbellarians and Tunicates; 
in others, as in the tape-worm, protandrous hermaphroditism 
holds, the individual functioning first as a male and then 
as a female. In certain genera of Thoracica (e.g. Scalpellum) 
and Rhizocephala (e.g. Sacculina) the great majority of 
individuals are hermaphrodites, but in addition to these 
there are a few tiny complemental males which supply the 
means of occasional cross-fertilisation. In other cases, con
tinual autogamy is prevented by the physiological condition 
of self-sterility, as in Ciona intestinalis. Among the animals 
with a relatively complex organisation and high motor 
activity such as the Cephalopoda, Arachnoida; most Insects 
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and Vertebrates, bisexuality is almost invariably found to 
exist, the groups are gonochoristic. 

At the beginning of this century, it was generally believed 
that at the time of fertilisation the egg was completely 
ambivalent as regards the future sex of the resulting zygote; 
it was customary to refer the sex of an organism to the 
conditions incident to development. But certain facts of 
general biology are now known which are not susceptible 
to interpretation of this kind. They point to the view that 
sex in the higher animals is usualIy predetermined at 

the time of fertilisation. 
Identical twins, i.e., twin 
zygotes derived from a 
single fertilised ovum, are 
always of the same sex. 
Such polyembryony is rare 
in the human, but in the 
Texas nine-banded Arma
dillo it is the rule for four 
young to be produced at a 
time, all of the same sex and 
remarkably alike. Newman 
(1923) was able to show 
that in the case of the 

FIG. 37.-Po1ycmb,yony in the n;nc-b.nded Armadillo a single fertilised 
Texas Armadillo. (After Newm:m.) ovum after development to 

a certain stage budded off 
four embryos. On the other hand, in those cases in which 
the different embryos arise from separate ova it is known 
that the individuals are not invariably of the same sex. 
There is no appreciable reason why, if purely environmental 
factors are at work in determining the sex of the offspring, 
litters produced from one egg should be of the same sex, 
while litters produced from separate eggs should include 
both males and females.· From such observations as these 
it would appear that the sex of the individual is determined 
by the constitution of the fertilised ovum at the time of 
fertilisation. Parthenogenesis in the Hymenoptera and other 
organisms supplies further evidence in support of this con-
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tention. The eggs of bees will dcvei"p without fertilisation, 
but should they do so the resulting individuals are invariably 
males. Fertilised eggs, on the other hand, usually become 
females (queens and \Vorker.). The sex of the individual 
depends On whether fertilisation occurs or not, and thus is 
established before the inception of embryonic existence. 

Se.r:-Linkagc in A bnu-,lS,-The results of the experimental 
breeding work involving sex-linked characters (i.f., characters 
which in their transmission from generation to generation 

·',w'· (J () ,,_;,.' .. ... . ~(; (:' 
•• ~ , .... f F, 

/" / 
/ 

~* W (\~~5(5J F2 

~ Q 
FIG. 38.-Gro;;5ulariata d Lact-icolor o. ("llter DOllGa"tcr.) 

are associated with the sex-determining mechanism) bear 
directly upon this question. Sex-linked inheritance was first 
studied by Doncaster (1908) in the currant moth, Abrtl:ms, 
two varieties of which) var. grossulariata and var. lacticolor) 
are distinguished by the colour-pattern of the wings. When 
a lacticolor female was mated to a grossulariata male, all the 
F, individuals were grossulariata; the grossulariata pattern 
is therefore dominant to the lacticolor. In the F, both types 
were found in the proportion of 3 grossulariata to 1 lacticolor, 
but all the lacticolors were females. When the F, hetero. 
zygous grossulariata male was back-crossed with Il,cticolor 
females, the result was the expected one, e.g., equal numbers 
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of both sexes of grossulariata and Iacticolor forms. When 
one of these lacticolor males was mated to an F, heterozygous 
grossulariata female J equal numbers of grossulariata and 
lacticolor forms resulted, but all the former were males and 
all the latter females. 

When a lacticolor male was mated to a grossulariata 
female, the males in F

J 
were all grossulariata, the females 

all lacticolor. ReciprocaJ crosses thus gave llifCerent results. 
This can only be interpreted on the assumption that 

FIG. 39.~Lacticolor ,t x Gro~~ulMiata '(. ( .Utu Donc.istcr.) 

homozygous grf)ssulariala males transmit the grossulariata 
character to the offspring of both sexes, while a grosslIlan"fa 
female transmits it only to her sons. Hence it would seem 
that the female produces two sorts of gametes-those which 
bear the factor for the grossulariata character and are 
destined, if fertilised, to become males; and those which do 
not carry this factor and are destined to become females. 
The female then is constitutionally heterozygous for the 
character grossulariata, and the factor for this character 
is most intimately associated with another which, if present 
in the duplex state, determines maleness. The results of 
further breeding completely confirm this hypoth.esis. 
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The argument can be made clearer by the usc of the 
c.onventional symb·)ls of the geneticist. Let X represent the 
hypothetical factor which, "'hen present in duplicate, leads 
to th(' cst;\.biishment of maleness, and when present in the.
simplex state, to femaleness. The male sex-constitution 
can then be ,ymbolised as XX and the female conveniently 
as XY. Let G and g respectively represellt the factors fur 
the dominant grossulariata and the recessive lactkolor 
characters. Let (GX) and (gX). in brackets. indicate that 
the grossulariata and lacticolor factors are intimately 
associated with the X. 

P, 
A male (XX) 

Homozygous for the 
g-rossulariata char
acter 

F, 
A male (XX.) 

(;rossuJariata (l; )'" 
dominant); hetero
zygou>; 

1', 
A lelllak (XV) 

«(;X)i(;X) LH ticolor. Cnn::.t!ttl-

)X) "'-. 
(gX) : Y 

tionally hetcroqg/Jus 
for thi:-; c!Jaractl:r 

A fen\;tle tXY) 
(GX)(.gX) x (~;X)V t ;ro.s:suJariat;1. Cnl}.-.tllu

tional1y heterozyg!)tl:-' 

((;Xj:(gX) (GX) : Y 

(GX)(GX) (GX)Y (GX)(gX) 

cd ~'( c'! 
homozygous heter07.ygous 

(gX)¥ 
'I 'I 

constitut IOJlalJy 
heterozygous 

lacticolor 

Ali the ]acticolor in 1.00 are females. The recessive 
character of the grandmoth~r has been transmitted to one 
half of the grand-daughters and to none of the grandsons. 

Reciprocal (rOJS-

1', 
Homozygous lucti-

color male 

Gametes 

F, 

(gX)(gX) x (GX)Y 

I 
(gX) 

// , 
(GX) : Y 

1', 
Gro5sulariata female. Con

stitutionally heterozygous 

Heterozygous gro5su- (GX){gX) (gX)Y LacticoloT (~mate. Consti-
tariata male Criss-cross inheritance tution:.tlly heterozygous 

L 
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This interpretation can be shown diagrammatically as 
follows, assuming that there is an XV or sex-chromosome 
mechanism and that the factors for the sex-linked characters 
are resident in the X, as appeared to be the case in 
Drosophila. 

The SOil receives one X-chromosome from his father and 
one from his mother. In the reciprocal cross (Fig. 41), as 
the latter X carries the factor for grossulariata, he will 
exhibit the grossulariata character. The daughter has but 
a single X-chromosome and this she receives from her 
lacticolor father, who must be homozygous for this character, 
since grossulariata is dominant and would be exhibited even 

I .• ,,.t. La ,:/.. (/1' (",', 

II X DY P, m X IY P, 

I '::x:'J .' 
. . 

110 IY : / 
F, 10 OY F, 

/\~ ;;::r- /\~«\ // //X~\ '/\_/<i \ 
// \.. "'-1 ~~ 

II IY '0 OY >, 10 IY 00 Oy >, 

FIl;. 40. FJ(; .. p. 

if the factor for this character were present only in 
the simplex state. All the daughters therefore will be 
Iacticolor. 

From the study of the transmission of these sex-linked 
characters the con~lusion emerges that the sex of Abraxas 
is decided by the simplex or duplex condition of some 
component which, when present in duplicate, leads to the 
establishment of maleness. The evidence suggests that there 
is a sex-determining mechanism, an XV-mechanism, that the 
sex-chromosome constitution of the male is XX, that of the 
female XY, and that the' factors for the sex-linked characters 
are borne upon the X-chromosome as are also those 
which when present in duplicate lead to the production of 
males. 
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Doncaster examine,! t\hraxas (,),toh'gically amI fOU11rl 

that both male and female had ~(j chr(_)mu~omcs and that in 
the female 110 obviously ullCqual . pair ciluld h{~ di",tinguisht:d. 
It is thus :-;Cl.'l1 that the evidence f(ll' an XY -mechanism may 
be derived solely from hreeding (.'xperiments involving scx~ 
linked characters, and that the X- and the Y-chromo~;omcs 
may not be different in ::.hapc and size. llowcver, Doncaster 
found that in onc lillc of his Abraxas mallY of the fcmalc~ 
gave nOlle but female offspring. Theoretically this would be 
expected if these fcmalc:-i possessed no X~chromosome, On 
examination it was found that these females had 55 instead 
of 5G chromosomes and so during the maturation JivisillJlS 
of the ova 28 chromosomes foregathered at one pole, 27 at 
the other, so that the mature ovum contains either 2i or 2X 
(27 + the Y). The sex-chromosome content of these q:gs 
is either 0 or Y, and these arc fertilised by an X-beadn,: 
sperm to yield XO and XV 1.ygotes, all females. The Y
chromosome in Abraxas is as functionless as it is ill the 
case of Drosophila as far a~ sex~dctcrmination i~ concnned. 
By tracing the distribution of visible characters it is thus 
possible to follow the transmission from generation to 
generation of II sex~determining)) factors the fate of which 
is linked with that of those corresponding to the grossulariata 
and lacticolor characters. In Abraxas the female is the 
heterogametic sex, elaburating, as far as the sex~deterlllining
mechanism is concerned, twu ::;orts uf gametes, and the 
male is homogametic. 

Sex-Linkage ilt tlte Fowl-A precisely similar mode of 
inheritance of sex~linked characters is found in birds, and 
this fact, enuJlciateJ so ably by l'unnett, has been taken 
advantage of by poultry keepers, since it enables them to 
tell the sex of chickens at hatching. 

Barred (dominant) and non-barred (recessive) are the 
members of a sex-linked pair of characters. A black (non
barred) cock mated with barred hens will throw barred sons 
and black (non-barred) daughters, and since the chicken 
which is to become a barred adult is black but with a 
characteristic whitish spot on the top of the head in addition 
to the white under-parts, whereas the day-old· chick that is 
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to become a black (non-barred) bird has not the white 
head-spot, it is possible to distinguish the sex of any bird 
in the Fl of this mating at the time of hatching. The size 
and distinctness of the head-spot arc \·cry variable; it may 

FIG. 42.-Barred 0 x Black 9. 

involve but a few down-feathers, or it may be quite large 
but this is of no importance; if there is a yellowish-grey 
spot on the top of the head of a chicken in tbis mating, that 
chicken will be a male and will be barred. The following 
breeds can be used and will give precise results. (It should 
be noted that the plan of giving the cock first i. not the 
usual one. For example, Barred Rock x Lar.gshan signifies 
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that the Rock is the hen and the ~ign x i~ interpreted as 
meaning II fertilised by." ) 

J,'/';.l (,<I"i" 
Orpinglcn 
Lang-shan 
Australorp 
Rock 
\-finorr;) 
I.egi1orn 

(Also the. Black-Reds, slH-h 
:lS Brown Leg-hol'Tl, and 
Sil,1ibrly coloured cocks). 

'.'an "J ! /00. 

Ban('d I\ock 
S, nls ,,:tcy 
C'th:kiH1 l.q~hnrn 
('rt"it' <,;,\lIlC 

llarrr<1 nnlllini<tue 

FIG. ~3.-Black d x Baned ~. 

(It is to be noted that the barring in these 'cases is 
that of the Plymouth Rock and of the Scots Grey breeds 
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and not that of the Campinc or the Hamburgh. The first 
type of barring takes the form of alternath'e bands of lighter 
and darker shades of the fundamental cole,ur and is the 
result of the action of a dominant sex-linked gene acting 
upon a black or hrown basis. The second type takes the 
form of alternate bar:-; of black and white in the Silver 
Campine, of black and gold in the Gold variety, of white and 
gold in the Chamois.) 

SJatc-colnlJred -"hank and light-coloured shank are another 
pair of such sex-linked characters. \\'hell a ~Iat)'-legged 

(black-eyed) cock is mated with hens with light coloured 
legs (and also eyes), tlw male chicks have light-coloured legs 
(and eyes) whereas the females have slaty-

l)(I!'l-'li!lJl~t.! (-{l,hl, 

IJamburgh 
Lang-shan 
Black Rock 
La Bresse (black and w111t<'; 
Campine 
WillO\\'-lcggcd Game 
Buttercup 
Australorp 

Leghorn 
~C{)ts Grey 
n;lr1Td Rock 
Li.!.;ht S\l"j<;e, 

It should be stated however, that the exact shade of the 
leg colour in the day-old chick is often very indistinct and it 
should not be relied upon for sex-identification commercially. 

Gold and silver plumage-colours constitute a third pair 
of sex-linked characters in the fowl. \Vhen a gold cock is 
mated v.rith silver hens, the daughters are gold, the sons 
silver. Since the down colour of a gold is a rich buff and 
that of a silver a silvery white, the sex of the day-old chick 
can be recognised. (See table opposite.) 

A gold may be a gold and black, self-gold, or self-black; 
a silver may be a sih'er and black, self-silver, or self-black; 
and there are two parallel series-a gold-black and a silver
black. In the all-blacks the gold and silver are hidden by 
the epistatic black and in the case of the chicks of breeds 
occupying the middle parts of the series there is a brown
black pigmented pattern in the down which reduces the 
area of the gold or silver ground. For t~.is reason the 
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clearest demonstrations of the ~cx-linkt'd mode (.If inhcrihmce 
of these plumage character ... , gold and sih'Cf, art' seen when 
the cros:-;cs are made with breeds towards the ~old and silver 
ends of the series. though those made with birds from the 
opposite cnds of the two sl'ries are fairly satisfactory. 

r, '/( .j,. 

Minorr:t 
Sp<lllish 
Barn('vchler 

~ar:,h fJai::.y 
Hcdcap 
l;olde-n Spanx)r·r111alIJ1)urt,.:}; 

Poli~h 

Malay 
Indi~1ll Ca.me 
Brown Leghorn 
l'artridgc t 'ochill 
P;lrtridg"f' \Vpnf!(l[ Ie 
Blat:k-rt'tI (;anH' 
Sicilian BlltterCl1p 
Orloff 
Golden \Vyandottc 
Gold Pencilled H:unhurgh 
Golden Campiol:' 
Red Sussex 
Rhode Island Red 
Buff Leghorn 
Buff Rock 
Buff Orpington 
Buff Wyandotte 
BuffCochin 

Ex(hl;quer 1.q .. -:\!(l1'n 
IlercilcH 
:,ahnon Fayerollr~ 

I Silver Spangled lIamlmrgh 
Poli.!ilJ 

Dark I )orking 
Dark Brahilla 
Sdn'r J)orkin}.,' 
/\"eel 
Columbian \Vyandottc 
I )tlckwing Cam!.: and Leg-

horn 
Silver ("ampine 
Silver Wyandotte 
Light Sussex 
Light Bmhtna 
\\'hite \Vyant!ottc 

It should be noted that in addition to the silver there is 
a white indistinguishable on in"pection. There is also a red 
that cannot be distinguished from gold save by breeding. 
Silver and gold are sex-linked characters while white and 
red are not. The white of the White Leghorn is not a silver 
and the White Leghorn cannot be used in a sex-linked 
mating. The white of the White Wyandotte, on the other 
hand, is a silver usually, but in many cases Wyandotte 
has been crossed with Leghorn and so rendered unsuitable 
for a sex-linked mating. The white of the Silkie is a white 
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and not a silver; the red on the saddle of a white bird is red 
and not a gold. 

It is commonly held that the sex of the future chic.k can 
be identified by the position of the" speck" in the egg. by 
the shape and by the size of the egg. But actual experi
ment has provided an uncompromising refutation of these 
speculations. Eggs selected by breeders and incubated in a 
research institution have never failed so far to contradict 
the prophecy of the breeder-males and females in normal 
proportions were always hatched (94 males to 100 females 
according to Pearl (1917), who studied some 22,000 chickens 
of known sex). The trap-nest has shown that some hens 
lay only pointed eggs, others only rounded ones, and that 
large eggs yield both males and females as do also small 
ones. I n the case of the dove and the pigeon, Riddle finds 
that those eggs which yield females are larger and contain 
more food material for the embryo than those which become 
males. The size difference is small, however, and the ,I large)l 
eggs and the H small" eggs vary in size; there is over
lapping of the curves when the size is plotted in a graph 
and for this reason it is impossible to predict from the size 
of the egg alone the sex of the future bird. 

The problem of the differential production of the two 
sexes is not yet solved, and for the time being the commercial 
egg-farmer must consider the advisability of eliminating the 
males among his day-old chicks. This he can do if it 
should be shown by experience that the sex-linked cross 
is a business proposition. It would seem that to-day this 
system of breeding is best employed within a breed which 
contains a gold and a silver variety-the Sussex for example. 
If good dual-purpose Red and Light Sussex are used there 
should be no waste, for the cockerels could be segregated, 
caponised, and fattened. 

There is another aspect of sex-linked inheritance in 
poultry. There are reasons for suspecting that "high
fecundity" is a sex-linked character. If this is so and if 
the factor for this character is possessed by a strain of silver 
and barred fowls, it would be expected that the Jjnkage 
relations of these three characters would be such that any 
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barred silver bird would also possess the much desired high
fecundity character. Here lies the ~~rcat promise which the 
phenomenon of sex-linkage holds out to the breeder. By its 
aid he may be able tl._) H pick up" a physiolug-ical character 
by following the inheritance of superficial characters that he 
can readily appreciate. If high-fecundity is a sex-linked 
character found widely in the different breeds and if linkage 
holds, the breeder may be able to dispense to some extent 
with the trap~ncst. 

lIaldane(1921) tested for linkage between two sex-linked 
genes; E, the gene for barring, and S, the gene inhibiting 
yellow pigmentation which converts" gold" hackle fcathers 
into" silver." 

1', (bsX)(b,X) 
Brown Leghorn 

FR, (HSX)(bs.\ i 
FJ male 

FR~ (BSX)(b:-X): (IbX)Y 
Barred silver 

30 

(bSX)(b,X) : (bSX)\' 
C nbarred silver 

17 

(IlSX)Y 
Barred Plymouth 

Rock 

(b5X)\' 
Brown Leghorn 

(bsX)(LsX) : (LsX)\' 
-~Vnb:~rre~Tgofd--~-

21 

(Il'X)(bsX) : (BsX)\, 
Barred gold 

10 

This corresponds to the following series of spermatozoa: 
30 BS, 21 bs, '7 bS, 10 Ils. Crossing-over occurs in 27 cases 
out of 78, ,:e., 34.6 per cent, with a probable error of 3·6 per 
cent., that is to say, there is undoubtedly linkage. The 
numbers of barred and unbarred are practically equal, but 
there is 50 per cent. excess of silver over gold, due perhaps 
to selective mortality. If the locus for the high-fecundity 
factor is situated between those of Band S it will be possible 
to transfer this gene to breeds of low fecundity. 

Agar (1924) using Rhode Island Reds (gold non-barred) 
and Barred Rocks (silver and barred) and Golden-laced 
Wyandottes obtained results which agree very closely with 
the above. 

Serebrovsky (1922) deals with the same two genes Band S 
and introduces a third sex-linked gene K whiCh results in a 
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s}ow1y-dc:veloping thick ~.Ild luxuriant plumage; k = quickly 
developing plumage. The gene 1\1" for melanin pigment i.;; 
not sex-linked. 

p, 1ll1ll::kl)~XJ(kbs":\) 
Urloff 

l\Im(kb~X.:, KHSX~ 
i,ant'd 

illWKllSXiY 
Plymouth Rock 

MIll,'kbsX)Y 
Black 

The num bers ill F~ arc not yet sufficiently hrge to 
enahle olle to speak of percentages, but it is noticed that 
crossing-over is very frequent. It mostly results in the 
production of individuals coloureu like the Plymouth Rock 
but with quickly-developing plumage. i,I'., having the consti
tution (kSBX)(ksbX) or (kSBX)\, or of individuals of the 
(KsbX)(ksbX) type (" unharred golds" of Haldane but black 
in the presence of 1'11). In one case there appeared a chick 
with slow development of feathers and silver but without 
barring, having the constitution (KSbX)(ksbX). Judging 
by proportions, the break of the chromosomes occurs more 
often between K and the other two genes, and the relative 
positions of these three genes upon the chromosome mllst 
be somewhat as follows-

S ... " ......... B 

(Note that no crossing-over occurs in the heterogametic 
sex. This fact is of llse in deciding which sex is the 
heterogametic one in those cases where the XY -mechanism 
has not been disclosed cytologically.) 

The Cast' of the TortoisNhe!! Cat.-The other type of sex
linked inheritance is the Drosopbila type, which has already 
been considered and in which the male is the heterogametic 
sex. The nature of this mode of inheritance, first recognised 
in man and in the cat, was not completely appreciated until 
the \\'ork with Drosophila had been carried out. As an 
example the case of the tortoiseshell cat may be considered_ 

It is accepted that the mating black ci x yellow ~ gives 
tortoiseshell ~ ~, yellow ci ci ; that yellow ci x black ~ gives 
tortoiseshell 'I 'I, black ci ci, and an occasional black 'I ; that 
black ci x tortoiseshell ~ gives tortoiseshell ~ ~, black ~ ~, 
and yellow ci ,j , and black ci ci ; and that yellow ci X tortoise-



THE TORTOISESITELL C.\T '7' 
shell gin's ~Tllll\\' , " ,tortobcsllt'll ", ", ,yellow .: (~. black 
,1; (r j and an on:asir'll;d hhC'k l. 

Thi_<; being- ';0, jt follows, as Little (riJIB\ has pointed out. 
that black and \'c1lo\\" in the cat afC sex-linked characters 
and that togcthc~r they constitute the tortoiseshell character. 
The (acts can be explained ir the fullm\'ing assumptions arc 
made. The allelomorphic factors H (black) and b (yellow) 
arc rc:sidcnt In the X-chromosomes, and the Y -chrotnu:'>ome 
of the male dncs not carry these factors. The female, 
possessing two X-chromosomes can have one bearing the 
factor for black, another bearin~ the factor for yellow; she 
can be tortoiseshell. The male caJl have either the factor 
for black or for yello\\' in his single X-chromosome. He 
cannot be tortoiseshell. I t will be noted that this inter
pretation demands that in the cat the male shall have the 
XV sex-chromosome constitutions, not the XO. 

I. I\!:wk .' \'ellow ',' ,. 'lL'; ,\' ihX'I:h\: 

I' (!:X/b}"::; :hX;Y 
"{"ortoi$e Yellow ,. 

2. Vellow 0 lllack ~; 

J' :bX)" 'I:Xj(B.'" 
F (l:X)\' 

P,lack I\B - black 
Bi)"- tortoi-;e 

c 
3· Black , 'j"Ot!llj'-.C 1>0 ye/fo\\ 

I' (IlX)\, I,I:.\/h.\/ 1 

VI (BX):BX; <I;X;I' 
Blat:k ? Black 

(LlX)(bX) nlx)y 
Tortoise ? Ydl(Jw 

4· YcUow 
" Tortoi,>c , 

1', (!>X)\' iBXj'uX, 

FI (B.\:)(bX) (B)X.v 
Tort0ise s_: Wack cl 
(bX)(bX) (bX)Y 
Yellow ~ Yellow ;; 

This scheme has not accounted for the exceptional black 
female that appears in the F1 of matings 2 and 4, nor for the 
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fact that a sterile tortoiseshell male very exceptionally makes 
its appearance. The occasional black female is possibly due 
to the occasional complete expression of black in the simplex 
state, and the tortoiseshell male the result of crossing-over 
between the X and the Y in a yellow male and between the 
Xs in females. The above is a typical example of inter
mediate sex-linked inheritance. 

~(,;pcrm-l)illliJrpllisJJl.-.The conclusion that a difference in 
the gametes of the two sexes is correlated with the sex of 
the future individual is supported by the results of cytological 
research. As early as 1902, McCI ung was able to demon
strate that in various Orthoptera (the crickets, cockroaches 
and grasshoppers) there is in the male an unpaired chromo
some instead of the equal pair in the case of the female. The 
constitution of the female is XX, of the male XC, so that 
while all the female gametes must contain an X element, 
only half of the spermatozoa will do so. An egg fertilised 
by an X-bearing sperm must give rise to an XX type of 
individual, a female. An egg fertilised by a sperm which 
lacks the X will give rise to an XO type of individual, a male. 
In the cockroach Hogben (1921) found 34 chromosomes 
in the female, Morse (1909) found 33 in the male, so that 
all eggs receive 17 chromosomes, while of the spermatozoa 
half receive 17, half 16. 17+17=34= ~; 17+16=33=3. 
Later it was found by Wilson (1\)06) and others that the 
number of chromosomes was identica1 in both sexes in 
many instances, but that while in one sex the X was equally 
paired, in the other it was paired with an unequal mate; the 
female is XX, the male XY in some groups, in others the 
female is XY and the male XX. Goodrich (1916), Zeleny 
and Faust (1915), Parkes (1923), and Wodsedalek (1913) have 
not only shown that there are in certain cases demonstrable 
shape differences distinguishing the two sorts of gametes 
elaborated by the heterogametic sex, but by measuring the 
length of the sperm-head.have shown that there are two inter
grading size-classes. It is suggested that in the mammal the 
larger sperm is the X-bearing-the female-determining. 

Non-DiSJimrtioll.-Thorough investigation of the pheno
menon of 1lon-diSJunctr'tJl1 finally placed the correlation 
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between sex-determination and the distribut ion of the 
x- and Y ~chromnsomcs on an unshakable foundation. The 
work of Bridges (1910) in a most spectacular way dcmon~ 
stratcd the precision with which the distribution of the 
chromosomes and ~cx-link(..'d characters coincide. In his 
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FIG. 45.-I)i1norJlhi~m of "jlt:f1l1O(tm:{):]. 

in the BOM (Wouht.dalck). 

FIG. 44.-Dirnorpbism (If spermatozoa in the 
Stallion (Wodsedalek). 

llon.disjunctionaI work Bridges actually dealt with the 
mutant eye-colour character" vermilion," but "white" eye
colour may be used as an example. It will be remembered 
that in the mating red-eyed d and white-eyed 9 of Droso
phila produces white-eyed c d and red· eyed 'i' 'i', so-

P, (WX)Y x (wX)(wX) 
F, (WX)(wX) (wX)Y 



176 MECHANISM OF SEX-DETERMINATION 

for the red-eyed condition in her genetic constitution and the 
genes for white-eye are borne upon the X-chromosomes. If 
her ova are fertilised by the sperm of a red-eyed male (the 
gene for red eye being carried on the single X-chromosome) 
the histury of her chromosomes v.,hich bear the gene for 
white-eye can be followed. 

NONDISJUNCTIONAL WH!TE ('Ito 9 

FIG. 47.-Secondary non-dilijunction. (A/hr Brjdge~.) 

The exceptional white-eyed daughters of the non
disjunctional XXV female and the red-eyed XY male 
are white-eyed because they do not get one of their X
chromosomes from their father; the exceptional red-eyed 
males are red-eyed because they get their Y-chromosome 
from their mother, and their X from their father. 

Thus, the non-disjunction of the X-chromosomes can 
explain the entire series of the exceptional genetic pheno
mena which occur in these strains. When once a non
disjunctional female is present in a stock unusual results 
must accumulate in increasing proportions. The experi
mental breeding results, baGked by the cytological evidence, 
turned what seemed to be in direct contradistinction to the 
scheme of sex-linked inheritance based on the chromo
some theory of heredity into a most spectacular confirmation 
of this theory. A consideration of the results of non-
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disjunction will indicate how chromosome aberration can 
lead to dissimilarity in the characterisation of closdy 
related individuals. The irreg-ularities in the behaviour 
of the chromosomes may be of various kinds and occur 
in all probability during the maturation division of the 
gametes. The migration of the chromo~(Jmcs to the 
poJes of the dividing cell mar ue irrcg'ular, so that the 
two daughter~cclls would come to possess an abnormal 
number. The essential feature in chromosome ab(~rration 

is the quantitative abnormality in the chromosome content 
as opposed to the qualitative abnormality in the case of 
mutation. 

The Y -chromosome in Drosophila, a partncr to the X
chromosome during gametogenesis, is not concerned in 
the determination of sex. One X. or one dose of snmc 
sex-determining gene or genes upon the X, normally 
results in the prociucti(1!1 of a male, two dO'ies l)ro~ 

dueing a female. Sex-linked characters are associated 
with the sex~deterrr.ining mechanism because their genes 
are located in the sex-chromosomes and these characters 
do not necessarily have anything to do with the sexual 
organisation of the individual; they are sex-linked, not sex
limited characters, and are mainly concerned in the general 
development of the body as are most of the characters the 
genes of which are placed upon the other chromosomes. 
The facts of sex-Enked inheritance point to the conclusion 
that sex is determined at the time of fertilisation and that 
the XY -chromosome mechanism provides in each generation 
equal proportions of males and females. 

Since there is such aberration of the scx~chromosomc 
behaviour, it is justifiable to think that if it were possible 
to control the behaviour of the X-chromosome (the female 
being XX) at the reduction division which occurs during 
polar-body formation, causing it to remain in the egg or 
to be cast out into the polar body, a profound disturbance 
of the relative proportions of the sexes in the following 
generation would result. 

Gynandro11torphism.-Further support for the connection of 
the chromosomes and sex is found in the study 'of gynandro

M 
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morphism. A gynandromorph is an individual of a bisexual 
species which is a mosaic of the male and the female characters; 
it is a sexHtnosaic in space. In insects gynandromorphs are 
relatively common. In a bilateral gynandromorph one half 
of the borly is entirely male in its characters. the other half 
entirely female. If such a bilateral gynandromorph happens 
to be heterozygous for certain sex_linked characters the sex
linked characterisation may be different on the two sides of 
the body, but in the case of the non-sex-linked characters they 
arc never different on the male and the female side. The 
male and female }Jarts differ in the X-chromosome constitution. 
From such facts as those ubserved in Drosophila it can be 
concluded that the cause of gynandromorphism in this 
animal at least is a lagging behind of olle of the X
chromosomes after one of the carly cleavage divisions of 
a female zygote, XX in constitution, and its consequent 
failure to become incorporated ill the resulting nucleus 
which will possess Olle X-chromosome instead of two. The 
daughter half-chromosome is lost ill the midplate or in 
the cell wall. 

OQCd 
000 

xx. 'i' 
X - if 

FIG. 48.-The Cytulogic",l basis of Gynandromorphi~m. 

J. The zygvte ((lIlC X from the father and onc from the mother). 
2, Longitudinal splitting of the chromosomes. 3. Division of 
ccll.lxhly: XX::. 9 ; X = O. (Aft!", Morg:m and Bridges.) 

Bilateral gynandromorphs can be produced only if the 
chromosome aberration occurs at the first division of the 
zygote; if it occurs at the second, one-quarter of the body 
will be male, and so forth. Gynandromorphs in Drosophila 
are females in which, as. a result of abnormal chromosome 
beha\'iour, certain definite areas of the body become male in 
their characterisation. Such gynandromorphs are sex-mosaics 
in space and constitute another piece of evidence supporting 
the chromosome theory. A critical case confirming this 
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hypothesis i.s that in which a _\"ell(l\\'-white (scx .. 1inkcd) male 
"t'as mated to a female homozyguus for the recessive non~ 
sex-linked characters peach eye-colour, spineless body, 
kidney eye-shape, suoty body-coluur and rough eye, :\ 
gynandromorph resulted, male on one side (with short 
wing, sex-comb on the fore leg, shorkr bristles), and 
female (In the other. On both sides of the body were 
exhibited all the dominant characters the gelle::; of which 
were carried by the spermatozuon. The gynandromorph 
started as an XX female, one X carrying the genes for 
yellow and for white, the other carrying the genes for 
grey and for red, the normal allelomorphs. A ),ellow
white bearing daughter-X was eliminated and lost. Both 
male and female sides of the bod)' received the auto
somes bearing the genes for the non-sex-linked dominant 
characters. 

Y-OOrtlt ["'('t/t's ill !lll' Fr:rh: Cl/l.f.rt'tl.r':'_lJiII'; l'dr(ft"Ot ~r (l1U1 

Y.-The results of countless breeding cxperimcllts involving 
sex-linkage all point to the conclusion that in Drosophila 
the Y-chromosomc is empty or physiologically inert, that 
upon it either no genes are borne, or they are inactive, unless 
it be granted in the light of the non-disjtH1ction experiments, 
that there is a gene for fertility on the Y, as an XO male is 
sterile, while an XY is fertile. But the impossibility of 
testing this gene for fertility against a mutated state 
producing relative or absolute infertility, makes it impossible 
yet awhile to regard the suggestion seriousl),. The state
ment that no genes are resident upon the Y -chromosome 
in Drosophila implies nothing more than that) as no mutant 
characters have occurred which have their genes placed, as 
the result of routine linkage and crossing-over experiments, 
upon this chromosome, it is assumed that there are no genes 
resident in the Y. There has been no mutation in the Y 
of Drosophila, and therefore no means of exploring the 
unmutated state. Arguing from this, it has been generally 
accepted that in cases other than Drosophila, the Y -chromo
some is the dummy mate of the single X. But the recent 
work of Schmidt and of Winge (1922) on the millions fish, 
Lebistes recticulatus, and uf Aida (1921) on Aptocheitus tatipes, 
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the small ornamental fish of Japan, has made this general
isation impossible. Schmidt and Winge have found that 
the 0 and 9 of Lebistes differ markedly in appearance, the 
female being larger than the male and of a plain grey-green 
colour, while the male, according to the race to which it 
belongs, is adorned with red or yellow spots on the side, 
with vertical stripes, with a rounded or an elongated caudal 
fin, or with a black spot on the do"al fin. The males of 
different races arc easily distinguished but the females of all 
races look alikc. A male of any race mated with a female 
of the same or of any other race produces plain grey-green 
daughters and sons ornamented like himself. In the F, 
generation again all the males arc coloured like the PI males, 
there is no segregation. An F j male mated to a female of 
any race produces sons like himself; an F j female mated 
to any male will produce sons coloured like their father. 
The mother in no way influences the colouring of her sons 
which persistently reproduce their father's colour. Certain 
characters in Lebistes are limited to the male. Such a 
mode of inheritance can readily be understood if the char
acters concerned are sex-linked and if their genes are 
resident upon the Y -chromosome in a case in which the 
male is heterogametic, and if the characters are epistatic 
to those affecting the same parts the genes for which are 
borne upon the autosomes that the zygote receives from 
the maternal parent. 

Winge has shown that there are 46 chromosomes in 
the male and the female and that it is not possible to 
identify the different pairs. The Y -chromosome always 
bears genes for some colour or other and is transmitted 
only from father to son. Even if the X-chromosome 
also bears genes for colour the female remains uncoloured, 
but in the male the colour is a compromise between 
the usual sex-linked and the sex-limited characterisations 
and the two kinds of sex-associated characters can be 
identified. As a result of his breeding experiments Winge 
was able to distinguish the following sorts of X- and Y
chromosomes according to the different genes borne there
upon:-



LEFIlSTES RETICULATUS 181 

x. Which does not involve any colour pattern of the 
male. 

X" Sulpltun:uJ, bearing g-encs producing a sulphur 
yellow colour in the dorsal fin, in the tail and 
the caudal fin, and red colour in the lower edge 
of the caudal fin. 

Y r Rubel·, bearing genes producing red colour in upper 
cd~c of caudal fin, a large oblong red spot below 
and behind the dorsal fin, and a dark side dot on 
the tail. 

Y i !ridescc"s, producing a mother·of-pearl body sheen, 
2 to 3 red side spots and black side dots on tail 
and body. 

y m llraClIlatus, producing a large black dot on dorsal 
fin, a large red side spot and a black dot at 
the gat. 

Y r Ft'rru,t;"i,ulIs, producing- bJack rust·coJoured p:lrt in 
caudal fin and a hlack side dot on the tail. 

In one experiment in which an XoX(J femaJe was crossed 
with an X,Y, male,44 males with the constitution X.Y,were 
produced, all exhibiting the characters of their male parent, 
red colour proximaJJy in the upper edge of the caudal fin, 
a long red side spot placed below and behind the dorsal fin, 
a dark side spot on the tail near the caudal fin, and a colour
less dorsal fin, characters the genes for which arc resident 
in the Y-chromosome. But in addition there was a male 
which had a dorsal fin yellow in colour and yellow pigment 
in the lower side of the tail, characters the genes for which 
are resident in the X-chromosome, while it lacked completely 
the red and yellow colours on the caudal fin which was quite 
unpigmented. This case is interpreted by Winge as an 
instance of crossing-over between the X. and Y, chromo
somes during the spermatogenesis of the X,Y, parent; he 
points out that apparently there is no more difficulty in 
crossing-over between the X and Y in Lebistes than in 
the case of the auto somes ; all are morp~ologically alike. 

These colour genes were not resident in the X. derived 
from the mother: all the characters based upon the Y -borne 
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g-encs derived from the father were exhibited; in addition 
there were characters the genes for which arc borne upon 
the X of an X~ race. This kind of X was in association 
with the Y, chromosome in the X.Y, parent (the father). 
It follows therefore that the Y, chromosome was not com
pletely a Y-chromosome but was an association of part of 
an X, and of a y,; such an association could be established 
by a crossing-over with the result that four sorts of sperm 
w(Juld be produced: X,.. and Y r , part X.., and part Y r , part 
Y r and part X~. 

Y.'lin\'.' dOJ'<;alll/l_ -l:n('u]OUTl'd tlor~:\l fill. 

-.I'''·lllall'_d\"l~'rlllul;ng factor. 

-n~d lower edge ofnmdall111. 

FH~ . .f9.-Cf(ls~ing:-,n·er between X a!l~l y III l(;l/st~.\ nll'lIlatus. 

\\ringe has shown more recently that the X-chromosome 
may carry another gene, t!ollgrrl!o' (e), responsible for an 
elongated caudal fin, and that this gene may cross over so 
as to be borne upon the Y so that a X-linked character may, 
as a result of such crossing-over, become sex-limited in the 
transmission. The following diagram shows Winge's inter~ 
pretation of the case. The male used ought to have had 
the factor (m) in the Y -chromosome and the factor (e) in 
the X, but the individuals A, B, and C, for example, could 
only have been obtained' as a result of crossing-over of the 
X and the Y of the male· parent. From his results Winge 
also concluded that the chromosomes X and Y respectively 
contain a recessive female sex-determining factor and a 
dominant male sex-determining factor, that maleness and 
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femaleness in the fish constitute a simp1e M emleJian pair of 
allelomorphic character<. 
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\Vinge termed this peculiar type of inheritance" OI1C

sided masculine inheritance "-a clumsy term at best. It 
would seem better to reserve the term H scx.linkcd I) for 
those characters the genes for which arc resident in the 
sex-chromosomes, the X and the V, and further to distinguish 
between them by using the terms X-linked to define the 
mode of inheritance met with in Drosophila, and Y -linked 
to define the sex-limited inheritance of characters the genes 
for which are resident in the Y -chromosome. Such sex
limited characters, in the absence of crossing-over, will only 
appear in the heterogametic sex. 

Aida's work 0!1 Aplocheilus supports Winge's hypothesis 
and affords weighty evidence that in the fish crossing-over 
between X- and Y -chromosomes can and does occur. 
Aplocheilus as found in nature is brownish in colour, but 
four coloured varieties are known to the fancier-red, 
variegated red, white, and variegated white, and of these 
all the whites without exception are females. White is 
recessive to any other colour and breeds true; brown is 
dominant to red giving a 3: I ratio in the F,. Brown 
and white gives in F, brown, blue (a new colour variety). 
red and white in the ratio 9: 3 : 3 : 1. Blue X red give all 
browns. Variegated red x red give all variegated; variegated 
red X white give in the F, all variegated, and in F, varie
gated reds, variegated whites, reds and whites in the 
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proportions of 9: 3 : 3 : I. 
in the characterisation 
involved:-

From the above it follows that 
of the skin three genes are 

B :1.hle to produce black pigment (melanophore) uniformly. 
R red (yellow) (xanthophore) " 
])' black pigment partially, resulting in variegated. 

The gametic constitutioll of the different varieties will then 
bc as follows :-

Brown 
Blut' 
Red 

IlBRR 
IIBrr 
hbRR 

'White 
Variegated white 
Variegated red 

bbrr 
B'B'rr 
]l'I3'RR 

Aida found that when a white female was mated to 
a brown, red, or variegated red male (i.e. any male duplex 
for R), all the white individuals in F, were females (with 
a few exceptions). On the other hand, having bred white 
males and mated them to females duplex for R, e.g., 
BBRR, bbRR, B'B'RR, he found that in the F2 all the 
whites. blues, and variegated whites were males (again 
with a few exceptions). These extraordinary results Aida 
interpreted as follows: (I) This fish belongs to the XY type 
of sex organisation. (2) The gene for Red is located in 
the chromosomes X and Y. A homozygous red male will 
have the constitution bb(RX)(RY), a female duplex for 
R will be bb(RX)(RX). In no other manner can the 
production of red males (red being dominant) from the 
cross red male x white female be explained. 

Red" White '( 
bb(RX)(RY) x bb(rX)(rX) 

1--- 1
, I 

b(RX) b(RY) b(rX) Gametes 
bb(RX)(rX) bb(rX)(RY) x bb(rX)(rX) 

Red ~ '? Red d d White '( '( /""'. I 
/ ""' 

.b(rX) beRYl b(rX) Gametes 
bb(rX)(rX) bb(rX)(RY) 
White '( '( Red d d 

The Y -chromosome is restricted to the male line, so that 
all males in the progeny of any mating in wllkh either a 
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brown BB(RX)(RY) or a red bb(RX)(RY) male i, used 
must be red, variegated red, or brown, whereas all individuals 
lacking this Y ~b()rnc dominant gene R-whites, variegated 
whites, and bJucs-mu.<;t be females. For example;-

Brown / IlB(RX)(RY) bb(rX)(I'X) \\'hitc \' 

\ 
Gametes h(rXl 

Brown '1 Bh(RXVrXj Bb(rX)(RY) Brown C 
.. 1 1 

I I I I I I I I 
Gametes HIRX) B(rX) !>(RX) b(rX) B(rX) b(rX) IJ(RYl b(RY) 

HI'S brX IlRY 

111~X Ill> K\~'~-I~;~;~XRY 
Brown or Brown ~ 

BrX - r-;;-~X RY 

Brown d 

bRX 

hRY 

Tii> IV, RY: 
Brown (1; 

Ill> rX RY 
Hrowfl ,! 

brX Bh rX rX hh rX rX Bb rX RY : 1>b rX H.Y 
Blue \Vhitl; 9 Brown r3 Red J 

All the males are brown or red, while all the blues and 
whites are females. 

Aida found further that evidence of crossing - over 
between the X- and Y-chromosomes was not rare in 
Aplocheilus: for example, in the heterozygous red male X 

white female experiment in which the females produced 
were white and the males red, exceptional red females 
appeared having the constitution bb(RX)(rX), and excep
tional white males, bb(rX)(rY), were also occasionally 
encountered. Aida satisfied himself by further breeding 
that these were not instances of the results of non-disjunc
tion in which case the exceptional red females would 
have the constitution bb(rX)(rX)(RY) and the exceptional 
white males, bb(rX)O. To test this question as to which 
of the two respective constitutions the exceptional male 
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individuals had, the following experiment was carried out:-
hh(RX) rX) hbtRX)(rY: or bh(RX)O 

Hetero7.ygou~ 1 Ieter07ygous J\ on-disjunctional 
Reel ~ exceptional Red (! 

Red d 
The offspring of the mating- were as follows :-

Red: White ~ 3 : I Reds 146 ~ 9: 57 
Whites 2 9 9 : Ro 

The fact that two white females were produced shows 
conclusively that the gametic constitution of the red male 
could not be bb(RX)O, since the white female must be 
bb(rX)(rX) and in the mating- bb(RX)(rX) x bb(RX)O there 
is but one single gene r, thus:-

bh{f(:'\)frXl 
b(lC,) b:rX) 

bh(RX)(RX) bb,RX)O 
l{ed '? Red (~ 

and no white females. 

bh(RX'lO 
b(RX) 

bb(RX)(rX) 
hO 

bb(rX)O 
\Vbite S Red 9 

Whereas, if the male had the other constitution 
bb(RX)(rY) and if a crossing-over occurred between the 
chromosomes RX and rY of the male, so that (rX) and 
(RY) resulted, the production of bb(rX)(rX) females may 
be explained clearly-

bb(RX)(rX) 
b(RX: b(rXl 

bb(RX)(RXl 
Red? 

bb(R:\(rX) 
Red ~ 

b(RX) 

bb(RX)(rY) 
Red cl 

bb:RX)(R\,) 
Red 0 

bbIRX);rY) 
b(rY) b(rX) b(RY) 

(Cross-over gametes) 
hb(RX)(rX) bb(rX)(rY) 

j{ed ~ White 6 
bb(rX)(rX) bb(rX)tRY) 
White 9 Red 6 
Exceptional 

A review of the above facts leads to the following 
conclusions: the regular production in each generation of 
mOre or less equal numbers of male and female offspring 
suggests that some sex-determining mechanism is involved ; 
the evidence of sex-linked inheritance suggests that as the 
result of the action of this mechanism one sex is hetero
gametic, the other homogametic; the facts of cytology 
suggest that this mechanism is the sex - chromosome 
mechanism. Sex is determined at the time of fertilisation 
by the nature of the sex-determining genes brought into 
the zygote by the conjugating gametes. 
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Till' l'l!\S}()J_(H;Y OF ,-,;V\-PlFl·I:RENTIATION 

A "determined" male has the genetic constitution repre
sented by the formula XY in the Drosophila type, XX 
in the Abraxas group; a II dcterr;-dned" female, XX, or 
XY respectively. The individual at this time is the 
zygote (the fertilised egg) and much must happen before it 
can become a functional male or fcmale. The complicated 
processes of sex-uifferentiation, during which the sex-organi
sation of the indIvidual a~sumes onc or other type, male 
or female, must be pursued before the one sex can be dh;~ 

tinguished from the other by differences in anatomical 
structure, in physiological functioning and in psychological 
characterisation; before the genotypic male becomes the 
phenotypic male, the genotypic female the phenotypic 
female. 

That the sex-determining XV-mechanism is nut the only 
agency involved in the production of a sexually functional 
individual is shown perfectly clearly in the case of the 
marine wOrm Bonellia, in which it is known that environ. 
mental stimuli control the ultimate sexual destiny of the 
individual. Bonellia displays the most extreme form of sex
dimorphism in the animal kingdom. The female has a 
bulky bean-shaped body, about 2 inches long, and an 
enormously prolonged proboscis bifurcating at its distal 
extremity. The male is a minute organism whose internal 
organs, save those connected with reproduction, are entirely 
degenerate and which lives as a parasite in the uterus of the 
female. Baltzer(1914) found that in Bonellia the question 
whether an individual shall function as a male or as a female 
is mainly determined by an accident of situation. The eggs 
hatch out as free swimming larvre; if a larva settles down 
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upon the sea-bottom it becomes, after a short period of 
sexual indifference, a female; but if by chance, or perhaps 
by attraction, a larva settles down upon the !Jroboscis of a 
mature female, it develops into a male. Any larva can 
become either a phenotypic male or a female and as to which 
it is to be is decided by position. Baltzer took larv", at 
various periods after they had settled upon a female 
proboscis but before they had become completely male, and 
forced them to lead an independent life. As a result he 

FIG. 50. 

obtained intersexual forms, the degree 
of intersexuality depending upon the 
length of time the larv", had been 
allowed to remain on the proboscis of 
the fcmale. 

The case of Bonellia, if this animal 
has a sex-chromosome sex-determining 
mechanism, at once demands a revision 

'" of the definition of male and female, 
···0..,3 since it shows quite clearly that the 

" genetic" female can become a func~ 
tional female or a functional male; 
a "genetic" male, a functional male 
or a functional female; and that 
the sex-chromosome sex-determining 
mechanism can be over-ridden. A 
genetic male is an individual with 

H(nrdNa t'iridrJ. 

the appropriate genotypic constitu
tion; a functional male is an individual 
which is anatomically, physiologically 

and psychologically equipped to function as a male, elabora
ting functional sperm and fertilising the ova of the female
in short, a phenotypic male. 

The efficacy of purely external stimuli to influence sex
differentiation is also seen in the case of the slipper limpet, 
Crepidula, which, introduced to this country from America, 
became such a plague to oyster-fisheries. Crepidula lives 
gregariously in chains; the free-swimming young settle 
on older individuals and grow where they settle. Each 
individual, after attaching itself, passes through a phase of 
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sexual indifference, then through a male phase, producing 
spermatozoa) then throu~~h a hermaphrodite pha:->c, pro
ducing both spermatozoa and o\'a, and finally ends its 
day's a:-; a female producing ova only. Gould (19Ii) 
found that in Crl~/,/(ht!1I _t1t1J1i1 the male phase occurs only 
if the individual settles in propinquity to a larger indi~ 
vidual, larger and older and therefore ;1 female:; but t.hat 
if the individua1 is isolated and so prevented from settling 

A 

;/ !k' /.»~7"'<::~ 'F s //' ,,-
C ,/' I' ·'14 
~ i 

1 ____ ~_" ___ ~.L- ___ ~ __ _ 

Penod of Prnod of 
dlffemll4tl6n dlfftrenhatu)11 

D£VELOPMENr ----;. 

FIG. 51. 

A i" the plm~c of 5cx_dificrClltiatioll pursued ,It;( time dlHlllg dc\e!0ll. 
mcnt when the male-difterentiating sllbstall("I'S ;,rc effectively in 
cx~s; the re:,ull il> a m.ile type of scx-orgatlisation. 13 i,_ 
the same phase pUl~ued ullder u)!lditiollS when the fctn.de
Jifferentiating 5ubstances are efle(tivcly ill exres~; tht: re"lllt j<, 

a female type of !',ex~organisaij{)ll. 

upon a female, it passes directly from the neutral to the 
female phase. 

An ingenious hypothesis has been advanced to cover the 
observed facts concerning Bonellia, and in this matter the 
case of Crepidula is very similar. It is suggested that the 
sex-determining genes produce sex.differentiating substances 
under the direction of which the differentiation of the sex
organisation is pursued. Goldschmidt (1923) supposes that 
in all the individuals there is at first an excess of male
differentiating substance, but that the production of the 
(emale-differentiating substance after a time overtakes this. 
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Further, he supposes that the secretion of the proboscis of 
the female of BOllellia has the effect of accelerating the 
process of differentiation as opposed to the process of 
growth, of antedating, as it were, the period during develop
ment when sexual differentiation occurs. \Vhcn differentia
tion is rapid, the sex-organisation matures under the 
influence of the male-differentiating substance; when it is 
not accelerated, under that l'f the female-differentiating 
substance. The mode of sex-ditTcrentiation js determined 
by a varying physiological state in connection with varying 
environment and secretions from other individuals. 

The cases of Bonellia and Crcpidula, suggestive as they 
arc, lose much forcl: because in them a sex~dctcrmjning 

chromosome mechanism has not been disclosed. However, 
there is abundant evidence derived from other and satisM 
factory sources which shows quite clearl), that the explanation 
outlined above can be extended very generally indeed. 

Ha/llllCt'd (;{'nl'li( JnttJ's(xltrrlit), iN Dros(,/,liila, 

Since the difference in the sex-chromosomes is the only 
apparent difference in the genetic constitution of the sexes 
it follows that the X or something lodged in it is female
determining while male-determination is an affair of the 
rest of the chromosomes (exclusive of the Y which, as was 
seen in the results of non-disjunction, plays no part in the 
process of sex-determination). In Drosophila the female 
is duplex for the X, the male simplex. If the female
determining factor is designated F and the sum of the 
male-determining factors in one set of autosomes lVI, then 
whilst both sexes possess 2M, the female possesses 2X, the 
male IX. Thus 2F must be > 2M and IF must be < 2M. 

In consequence of certain experimental results obtained 
by Bridges (1921) a clearer understanding of the genetical 
basis of sex-determinatiol) has become available, and the 
above conception has to be modified. A" brown" mutant of 
Drosophila was back-crossed to a parent stock and produced 
individuals which were of two sorts: females, and individuals 
which displayed intermediate sex-characters. These inter-
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sexes could be didded into two groups, those predominantJy 
male, and those only tending towards the male condition. 
The results of breeding experiments led Bridges to the 
conclusion that, fur one group of genes at kast, the females 
were triploid, having: inherited a double instead of a single 
component from their fathers. Cytological examination 
confirmed this opinion, for he found that chromosomes II 
and I I I were IJrcsent ill triplicate, while the IV chromosomes 
was in some cases diploid, in othcrs triploid. Tlu ~\P-dllWIlO
.some ~.:.'a.) tripl(' il{ l/u'_/ol{(lId, do,,;'/( ill tilt i"/I'I'St'_us. 

From this it could be argued that a ratio 1 X : I A (where 
A = one complete sct of autosomcs) will give females 

.J!J ... ~ ~ .. ~ 
11\ '1\ 

,lJ) .. ~ .J,J) •• ~ 
'nterseKes ,\ " 

FIG. 52. (-Jj/a BriJgc~.) 

(3X: 3A, or 2X: 2A); a ratio of IX: 2A, or more than 2;\, 
will give males (IX: 2i\, or IX: 3A), while IX: I'SA will 
give intersexes (2X: 3AJ; and that an accurate balance of 
male and female-differentiating substances leads to a con
dition of balanced intersexuality. Bridges concluded that in 
Drosophila sex was determined by the correct quantitative 
balance between the male- and female-determining factors 
resident in the chromosomes, by the ratio between the 
X-ehromosomes and the sets of autosomes and that the 
effective relation is the ratio of the number of X-chromo
somes and the number of autosomes. In Drosophila a 
haploid (I X : I A) has not yet been encountered, but 
according to the above hypothesis it would be a female. 
N ow in some groups, e.g., Rotifera, Thysanoptera., Aleyrodida:, 
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Hymenoptera, and Acarid.." the females are diploid, the 
males haploid, and it is commonly accepted that this con
dition is but a modification of the ordinary type of sex
determination. But it would seem that this cannot be so, 
if Bridges' conclusions stand. Schrader and Sturtevant (1923), 
however, have shown how by a modification of Bridge,' 
hypothesis the haploid male can be brought into lillc. 
These authors suggest that the effccth'c relation in the 
matter of sex-determination is not the ratio of the number 
of X-chromosomes and of autosomcs, but the algebraic sum 
of X + A. They assign a numerical value of - G to the 
X-chromosomes and of + 2 to OIle set of autosomcs. Then-

A super-male will be 
A male " 

x + 3A 
X I ,A 
X + A 

"X + 3A 
zX + 2A 
3X +}A 
3X + zA 

Algebraic sum 0 

A haploid male " 
An intersex )) 
A diploid female " 
A triploid H 

A super-

4 
6 
8 

- 12 

So that if the threshold for maleness is at - 5 and that for 
femaleness at - 7 the result is consistent with the view that 
the haploid Drosophila will be male. This suggestion 
provides a satisfactory explanation of Nachtsheim's (1913) 
and Doncaster's (1915) work on the cytological basis for the 
production of males by parthenogenesis throughout the 
Hymenoptera. N achtsheim suggests that the male is 
X + A, the female 2X + 2:\, the ratio X: ~\ being the 
same in both. The parthenogenetically-produced male of 
the bee and of the gall-wasp is a haploid male and could be 
interpreted on the above hypothesis by assigning arbitrary 
numerical values of opposite signs to X and A with a 
defined threshold of the algebraic sum for the 'i' condition-

For example X = - 2 : A = + I 

~ =2X+2A=~4+2 =-2 
d = X+ A=~2+I =-1 

Some individuals of this triploid strain had two instead 
of three I V chromosomes. These were intersexuals but 
considerably more female in type than those with the IV 
in triploid. From this it may be inferred that chromosome 
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I V carries a disproportionately large shan,; of the male
determining factors. 

Sturtevant (1920) has described another tyP(' of intersex 
in Drosophila and ha~ shown th;lt the condition is duc to the 
action of a single mutant gene resident in one of the auto~ 
somes. It is f('markable that it single mutation can aAcct 
the sexual differentiation of the individual so profoutldly. 

St".r-d~!kri'fllirlt;(Jfl in blS((!S and ,1/amJll!1ls Contlllstcd, 

Reference to the condition of intersexuality makes it 
necessary straigllt"way to discllss the relation or the sex
glands to the rest of the organism. The differentiation of 
the sex-equipment of the individual usually results in the 
establishment of an efficiently equipped female or of a male 
capable of sexual functioning. In the case of onc Jarge 
group of the animal kingdom there arc cogent reasons, 
which will be given later, for holding that this differentiation 
from a common type of architecture is pursued under the 
specific control of the sex-glands. To this group belong 
birds, mammals,and certain invertebrates. In the remainder 
the functioning of the sex-glands exerts no effect UpOIl such 
differentiation. In tbis second group are placed the insects. 

In the case of the insect, the mode of sex-differentia
tion is decided with the event of fertilisation; a genotypic 
female invariably becomes possessed of a female sex
equipment. In L)'llla1ttria dispar, the Gipsy moth, the 
female is larger than the male and her wings are banded 
white, whereas those of tbe male are brown. If the Sex
glands of the caterpillar are destroyed, these external 
characters of the moth which develops from that caterpillar 
are precisely as they would have been had no operation 
been performed. Meisenheimer (1909) removed the ovaries 
of female caterpillars and replaced them by testes from 
male caterpillars and vice versa. The implanted organs 
of the opposite sex flourished in their new surroundings 
but nevertheless the external characters, when they came 
to be exhibited, were found to be quite unaffected by 
this operative interference. Male moths with all the male 

N 
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characters might have their bodies full of ripe eggs. 
Hegner ([914) destroyed the sex-glands in their earlier 
embryonic stages and found that even then the operation did 
not affect the assumption of the appropriate characters, so 
making it certain that ?vleisenheimer's results were not due 
to the operation of gonadectomy (extirpation of the sex
gland) having been performed after the gonad had exerted 
its influence upon the tissues concerned in the characteris
ation. i\Ieiscnheimer removed the gonads, replaced them by 
others from the opposite sex, and amputated the wings. The 
implanted gonads thrived and the wings were regenerated, 
but the characters were still those appropriate to the sex 
of the individual upon which the operation was performed. 

l\Iore recently Finkler (1923) has carried out some experi
mental work with cerlain insects (such as Dytiscus) and 
claims to have attained some most startling results. He has 
shown that it is possible to replace the am putated head of 
a male by that of a female and ~'icc "(rsa. The bodily 
sexual characters, following this operation, undergo a complete 
change and become as those of the sex of the individual to 
which the transplanted head originally belonged. Blunck 
and Speyer (1924), repeating this work, have completely 
failed to confirm Finkler's findings. It is sufficient, however, 
for present purposes to recognise that in the insects the 
activity of the gonad does not play any part in the process 
of the differentiation of the sex-organisation. 

In the case of the birds, mammals, and of certain 
invertebrates, on the other hand, the role of the functioning 
gonad in the processes of sex-differentiation is clearly 
demonstrable. It will be noted that in comparison with 
the insect, the mammal and the bird are infinitely longer 
lived. The higher forms grow to a large size before 
becoming sexually mature. In the sexually mature 
mammal, the male is to be distinguished from the female 
by differences in the situation and histo10gical structure of 
the gonads (testes in the male, ovaries in the female); in 
the accessory sexual apparatus - a system of ducts (and 
associated glands) which convey the products of the gonads 
to the site of fertilisation and in the female harbour the 
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developing [(I.'tllS (vasa deferentia and associated glands in 
the male, ovidllct~ and uterus and va~ina in the female); and 
ill the external reproductin,' organs (penis and scrotum in 
the male, clitoris and yulV;I in the female) 

At thl: beginnillg of thi:-, proccs", of scx w ditTcrentiatioll 
the scx-orgallisation is represented by paired gonads (neither 
ovarian nor ,<;pcrmatic in ~tructlJrc), a rudimentary aCCCS!-Of), 

sexual apparatus consisting- of two pairs of ducb, the \\'olffian 
and the ;..tl1llcrian, and external genital organ . ..; which take 
the form of a phallus and a uro-genital ~jn\ls. As differentia
tion proceeds, it is seen that either the gonads become 
ovaries, the l\HUlcrian ducts become the accessory sexual 
apparatus, whilst the Wolffian ducts atrophy, the phallus and 
uro.genital sinus become clituris and vulva; ur else the 
gonads assume the structure of testes, the M lillerjan ducts 
atrophy whilst the \Volffian ducts become the vasa deferentia, 
and the embryonic external genitalia become penis and 
scrotum. One or the other tyvc of sex.orgallisation is 
developed from embryonic structures commonly pos:-.csscd by 
all individuals, genotypic male and genotypic female alike. 
(Figs. 53" and b.) 

At about the time when the individual becomes sexually 
mature certain uther characters distinguishing the SL:xes are 
exhibited. These include differences in the pitch of the 
voice, in the regional distribution of the hair, in the size of 
the mammary glands, in the size of horns and such like, and 
in :sexual behaviour. 

Wentworth (1916) points out that in the Ayrshire, black 
(deep mahogany) piebald is the simpre allelomorph of red 
piebald and that the heterozygous males have black piebald 
coats, whereas the heterozygous females are red piebald. 
It is possible that the black is an intense red, that a BB 
individual is black be it male or female, while a Bb male 
is black and a Bb female red, the difference being associated 
with the difference in internal environment. Other instances 
of similar sex-dimorphism are the Ankoli cattle of Africa, 
in which the males are white and the cows red (Lydekker 
1912), and the Tarentaise cattle of France in which the male 
is wheaten, the female fawn (George). 
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with the elauoration of the gametes, sperm or o\'a, and that 
known as interstitial tisslle. I t has been recognised from 
the earliest times that castratiun in man and ill domesti
cated mammals, besides causing suppression of sexual desire 
was followed by profound changes in the sexual character
isation , particularly if the operation \,,'as performed before 

j<.ClI.tn\,,·r,J,
Hr,, ·g"'l. 

m'-!(Ihf/UW 

"~""m 1.1""", . . . 
glallM ptlllja - ' 

IIcrotnnl 

: '. 

uro-gem. lJinu~ ,-~ 

p"rlnt<Ulll- . 

alm~~ 

"""' ',:,:::::= =.~T ~.' 
sr.rol.um- - < 

(lI.l,l,,:!~ 

1 ' 
. " 

---.-; 1111 ' If \ \ 
<:'4:~r-iI! ' 1!4"'H ' '''' 

b.b. )I,~j 
):d·, III til 

--gl.('III.nr. 
_l.J.),. l/Illj. 

FJG. SJb.-DiffercntiatiolJ of F.....-temal Hcproouclive Org::lJl.'i. (Afla Hertwig.) 

puberty, but only during recent years have these effects 
been studied critically. Since for the development of 
these characters the presence of a functional gonad is 
necessary they will be referred to as secondary gonadic 
characters. 

Steinach (1916) removed the reproductive glands from 
young guinea-pigs and grafted gonads from individuals of 
the opposite sex into some of the castrated animals. The 
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animals which were merely castrated failed to develop the 
secondary gonadic characters which they would presumably 
have shown otherwise. Teste::: implanted into castrated 
males survived; they never developed spermatozoa, but 
the interstitial tissue multiplied very considerably and 
these males assumed the distinctive male characters to 
an exaggerated degree. Castrated males into which 
uvaries were successfully implanted became feminiscd and 
grew into animals with the appearance and habits of females, 
attractive to males and ahle to suckle the young of others. 
Ovariotomiscd females into which testes were succe'isfully 
grafted became masculinised. looking and behaving like 
males. 

In considering the brilliant work of Steinach, Lipschutz, 
Sand and others on the experimental feminbation of the 
phenotypic male and the masculinisation of the phenotypic 
female, dOll bts arise as to whether \vhcn recording the 
psycho-sexual changes following the operation, these 
authorities have remembered that it is impossible to isolate 
even a small group of individuals of the same sex without 
one or more quickly assuming the sexual habits appropriate 
to the opposite sex. Almost every utilit), poultry breeder 
possesses a layjng hen that behaves as a male; it is 
impossible to pen a dozen cocks together without one or 
more being forced to play the rOle of a female; it is not 
uncommon for a young male dog to allow puppies or even 
kittens to slIckle. Behaviour of this sort is extremely 
common among individuals in which reproductive activity 
is at a high level quite apart from any experimental inter
ference, and allm\'ance must be made for this fact. 

BOllin and Ancel (1904, 1906) showed that in the horse 
and other animals, if the vasa differentia were ligatured, the 
spermatogenic tissue of the testis ceased to be functional 
and gradually underwent degeneration, whereas the inter
stitial tissue remained unaffected. They concluded that 
the origin of a specific "internal secretion)J lay in the 
interstitial cells (cells of Leydig) and not in the spermato
genic tissue They showed further that the effects of 
castration could be prevented by injection of the extract 
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prepared from the intcr: .. titial tisSUt~ illto castrated guinea .. 
pigs. Bonin! :\nccl. and others hnld that a fo.-tal interstitial 
gland is present in the testis of the developing- horse, It 
was Berthold (1°49) \\'h() first based the idea pn ex peri .. 
mental evidence by castrating cock" and implanting tht' 
testes into new situatiolls in the' body, when he noted that 
thl~ cock thus treated did not become a capon. Berthold 
c\mcluded from these experiments that the testes claboratt(\ 
substances \ .. ·hieh caused and preserved the cock's characters, 
and that these substances were elaborated by the teste!">, 
whether these are in the normal or abnormal position. 

Tandler and Grosz (1913) subjected the testes of the 
roe buck to X-rays and thereby destroyed the spermatogenic 
tissue, leaving the interstitial tissue unimpaired. Kllud 
Sand (J9J9) describes hypertrophy of the clitoris in a 
rnasculinised rat into which a testis was implanted after 
ovariotomy. Shattock and Seligmann ([~)04) occluded the 
vasa deferentia in llcrdwick rams and found that this 
oj)cration did not affect the development of the secondary 
gonadic characters. n.larshall (1912) has shown that castra~ 
tion of a ram lamb of a breed in which only the males arc 
horned is followed by the non-appearance of horns, and that 
if such castration is performed after the horns have begun 
to grow, they cease growing from that time onward~. A 
castrated ram lamb of a breed in which both sexes are 
horned grows horns like those of a female rather than 
like those of a male. Whitehead (1908) and others have 
found that there is an intimate association between the 
interstitial tissue and sexual instincts. The abdominal 
testis in the horse is aspermatic but the interstitial tissue 
is abundant, and such a II rig l> exhibits exaggerated sexual 
behaviour. Crew (1911) has shown that the aspermatic 
condition of the undescended testis is due to the fact that 
for the final stages of spermatogenesis the temperature 
within the abdominal cavity is too high, being scme 50 C. 
higher than that within the scrotum. This explanation has 
been confirmed and extended by Moore (1922, J924) and by 
Moore and Quick (1924). 

Riirig (1900) records three cases in which female deer 
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possessed horns as in the male; on examination it was 
found that the ovaries were diseased. Pearl and Surface 
(1l)15) record the case of a cow with ovarian cystic disease 
which assumed the general appearance of a bull. The effects 
of ovariotomy in the cow have been investigated by Tandler 
and Grosz. They found that the operation was followed by 
the assumption of characters intermediate between those of 
the male and the female, a neutral form. Knauer (1900) 
removed the ovaries of rabbits and dogs from the nornial 
position and found that when implanted on peritoneum and 
muscle such ovaries survived and prevented the premature 
menopause which follows ovariotomy. 

llormofli'c ReJuvenation. 

Brown Sequard in 1889 was the first to suggest 
that in addition to its effect upon the secondary gonadic 
characters and sexual instinct, the testis exerts a rejuven~ 
ating influence upon the organism as a whole. He 
injected subcutaneously testicular extract from dogs and 
guinea-pigs intn animals and also into himself, and he 
was convinced that in both cases beneficial results followed 
and persisted for a time. In spite of these claims the 
practic~ was not continued and nothing further was done 
until 1913 when Lespinasse recorded a case of testicular 
transplantation in man. Lichtenstern (1916) of Vienna 
successfully operated on a soldier who had lost both testicles 
as the result of a gun-shot wound. The patient was rapidly 
developing the typical signs of complete castration when 
Lichtenstern implanted the undescended testis removed 
from another individual. The patient resumed all the 
characters of a normal male and soon married. Lichtenstern 
has also performed the operation for eunuchoidism and 
homosexuality as well as for impotence and general debility, 
and claims success. In 1918 Stanley and Kelker (1920) 
performed testicular transplantation using animal testes 
(goat, ram, deer, boar) instead of human. Necrosis was 
the usual fate of the implant, and in later experiments (over 
1000 in 1922) men were injected with parti .. lIy macerated 
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testis in order to a,Tnid this The injected material ('oulrl 
be felt beneath the skill for =,onw time fllll(lwill~ the injection, 
but ultimately it became absorbed. From these experiments 
Stanley concluded that the injection of animal testis into the 
human was followed by transient bencfit- increast"d sexual 
activity, bodily well.being, and power of vision. 

Voronoff(l()22) began his work in 1917. Ill, reports the 
results of 120 k:·;ticular grafts performed upon animals and 
mao. Numerous testicular grafts were made upon previously 
castrated male sheep and goats, in order to ascertain 
whether the implanted testicles cOllld play their part in 
animals deprived of their own and replace these in their 
functions as endocrine glands. I n those cases in \'vhich 
the grafts did not slough or were not too quickly absorbed, 
the ingrafted testicles dominated the secondary gonadic 
characters, sexllal instinct, and virile capacity. Two senile 
rams were operated upon with the result that two months 
later a change in their bearing was observed and their 
broken·down air and null look gave place to vivacity of 
movement and a bellicose disposition. Their vigour 
increased considerably from month to month and each 
became the sire of lambs. In one of these cases the graft 
was removed at the end of fourteen months and following 
this the condition of the animal declined once more and 
its vivacity disappeared. A new graft was then made, and 
some months later there remained no trace of its senile 
condition. Following this VOfonoll' undertook the operation 
on the human and claims equal success. 

In Voronoff's work two points are emphasised, (I) the 
implanting of the prepared pieces of testes on the tuniea 
vaginalis, i.e., putting the graft in the natural position of 
the testis in the scrotum; and (2) the donor and the 
recipient must be as near akin as possible, e.g., for the 
human Voronoft' uses chimpanzee's testis. Thorek (1922), in 
America, has recently confirmed Voronoll' in regard to the 
persistence of the chimpanzee graft in man. 

Voronoff concludes from his results that senility is due 
in part to the diminution or disappearance of the internal 
secretion of the sex-gland, so that by supplying the testicular 
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hormone (hormone = a chemical messeng-cr) by means of a 
graft ill the peritoneal cavity or in the tunica vaginalis, 
where it is not absorbed and does not necrose, the body 
can become rejuvenated. He holds the view that the 
epithelial cells are the agents of the cellular secretion, 
both internal and external, and that the seminal cell is 
at once exocrine (elaborating a product that is carried 
away by a dllct) and endocrine (elaborating a product that 
is carried away by the blood-stream), He suggests that 
when these cells arc deprived of their excretory canal they 
cea-"c to elaborate the spermatozoa and act only in the 
endocrine sense and that the interstitial cells possess only 
a nutritive function. \Vhichever interpretation of the origin 
of the sex-hormone be the true one, it is enough to recognise 
that the gonad as a whole is the seat of hormone production, 
and it would seem that the operation might prove of great 
usefulness to breeders of stock if by it the service life of a 
really desirable sire could be extended. But the histological 
structure of undescended testes and of the testes after 
ligation of the vas deferens does not seem to support the 
contention that the interstitial cells are merely nutritive in 
function. If the testicles of a rat, for example, are removed 
and then transplanted into the subcutaneous tissues of the 
abdominal wall, the rat grows to the size of a full-grown 
male and behaves as such. On section the transplanted 
testes will show degenerate seminiferous tubules and hyper
plastic interstitial tissue. If the rat is merely castrated, 
senility soon ensues. If, on the other hand, an old rat no 
longer sexually potent is operated upon and has one of its 
vasa deferentia ligatured, it becomes again vigorous and 
sexually potent. Ligation of the vas results in backward 
pressure in the seminiferous tubules and upon the interstitial 
tissue. The latter responds at once by an increase in the 
output of secretion and a sudden rejuvenescence results. 
The germinal tissue gradually degenerates and the inter
stitial tissue increases in amount, thus producing a greater 
amount of the internal secretion which results in a definite 
rejuvenescence of the tissues of the body generally; this 
at least is one explanation, though not the o"ly one. Such 
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an operation is k1lO\nl a,-.. Steillilch's; it ciltdd \lllite ca.:>.Hy 
be applied ill thl.: cast" (jf farlll :-.tock. 

Sand in his record of the results of vasectomy in a 
dog confirms the cOllclusions of Steina(:h. The (h)g, which 
showed all the signs of adyanccd age, became reju\'enated 
after the operation of double vasectomy. Zondck (I5)21) ha;-; 
examined the results of ligation of the vas by lI"ing the 
definite scientific test of metabolism measurements, and 
finds that the Steinach operation producc:s a definite rise 
in the rate of metabolism, but that this passes off after a 
month or so. 

Oslund (1924) maintains that fol:owing the operation of 
vasectomy the constituent tissues of the testes are llnaltered, 
and that the degeneration of the seminiferolls tubules and 
hypertrophy of the interstitial tissue is the result of the 
cryptorchism "'hich follows the operation in certain case!'!. 
He maintains that vasectomy without artificial cryptorchism 
is useless. 

The testicular graft operation promises good results in 
the case of a young- male which at the time of nQrmal sexual 
maturity shows signs of eunuchoidism. The grafts, though 
ultimately becoming absorbed, will function sufficiently to 
jockey the gro\\'ing male through a period of physiological 
disturbance. Similarly a graft into a male with atrophied 
testicles stimulates these to renewed activity. (Morris r~)f(), 

and Walker 1924.) 
Hormonic rejuvenation in the case of the female has 

been secured, according to several workers, as the result of 
treatment of the ovaries with X-rays. It is claimed that as a 
result of such treatment the oogenetic tissue is destroyed but 
that the interstitial tissue survives and flourishes to produce 
an increased effect upon the general economy. But since such 
treatment results in sterility it has no application in practical 
animal breeding. Ovarian grafting, however, is possible. 

There are still other characters that distinguish the sexes, 
such as difference in size, shape of the skeleton, and in 
basal metabolism. Such differences in the pelvis of the 
human can be distinguished at about the third to fourth month 
of pregnancy. The relation between such characters and 
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gonadic functioning is not yet defined. It is probable that 
they are secondary genotypic characters - based directly 
upon the genotype-and not secondary f:onadic. 

Tile l:jlerts of COlladectomy tl1ld GOl/ad lmplalltatiolt 
ill the Bird. 

In the case of the fowl, castration of the cock produces 
the typical capon with small comb and spurs, and indifferent 
sex-instinct, while the plumage remains (or in the case of the 
hen-feathered cock, becomes) cocky, though less bright and 
more luxuriant than that of the functional male. Castration 
of the male guinea-fowl, which is feathered exactly like its 
mate, does not affect the plumage-characters at all. 

('a"~,tll.t .. (l h0l1lly.(eathel'ed S()rma! llcl)lly·fe"tlH:!rtld 
d 6 
FiCo. 54. Sebright Bantam. 

PCzard (1919) claims to have induced in the fowl a 
condition exactly equivalent to that of surgical castration by 
keeping the birds on a strictly carnivorous diet, as a result 
of which a slow intoxication occurred and the sex-glands 
either atrophied or did not develop. Foges (1903) freed the 
testes of cocks and transplanted them into various positions 
in the body of the same fowl. In such cases in which the 
transplantation was successful the characters of the capon 
did not appear. The same result follows incomplete 
castration. Loewy (1903) claims that injections of testicular 
extract into young capons restores the characters of the 
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cock. Goodale (1916) found that after ca,tration of the cock 
the feathers chanf(ed but little. though their growth was 
more luxuriant, and that the comb remained infa.ntile. The 
spurs and moults were unaflectcd but the behaviour changed. 
The capon can and will on occasion crow and will tread a 
squatting hen. Pczard'~ (1918) ob~crvations are similar. 
He found that caponisation inhibited the growth of the 
head furniohings and removed all bellico,ity. Injections 
of testicular extracts (interstitial) prepared by aqueous 
maceration of this tissue from the pig, caused the head 
furnishings to grow completely, as did also implantation of 
testicular tissue. Implantation of testicular tissue into an 
ovariotomised hen resulted in a growth of the comb. 

Ovariotomy in the hen is followed by much more 
profound changes. The spurs gr'lw and the plumage 
becomes cocky. Goodale found that the castrated drake 
retained the typical drake plumage but did nut assume the 
peculiar summer plumage which sonlewhat resembles the 
usual plumage of t he female. Ovariotomy in the female 
was followed in some cases, though not in all, by the 
assumption of the male type of plumage. In one case the 
duck retained the nuptial plumage of the drake and did 
not assume the eclipse plumage. Another one first assumed 
the nuptial plumage, then the eclipse, and later again the 
nuptial plumage. Morgan(I919) suggests that in this case 
some ovarian tissue was left in the body. 1'011(1909) found 
that castrated ducks moulted normally. In the case of the 
ostrich, Duerden (1919) states that the red skin-coloration 
in the male of the North and South African variety and 
also the dark blue colour of the Southern are dependent 
upon the presence of the testes, but that the castrated cock 
attains the normal black plumage which distinguished him 
from the hen. Spaying of the hen ostrich is followed by 
the retention of the ordinary body colour but the normally 
grey feathers assume the blackness of the cock. 

Ovariotomy in the fowl and duck is difficult owing to the 
diffuse condition of the ovary. It is wellnigh impossible in 
the pullet but can be done fairly easily in a few days old 
chick, as shown by Finlay (1923). Goodale performed the 
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operation on Brown Leghorn pullets, a breed in which the 
coloration of cock and hen is markedly different. In the 
successful experiments the hen assumed the full plumage 
of the male with red saddle, black breast, and cocky hackles 
and spurs. The birds did not crow and the growth of the 
comb was irregular. Pczard's results are somewhat different 
and he concluded that ()\""riotom), has no influence on the 
development of the comb. l\loreovcf1 in Pczard's ovari
otomised hen~ the tail sickles and the characteristically male 
fcathers did not appear. Both Goodale and l'czard were 
able to "feminise" castrated males b), the implantation of 
ovarian tissue. Finlay, operating on the three days' old 
Brown Leghorn chick, carried out the following scheme:-

.'Jfalt-',\', 

(I) :;-';ormalmale ca"trated. 
(z) and testis implanted. 
(3) <Lnd ovary " 
(4) in which one testis was extirpated and O\'ary implanted 

(<',K. testis and ovary in one and the same male). 

F<-'JIla/es. 

(5) Normal female oyariotomised. 
(6) and ovary illlplantcl1. 
~i) 'J and te~ti5 )' 
(S) in which testis was implanted (e.K. ovary and testis 

in one <lnd the same female). 

So far as the external characters are concerned) it was 
noted that the following results were obtained:-

! Size, :.hape, 
Grnup. i thickness ot 

I bone~. 

" c' 
.l (; 
4 d 

? 
9 
? 
? 

Comb. Phlillage. 

Infantile i Cocky, but capon-like (loose, 

I 
luxuriant) 

6 6 
~ I' 
6 " Infantile ! Cocky, but ca~on-like 
9 
6 I 6 
6 ! '? 



THE DEVELOnlENTAL CAPON 207 

The operation in these cases was performed at the 
earliest possible opportunity after hatching-, so that the 
gonad was exerting its inHlIcncc upun the body generally 
for the shortest (in I and 5) nr for the lungest possible time. 
It is to bl! nuticed tha.t certain of lht..~ characters which 
distinguish the sexes, size, sha.pe, carriage were uuaffcctcd ill 
eVL"ry case; these :->cx-limitcd differences would appear tv be 
secondary genotypic, It is possible that size is a sex-linked 
character and a duplex state of the factor may produce a 
greater end-result than a simplex (the cock being XX, the 
hen XV). 

Certain of Finla)"s cla"es can be found among develop
mentally abnormal fowls. Crew (1923) has described the 
developmental capon and the developmental poulardc which 
fall into FinIal'" groups 1 and 5 respectively. In these 
cases it was fuund that though testis and ovary had 
become differentiated, the)' had never functioned. The 
capon could be distinguished from the poulardc in every 
case, however, by tht~ size, shape, and carriage characters. 
A laying hen with c()cky plumage is not uncommon. 
Examination of a series of these cases has shown that the 
explanation is that during a moult the ovary of the hen 
completely ceased to function, but that later it resumed its 
full activities. 

In the mammc.l it is generally accepted that the repro
ductive glands function as ductless glands providing internal 
secretions which direct the development of the remain
ing structures of the sex equipment. In them the sex~ 
determining gene mechanism results in the production of 
the sex-differentiating substances, possibly enzyme-like in 
constitution, and these direct the differentiation of the 
embryonic gonad into testis or into ovary. The gonad 
becomes differentiated and in it is developed the gametogenic 
tissue which provides the gametes, and interstitial tissue 
which provides the male or the female sex - hormone, 
specifically different, that directs the development of 
the appropriate accessory sexual apparatus and secondary 
gonadic characters. Every individual, XX and XY alike, at 
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the beginning of the development of its sexual organisation 
possesses paired undifferentiated gonads, paired Mullerian 
and \Volffian ducts, and structures which are concerned in 
the later development of the secondary gonadic characters 
of both sexes. The first stage in sex-differentiation is the 
formation of ovaries or of testes from undifferentiated 
gonads. Next, under the direction of the hormone pro
duced by testis or ovary, either the l\!iillerian or the Wolffian 
ducts continue their development to become the functional 
accessory sexual apparatus, and later, about the time of 
sexual maturity, under the influence of the sex-hormone the 
appropriate secondary gonadic characters are displayed. 
If, as appears probable, the sex-hormone is chemically 
identical throughout the life history of the individual, then 
the assumption of the different sexual characters at different 
stages of the life-cycle must imply that more than the sex
hormone is involved, or that interaction between gonad and 
the other endocrine glands such as pituitary and adrenal 
may be necessary, or that the different tissues respond 
only at a certain stage of growth which is not attained 
synchronously in all. The genotypic female, in the absence 
of disturbing agencies, develops ovaries: she develops these 
because she is a genotypic female and is not a genotypic 
female because she has ovaries. The phenotypic female, 
on the other hand, is a phenotypic female because she has 
developed ovaries. 

The situation in birds is in the main in agreement with 
that in mammals, though the results of ovariotomy point 
to the conclusion that the physiological influence of this 
organ is such as prevents the assumption of the secondary 
gonadic characters of the male. Castration of the hen ny
feathered cock suggests that in the testis of such a male 
there is something which in its action is equivalent to 
some component of the ovary, since it too prevents the 
assumption in a male of the male secondary gonadic 
characterisation as far as plumage is concerned. This 
question will be considered further. 

The sex-organisation can be classified for descriptive 
purposes as follows :-
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SEXl!AL CUARACTERS. 

I. Tlte (;~'lWf.ypir, 
(The sex-dt,tennillin~ bn<)f~compleI ~Y1ll1"Jli~ed;u XX t'l XY.) 

;!, 1 It(! PlumJlypk. 
In the In··cd. 

A. The secondary J.::cnot),pic cha.r· 
acter!; (the 'expn's~ion of thc
genotype.! 

In lilt' :'-.Llmst\:.I.L 

A. Til(> ;;ccondary ~t:notypi( char
:U.:t{TS. AmollK these the 
pnmary Ronadit:: char~lctcrs 
(ovary or testis). 

B. The secondary gona<iic char. 
act(,fs, depending {or tll('11' 
expl'es~ion upon the aCl1nty 
of the functional gonad. 

Genetic Intcrsexlia/ity in tlte (J~i/,s)' J!Ot/I. 

In insects, the gonad exerts no influence upon the pro
cesses of sex-differentiation. The tissues of an individllal 
are either XX or XV, arc physiologically male or female, 
and those concerned in the development of the sex equip
ment pursue that development in the male or in the female 
direction. No abnormality in the differentiation of the sex
gland can affect the diffnentiation of the rest of the sexual 
characters, for this is predetermined by the genotype. Any 
unusual differentiation is but the outward visible sign of an 
unusual genotype. 

It has long been known to entomologists that local 
races of closely allied species of moths, when crossed, 
yield offspring that show characteristics of both sexes. 
For example, if European specimens of the notorious 
forest pest, the Gipsy moth, Lymalllria dispar, are bred 
among themselves the offspring are unremarkable. The 
same is true in the case of the Japanese variety (L. japonica). 
But if crosses are made between these two varieties, the 
offspring are remarkable. The mating European ~ X 

Japanese,; produces in the F, normal males, and females 
which show a number of modifications in the direction of 
maleness, i.e., the females are all imperfect, intersexual. The 
reciprocal cross, European ci X Japanese '? produces normal 
males and females in the usual proportions, but if such F 1 

individuals are then interbred, there appears in F. a certain 
proportion of males showing modifications in .the direction 

o 
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of the female type of organisation, i.e., males which are 
intersexual. As a result of much experimental breeding, 
Goldschmidt (1923) was able to group his strains into 
" weak JI and I( strong H classes, accotding to their U strength" 
in mating. For example, a male of a" strong" strain mated 
to a female of a "weak)) strain produced 50 per cent. normal 
males and 50 per cent. intersexual individuals which were 
females modified in the male direction. A" weak" male 
mated to a II strong" female produced a normal generation 
of offspring. A II very strong" male mated to a \I weak" 
female produced offspring all of the male type of organisa
tion. It will be noted that this idea of efficiency in genetical 
action introduces the conception of" fractionation" of genes. 
This can readily be avoided by calling on the aid of 
<I modifying" genes which act upon the H principal" ones. 
However, for the sake of simplicity the results are interpreted 
as grades of relative efficiency of the principal genes them
selves. On the basis of his results Goldschmidt was soon 
able to predict with precision the consequence of mating 
individuals from different cultures. If II strong 11 race A 
gave moderate intersexuality when mated with II weak" 
race P, whilst with race Q it had strong intersexuality, and 
if a " strong" race B had given moderate intersexuality with 
Q, then it could be safely predicted that B with P would 
give only a slight degree of intersexuality. Goldschmidt 
accounts for the results of his extensive breeding experi
ments by introducing a quantitative notion of "efficiency" 
distinguishing the sex-determining genes of different local 
races of Lymantria. By efficiency is inferred the rate at 
which the sex-determining genes produce in the germinal 
organisation their sex· differentiating substances which 
influence the differentiation of the sex-organisation of the 
individual, substances perhaps of the nature of enzymes 
which produce one of the two types of metabolism, male 
or female, in the developing embryo, creating thus one or 
two sorts of internal environment. 

In moths the male has the constitution XX, the female 
XY. If the gene which produces the male-differentiating 
substance is borne upon the X-chromosome then in the 
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male it ,\'ill be produced in double dose, in the «.,male in 
single dose. Goldschmidt found that the gene which pro
duced the (emilIe-differentiating substance exists in th(.; same 
dosage in all ova, and suggested first that this gene was 
transmitted in the crtopIa~m of the egg. Hut in a cross 
of two strains, Tokyo ~ x lI()kk~\idl.) ~,a female was 
produced which when back-crossed with a pure Hukkaido (~ 

produced nOlle but females, one half of which were normal 
while the other ha:f were abnormal, t':xhibiting certain male 
genetic characters, and having two X-chromosomes and no 
Y. The eggs of thesc, therefore, were formed in the entire 
absence of a Y-chromosome. Goldschmidt's interpretation 
of this situation is that the fcmale~detcrmining factor is 
resident in the Y I and that in this ca:;.c it became trans
ferred to the X through cro"ing-over between the X and 
the Y. Similar results were obtained in cro::ising a female 
carrying a factor (c) for dark colour in the X-chromosome 
with a light male. This mating gave dark sons and light 
daughters, but in addition one light snn and one dark 
daughter appeared. These are explained similarly as being 
the result of crossing-over between the X and the Y. 

For these reasons Goldschmidt has definitely placed 
the female-determining factor on the Y -chromosome. He 
suggests that the functioning of the Y - borne female
determining gene-complex is prezygotic. The oocyte 
has the sex-chromosome constitution XY, and if it is 
assumed that the Y-borne factors are active at this stage 
of oogenesis, before the disjunction of the X and the Y 
occurs, then the female-differentiating substance will have 
been elaborated and will be included in both the X- and 
the Y-bearing ova. 

If M represents the genc determining maleness and F 
that determining femaleness, the male will be MMF, the 
female MmF. As F is transmitted through the mother 
only, the eggs of the female will be of two sorts-MF (the 
X-bearing ovum) and mF (the Y-bearing ovum), while the 
males will liberate gametes all bearing M. The conception 
of Goldschmidt can be illustrated by assigning arbitrary 
numerical symbols to the sex-determining factors. Those 
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which are here employed are those used by Hogben (1923 
and are merely illustrative and are not identical witl 
those originally employed by Goldschmidt in his rathe 
intricate presentation. In the production of males an. 
females, 21\1 must be greater than I F and I M less than 1 I 
respectively. 

M = male-determining gene resident on the X-chromo 
some. M" M" M s' M., M,. etc., are male.determining gene 
of relatively different efficiency. 1\1, is a weak M, M, ; 
relatively very strong 1\1, and so on. Since a male ha 
two X-chromosomes, he carries two Ms and these may b< 
of dill'erent grades of efficiency. 

F = female - determining gene resident in the Y an, 
producing its sex-differentiating substances before the ) 
and Y disjoin and the mature eggs X and Y respectivel: 
are produced. F21 F3! F-l' etc., are female-determining gene 
of relatively different efficiency. The same grade of F wil 
be present in all the eggs produced by one and the sam, 
individual. 

The following table shows how racial differences cal 
be illustrated and the results of inter - racial crosse 
interpreted :-

A U Strong" Race
Gametes 
F, 

c5 M3M;;Fj 
M, 

MaM3F4 

ArnaJe 
I\1 >F 

~M3mF4 

M.,F4 mF1 

M:lmF4 
A--fenlale 

,,1 < F 

A" Heal· n RaCt'
Gametes 

ciM,M,F, x ~l\1:!mF:; 

F, 

A Cross-

M, 
M:::mFs 
Female 
M<F 

A 'lstrong~ male M:1MJF4 x 
Gametes M3 
Fl M:tmF3 

j ntersexual female 
M=F 

rnF:; M2F3 
M,M,F" 
~fale 
M::>F 

MilmF3 A "weak'J female 
mF3 M2FS 

M3M:lF3 

·"1."lale 
M::>F 
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R~cipT(I{,(J! C"{'~.f--

:\ "weak" m.dt' .\t.,:\l:F 
(;ametes ~I;: 

'[ IIll F, A I, sHon)o;' " (("mak 

:\l.Y~ mFj 
FI M~?o.t:Yi M:tlIF. 
Gamete') ~1~ M.: M.~fo·. 011·'1 

)I~'l~Fi 
rnt('-rs('x-u~l 11',,\le 

'1 - F 

M11:!_Y, 
F('male 

\1·. F 

MJM:,l'f 
~\1;;\~' 

M>F 

M:;mF~ 
Female 
1M. F 

(~ -,= greater than; < • less Ihan). 

By the use of such symbols it is easy to illustrate the 
production of an Fl generation consisting of 50 per CCJlt. 

males and 50 per cent. females whose bodily characteristics 
are malc:-

Gamete,> 

F , 
M.; 

M"M:!F .. 
~Llle' -M :> F 

x ,\l:>mf\ \Veak female 
1\1'.'F~ mF., 

M.,mF;! 
t;en)alc --"(_Min~') but M > F, 
so all with male organi!7ation. 

The sex-characters of these intersexual females arc 
remarkable. They start their development as females and 
at a critical point change their mode of life and finish as 
males, and since the hard parts of an insect are external 
and are composed of chitin, any of them which are hardened 
before the change remain unaltered by it, so that from an 
examination of the parts which normally are different in 
the two sexes it is possible to decide in the case of any 
particular intersexual individual exactly when the change 
occurred. The intersexuality in the Lymantria hybrids 
does not show an intermediate condition of sex-differentia
tion of such features as the shape, size, and colour of the 
body, the feathering of the antennre, the structure of the 
legs. The intersex is a sex-mosaic, and the character of 
the structure which displays sex-differentiation is related to 
the time at which it makes its appearance in development 
The intersex is a sex-mosaic in time. The female with the 
least degree of intersexuality has only the feelers modified in 
the manner of the feathered male type. Those displaying a 
further degree of intersexuality will have the male colouring 
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of the wings in addition. A further stage will consist in male 
type of copulatory organs as well, although the sex-glands 
are still of the female type. ,\ still further s~agc is that in 
which the size of the abdomen and hair of this region are 
of the male type. The final stage of all is that in which 
the ovaries are replaced by testes: in such ca<;es sex-reversal 
is complete. The importance of these observations lies in 
the fact that the last characters to be differentiated in the 
pupa and the first to become intersexual arc the branching 
of the antenna and the wing coloration, while the first 
organ to be differentiated and the last to become intersexual 
is the sex·glalld. Goldschmidt infers with reason that the 
sexual characterisation of any particular organ of the sex
equipment depends on whether one or the other type of sex
differentiating substance is effectively in excess at the time 
when the organ arises in development. He interprets the 
mosaic character of the intersex by the assumption that the 
amount of sex-differentiating substances produced in virtue 
of the presence of the corresponding sex-determining genes 
is not constant throughout life: that at one time the male
differentiating substance is in excess, at another, the female. 
In the male of the moth M> F and the male-differentiating 
substance is effectively in excess until the period of develop
ment is completed. In the female M < F and the female
differentiating substance is effectively in excess during 
development. But if it should so happen that the sex
differentiating substances are produced at different rates, 
and if some genes possess the property of producing more 
sex.differentiating substance in a given time than others, 
then there exists the possibility that sex-mosaics in time 
will be produced. 

A male of a race in which the sex-determining genes 
work at a faster rate is crossed with a female of a race in 
which these genes work at a slower rate. The female
determining factor F is always inherited through the mother 
and in all the offspring there will be this factor F and the 
female-differentiating substance will be produced all at the 
same rate. The male offspring, on the other hand, will 
receive one M from their mother and the other, the quickly 
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producing 1\1. from their fatlier, So that in a given time 
the male-differentiating substance will be ctTcrtin:ly in 
excess during development. The female or{sprin~ wiH 
have the 1\1 from the father and, as a consequence, the 
amount of male-differentiating substance will increase 
relatively to the amount of the fcmale~difTerentiatin~ 

substance, overtake it, and finally supplant it, and from 
this point onward!:' a.ny sex-characters which still have to 
de"clop will be of the male type. The ind ividual will be" 
female intergcx. It is not the absolute but the relative 
rates of production of male- and female-differentiating 
substances that control the modelling of the sex-equipment, 
so:-

There are hvo sorts of sex-determining genes, male
determining, borne on the X, and female-determining borne 
on the Y. The male genetically is MMF and the female 
MmF, since the action of the Y -borne genes is prezygotic. 
The sex-determining substances elaborated by these genes 
are known as male-differentiating and female-differentiating 
substances. These are elaborated at different rates by 
different male-determining and female-determining genes 
respectively; the introduction of more quickly and of more 
slowly elaborating genes into a genotype can result in a 
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disturbance of the previous quantitative relation of the two 
sorts and so yield the intersexual condition. 

In general the point at which the curves for production 
of male- and of the female-differentiating substances intersect 
lies beyond the stage at which differentiation occurs. But if 
the growth rate could be changed so that the point of inter
section occurred during or before the period of differentiation, 
then it should be possible to produce a partial or complete 
reversal of sex and to produce individuals genetically of 
one sex (XX or XY, that is), but somatically, phenotypically, 
of the other. Goldschmidt by rearing Lymantria at very 
low temperatures produced intersexes, thus verifying this 
inference. Sex~TeversaI in these cases is due to genetic 
causes-the fertilised egg contains inevitably within itself 
the seed of its eventual transformation in the form of a 
quantitative disharmony of the sex-determining factors. It 
should be defined as genetic or ontogenetic sex-reversal. 

Heslop Harrison (1914) working with Biston species 
crosses obtained results very similar to those of Goldschmidt 
and accepts the latter's hypothesis in interpretation. 

Sexton and Huxley (1921) found in the amphipod crus
tacean Gammarus an instance of progressive change of an 
animal from one phenotypic sex to the other-consecu
tive inter-sexuality - closely similar to that described in 
Lymantria, but the causes of this are not known. As 
Gammarus moults throughout life, it was possible to show 
that the intersexes start their life as females, for when a 
certain degree of femaleness has been reached it is retained 
throughout life. The animal then switches over to maleness, 
the male-differentiating substance progressively increases 
and the individual becomes more and more phenotypically 
male with successive moults. 

The types of genetic intersexuality encountered in the 
cases of Drosophila and of Lymantria, types which may 
be distinguished as It balanced" and ({ consecutive," are both 
based on a particular quantitative relation between the sex
determining factors, on the X and on the Y in Lymantria, 
and on the X and the autosomes in Drosophila. r n 
Drosophila the female-determining factor appears to reside 
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in the X; in Lymantna it is the male-determining factor 
that is X-borne. l'nusual quantitative rdations between 
the two sorts of sex-determining factors result in the 
production (.)f intersexual forms. In the case of Lymantria 
the situation can be summarised <l:-; follows. Genetic inter
sexuality is the condition in which as a result of genetic 
caU$CS the ditTcrcntiation of the sex .. organisation of a 
genotypic male or of a genotypic female, having been 
pursued up to a point in a manner appropriate to that sex, 
is switched-over, so that after this point it follows the plan 
appropriate to thc opposite sex. An interscx is all XX (or 
XV) individual which as a result of an abnormal sexual 
differentiation comes to possess more or less completely the 
sex-equipment appropriate to the altemative XY (or XX) 
individual. Not every part of the body is involved in this 
condition; only the structures of the sex.equipment are 
concerned and of these only those the differentiation of which 
is not complete at the time of the switch-over are affected; 
the earlier in development the switch-over occurs, the more 
structures will be affected and the greater will be the degree 
of the intersexual condition, and 'l'tre I'{'YSa. 

Intersexuality results when the male and female sex
determining genes are quantitatively incorrect in harmony, 
one set with the other. It does not occur when, as in the case 
of tbe determined female which attains a typical female organ
isation, the female-determining reactions are predominant 
throughout this period. Intersexuality occurs when during 
the course of this phase of differentiation the male determin
ing reactions overtake and supplant the female differentiating 
reactions and so control the remainder of the process, or when 
the female-differentiating reactions replace the previously 
predominating male reactions. 

Hormonic Intersexuality. 

Another type of intersexuality is that known as 
hormonic, which is not established at the time of the 
formation of the zygote, but which is produced later as a 
result of the action of specific hormones, the origin of which 
is localised in the differentiated gonad .. It follows that 
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before these so-called sex-hormones are elaborated, sex must 
be determined and the sex-glands differentiated. In insects 
the quantitative relation of the male-determining and female. 
determining genes in each cell leads to the establishment of 
a certain physiological state-maleness or femaleness-in 
the presence of which differentiation is pursued. In the 
mammals, on the other hand, the control of sex-differentiation 
is removed from the individual cells of the body and has 
become localised in the sex-gland. It is not improbable 
that the relative efficiency of the gonadic hormone or 
the relative time during development at which the glands 
of internal secretion (including the gonads) begin to function 
are based upon the genotype, so that actually this type of 
intersexuality may also be genotypic, genetic, in origin. 
However, for purposes of description it is convenient to 
distinguish the two classes. 

TI" Cast of the Fret-ilfartin. 

The part played by the sex-hormones in the production 
of this kind of intersexuality is best illustrated by the 
work of Keller and Tandler ([9[6) and of Lillie ([9[7) 
on the bovine free-martin, a genetic female (XX) co
twin to a normal male, the reproductive system of which 
becomes abnormal during the period of sexual differen
tiation as a result of the action of the sex-hormone of 
the male i" tltero. Twins may be monovular or identical, 
and these, arising from one and the same egg, are always of 
the same sex and very similar in their characters, or they 
may be binovular or fraternal, resulting from the synchronous 
fertilisation of two separate ova by separate spermatozoa_ 
In the latter case they mayor may not be of the same sex 
and do not resemble one another any more closely than do 
brothers and sisters born at different times_ Twins in cattle 
may consist of two normal males, two normal females, one 
male and one female each normal, or one male and the 
other an individual with an abnormal reproductive system 
and known as a U free~martin.1l In all save one of 126 cases 
of twins in cattle thoroughly examined, two corpora lutea 
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were found. This show:, that twins arc alml)st invariably 
binovular in this animal, since two ova are concerned in 
the prcg-nancy, for when an O\' um is dischar~ed from the 
mammalian ovary. the follicle of the ovum rCllIuin.5 as a 
glandular structure known as the corlus /utOJ1J1, which 
apparently functions as a gland of internal secretion. 

The two fertilised ova pass into the: bicornuate uterus 
and become attached to the uterine mucosa. If they have 
been discharger1 from the sarne ovary the zygotes u~uany 
develop in one and the same uterine horn. As the ova 
increase in size, the embryonic membranes of the two 
fcetuses meet to adhere and in many cases to fuse. If 
such fusion occurs, an anastomosis (an jntermingling) of 

Frc. 56.-The Boyil1e Frce.Manin. (A/IfI'Lillie.) 

their blood-vessels can result, so that a common vascular 
inter-communication may become established. 

Thus the situation arises in which the sex-hormone of 
each developing individual is at liberty to pass into the 
tissues of its co-twin. The sex-hormone is the instrument 
which models the sex-organisation and the sex-organisation 
alone. The internal secretions of the pituitary, thyroid, 
adrenal, and so forth, can also pass from each individual to 
the other, but these are mainly concerned in the general 
and not in the special development of the individual and 
will be alike in both twins. 

But if it so happens that the twins are bisexual and 
that the fusion of the chorions occurs, and further, that a 
vascular inter-communication becomes established, as it 
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does in seven cases out of eight, the sex-differentiation of 
both individuals will be directed by that sex-hormone which 
is exhibited earlier or which is more potent. The testis 
becomes differentiated at an earlier stage of development 
than the ovary, and so the sex-hormone of the male is 
liberated before that of the female. The female twin (i.e. 
genotypic female) will pursue her sex-differentiation under 
the direction of the male sex-hormone d her co-twin and 
will therefore come to po,"ess more or less completely the 
organisation of the male. The assumption of the male 
characters in the case of the feetuses examined is imperfect: 
the external genitalia are of the female pattern, the internal 
organs of reproduction more or less completely mall.!. 
The male sex-hormone is liberated before the embryonic 
gonads of the genotypic female have undergone differentiation 
into ovaries: such differentiation is prevented and so there 
is no question of a competitive action between male and 
female sex-hormones. The end-result will have a relation to 
the time of exhibition of and to the efficiency of the male 
sex-hormone. The variation in the size of the testes of the 
male co-twin and of the extent of vascular inter-communica
tion seems to point to the conclusion that the amount of 
the hormone is not a significant factor in the production of 
a free-martin, but that there is a minimum stimulus and 
the reaction is of the "all or none" type. It is seen 
that the tissues of the genotypic male respond completely 
to the stimulus of the testicular sex-hormone, whereas those 
of the genotypic female fail to do so. Now it is known that 
genotypic male and female tissues are to be distinguished 
by differences in their chromosome content, and it is 
reasonable to assume that because of these differences they 
differ also in their physiological constitution. It is probable, 
therefore, that though both kinds may be capable of 
responding to one and the same sex-hormone stimulns, 
they will respond differentially. The male co-twin develops 
testes because he is a genotypic male and becomes a 
phenotypic male because he develops testes. His embryonic 
gonads became testes because their differentiation was 
pursued under the direction of the male-differentiating 
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substances elaborated hy the male-determining factors in 
the sex-determining factor complex. The ,,'x-hormone 
elaborated by the testes, passing into the body of the 
genotypic female, swings her sexual differentiation in the 
male direction I but the swing is not complete beca.use the 
sex-hormone of the testis is not cfluivalcl1t physiologically 
to the male-differentiating substance~ elaborated L)' the 
sex-determining factors and because her tissues are con
stitutionally different from those of the genotypic male. 
In the assumption of any character three variables arc 
involved, the efliciency of the stimulus, the degree of 
response, and the sufficiency of nt1trition. 

That this is the correct interpretation of the case of the 
free-martin seemed to be supported by the work of Minoura 
(1921) who claimed to have produced an equivalent condition 
in the chick. A small window was made in the shell of a 
seven to nine days' incubated fertile hen's egg and 011 to the 
vascular area of the chorio-aHantoic rnem brane were grafted 
small pieces of testis or of ovary from embryo chicks and adult 
fowls. In a certain proportion of Cases the operation did not 
interfere with the further development of the chicks and the 
grafts sun'h'ed and grew. The embryos which had received 
ovarian and testicular grafts, it was claimed, showed modi
fication in their sex-organisation; fourteen individual~ were 
affected as a result of ovarian grafts and sixteen by 
testicular. In the case of male embryos which had reech"cd 
an ovarian graft, modification ill the direction of the female 
condition was seen in the right testis being smaller than the 
left (in the female the right gonad atrophied and disappeared), 
while the Mullerian ducts persisted instead of atrophying as 
in the male. I n females grafted with testicular tissue, the 
right and left ovaries were equally developed and the male 
genital ducts persisted. In this way Minoura claims to have 
produced free-martins of both sexes and the conclusion is 
that sex-differentiation in birds as in mammals is introduced 
by the production of a gonad of one or the other type 
manufacturing an internal secretion. [t is not clear, how
ever, whether Minoura's results might not have been due 
to a simple retardation of sex-differentiation by operative 
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interference. Anyone who is well acquainted with chick 
embryology knows that there is a very great variation in 
the process of sex-differentiation. Moreover, Gr~enwood 
(1925) repeating this work has completely failed to confirm 
Minoura's conclusions. 

Moore (1919) has shown that it is possible in the rat to 
remove one testis and replace it by an ovary and that 
following this both testis and ovary continued to produce 
functional gametes. It is possible, therefore, to secure a 
balance of the male and female hormones in one and the 
same individual and so to produce an artificial herma
phrodite although such an incli"idual could not function as 
a male and a female. Sand has recently demonstrated the 
effects of simultaneous implantation of ovary and testis 
into an infantile castrated guinea-pig and of implantation 
of ovaries into the testes of rats and guinea-pigs, and 
has shown that artificial hermaphroditism with pronounced 
bisexuality of the psycho-sexual characters could be pro
duced associated with the synchronous development of both 
male and female sexual organs. 

TIl(: Cast' I?l lnac/ws and S"acotlilla, 

Another instance of intersexuality is that of the crab 
Ioachus attacked by the parasite Sacculina. Sacculina, an 
internal parasite, is a cirripede Crustacean, and part of its 
body projects to the exterior under the abdomen of the crab 
in which it is living, while root-like processes whicb absorb 
the juices of its host ramify to all parts of the crab's body, 
avoiding the vital organs and absorbing nourishment chiefly 
from the blood. It attacks males and females, and in 
both it causes atrophy of the sex-glands and consequent 
sterility. The only effect of this in the female is acceleration 
in the assumption of the adult sex characters. Parasitised 
males, however, gradually take on more and more of the 
female characters, their great claws become smaller and 
smaller, the abdomen broader, the swimmerets enlarge and 
become fringed with the hairs to which, in the female, the 
eggs are attached. Most of the affected crabs die, but in a 
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few the para:.iitc disappears and the rcprodu("th'c organs are 
regenerated. I n a female a normal ovary develops. in a but 
partially feminised male, a norma.l tc!'tis; hut ill a fully 
feminiscd male a sex-gland is n. .. ·gencrateci, in which both 
ova and sperm are found: feal male jntersexuality lS pro
duced. Geoffrey Smith (1906) who investi~ated this problem. 
found that the blood of the normal female crab differs in 
chemical constitution from that of the male. It contains 
fatty substances y,hich arc absorbed by the ovaries and used 
in the production of the yulk of the egg. The,e fatty 

FIG. 57.-lu<l.chus. ("l/ter Smith.) 

substances form an important part of the food of the 
parasite Sacculi"a. That which Sacculina ab;;orbs cannot 
be used in yolk formation, and as the eggs cannot develop 
the ovary degenerates. In the male these fatty substances 
are present in but small quantities. The parasite demands 
more, and the whole physiology of the male crab is altered 
to meet this demand; the male thus assumes the female 
type of metabolism, and consequently the characters of the 
female. 

Such was Smith's interpretation of the condition in 
lnachus and, as is seen, this theory of metabolic stimuli is 
opposed to the sex-hormone theory of differentiation. 
Instead of adding something to the circulation, the sex
glands, according to Smith, remove something from it. It 
is possible, however, that the altered metabolism is not the 
cause of the alteration in the sexual characterisation but 
merely a part of this process of alteration. Goldschmidt 
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points out that tbe case of the intersexual female Lymantria 
is somewhat similar. In the female caterpillar large deposits 
of fat are laid down, and these are used up in the pupal stage 
during the growth of the ovary. If the male-determining 
reactions supersede the female just at the time of pupation 
the ovary is not differentiated, and so the fat is not used up. 

In the presence of testes the plumage of the fowl 
(genotypic male or female alike) is cocky, unless the testis 
is that of a breed such as the Cam pine or Sebright, in 
which both sexes are henny.feathered. In the presence of 
ovary the plumage is henny. In the absence of gonadic 
tissue of either sort the plumage is capony and similar in 
the castrated male and ovariotomised female. Ina hemi
castrated henny.feathered cock the plumage is intermediate 
in character, and this kind of plumage, containing scattered 
cocky feathers among a henny ground, is not uncommon 
among the male progeny of the mating between henny and 
cocky-feathered breeds. If ovarian tissue is implanted into 
a cock, then in the presence of both ovarian tissue and 
testicular the plumage becomes hen ny, if testicular tissue 
is implanted into a hen, then in the presence of both kinds 
of gonadic tissue the plumage remains henny. It is difficult 
for the sex-hormone hypothesis to accommodate these varied 
facts and a simpler interpretation can be found. If it is 
assumed that the gonad, in the course of its own functioning, 
exerts a demand upon the general economy of the individual 
and that the demand on the part of the ovary is greater than 
that of the ordinary testis, as would be expected since the 
food storage of the egg is so much greater than that of the 
sperm, then ovary and testis in their functioning will establish 
distinct physiological states-there will be a male and a 
female type of metabolism- and this difference can be 
mirrored in the different plumage characterisation. It must 
be further assumed that the physiological demands of the 
testis of the hen ny-feathered cock are nearer akin to those 
of an ovary than to those of the testes of a cocky-feathered 
cock. Granting these assumptions, which can be tested 
readily enough by blood-fat and basal metabolism esti
mations, the facts outlined above can be reconciled. Gonad-
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ectomy removes all demands and the physiological level 
is the same in male and female. Hemi-castration of a 
henny-feathered cock lessens the demand, and if this 
coincides with the renewal of portions of the plumage there 
will be partial cocky feathering. The supplementing of 
ovary with testis in a hen merely emphasises the demands 
of the ovary so that hen ny-feathering persists. The supple
menting of testis with ovary in a male raises the demand 
with the result that the plumage becomes henny. The 
intermediate character of the plumage of the hybrid from 
a cocky x henny mating is to be interpreted as the result 
of the bringing together of two types of physiological 
constitution which in their inheritance obey the Mendelian 
scheme. 

The alimentary castration of Pezard produced by feeding 
fowls on a strictly carnivorous diet might be explained as 
a result of lipoid deprivation. Theoretically it might be 
possible to affect the type of plumage by controlled feeding 
(if. the production of henny-feathered cocks by thyroid 
feeding by Horning and Torrey, 1919). 

The sum total of the physiological processes of the body 
produce a characteristic type of metabolism different in male 
and female. Stecke (1912) has shown that there is in many 
cases a demonstrable, fundamental, physiological difference 
between the male and female of the same species. He found 
that in certain moths the blood of the males was yellow, that 
of the females green. When tested by the precipitin test 
there was as much difference between the blood of the two 
sexes of one species as between the blood of the same sex of 
different species. Farkas (1898) has shown that in the male 
of moths there is a greater energy-consumption than in the 
female, so that the adult weight of the latter is both relatively 
and absolutely greater. In the human the basal metabolism 
of the female when all corrections have been made for surface 
and weight, is less than in the male. The difference between 
male and female metabolism is indicated in a remarkable 
way by the intense phagocytosis of ovarian tissue when a 
Lymantria female intersex passes into the male phase 
(Goldschmidt, 1923). 

p 
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Pseudo-Intersexuality itt the lVlam111at. 

A different sort of hormonic intersexuality is encountered 
in the domesticated mammals which further illustrates the 
r61e of the sex-hormones in the differentiation of the sex
equipment of the individual. 

Abnormality of the reproductive system taking the form 
of an intimate mixture of male and female structures belong
ing to the accessory sexual apparatus is not uncommon 
among the domesticated mammals, and many cases have also 
been recorded in the human subject. The typical history in 
these cases is that an individual, regarded as a female during 
the earlier part of its life, later assumes many of the char
acters of the male. This peculiar type of abnormality is 
particularly common in the goat and pig. Cases are known in 
which an individual, which actually won prizes as an immature 
female, from the time of sexual maturity became more and 
more like the male: its beard grew, its head became male
like, and about it there hung the pungent smell so character
istic of the male. In its behaviour it resembled the" rig," a 
male with mal-descended testes, but its external genitalia 
retained the form of a vulva-like aperture with an abnormal 
clitoris. When the internal genitalia from such a case are 
examined there are found paired gonads lying in the situation 
of ovaries or somewhere along the track of the migrating 
testes, which on section show the structure typical of the 
mal-descended testis; and an accessory sexual apparatus 
composed of more or Jess weJJ-defined epididymes, vasa 
deferentia, seminal vesicles, prostate, Cowper's glands, 
uterus and vagina, the latter in some cases having failed to 
establish communication with the vulva. 

A number of cases were examined by Crew (1923) in 
the goat, pig, horse, cattle, and sheep. All the cases were 
very similar in the details of their anatomy. The external 
genitalia in a few cases had the form of an unremarkable 
vulva and clitoris, in other the erectile organ was abnormally 
large, though female in type, in others it was peniform but 
imperfectly canaliculised. In no instance was there a typical 
serotum, though in several the gonads could be palpated 
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beneath the skin of the inguinal or peritoneal regions. The 
internal genital;" in all cases consisted of paired testes with 
a histological structure varying with the position of the 
organ, and situated somewhere along the line between the 
primitive position and the imperfect scrotum, and a double 
set of structures of the accessory sexual apparatus. It is 
worthy of note that the testes in these cases, even though in 
the scrotum, always showed indications of fatty degeneration. 
The relative degree of development of the structures derived 
from the ,Volffian and Mullerian ducts respectively, varied 
in different cases. The secondary gonadic characters were 
definitely male in all cases though imperfectly so in some. 

The diagrams on page 229 illustrate the series which these 
cases formed. They are all from the goat. 

The fact that all the cases readily form a series suggests 
that each is a grade of one and the same condition, and 
that between them all there is a time relation. There are 
but four possible interpretations of such abnormality: the 
abnormal individual might be a free-martin; it might be a 
female, not a free-martin, in which more or less complete 
sex-reversal had taken place; it might be a genetic herma
phrodite in which during the early stages of sex-differen
tiation both ovarian and spermatic tissues were present but 
in which the ovarian tissue had later disappeared; or it 
might be a genetic male in which the differentiation of the 
sex-organisation had been abnormal. 

A free-martin is a genotypic female, co-twin to a male, 
and the abnormality of her sex-equipment is produced by 
the action of the sex-hormone of the male, which passes 
into her body through the vascular inter-communication 
established in the fused em bryonic membranes. For the 
production of a free-martin it is necessary that there should 
be bisexual twins and fusion of the chorions_ The abnormal 
individuals included single births, co-twins to normal females 
as well as to normal males, or one of triplets, the others 
being normal, either males or females. Though certain of 
these cases could be interpreted on the same principles as 
the bovine free-martin, all cannot be so explained. 

It is known that an individual which formerly possessed 
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the organisation of one phenotypic sex, and actually func
tioned as such, may undergo a complete transformation, and 
come to possess, more or less completely, the organisation 
of the other. But in all such cases the history of the 
transformation is written more or less clearly in the 
characterisation of the individual, and in the vertebrate there 
are certai n evidences of the existence of gonadic tissues 
of both kinds to be found. In the cases under discussion 
there is no history of the individual ever functioning as a 
female, and no evidence to show that it ever possessed only 
the female type of organisation. 

The degree of development attained by the uterus in 
some of these cases supports the idea that these individuals 
may be hermaphrodites similar in many ways to those in 
which both ovarian and spermatic tissues are found associated 
with the same combination of accessory sexual apparatus, 
imperfect external reproductive organs and secondary gonadic 
characters. But there is never any trace of ovarian tissue 
in these cases and no suggestion that any has ever been 
present. 

The remaining interpretation is that these individuals are 
males in which the differentiation of the sex-organisation has 
been abnormal, and this for the· present would seem to be 
the most satisfactory. 

Sex is determined by the nature of the factors which are 
brought into the zygote by the conjugating gametes and by 
the interaction of these within a given internal environment. 
Sex-differentiation is the process during which the further 
development of the sex-equipment of the individual is 
pursued under specific control. It consists of two phases: 
(I) the differentiation of the embryonic gonads into testes 
or into ovaries; and (2) the modelling of the remaining 
structures of the sex-equipment under the control of the 
testis or of the ovary ilccording to one of the two plans, the 
male or the female respectively. 

The time relation in the differentiation of the structures 
of the sex-equipment in the goat would seem to be as 
follows. In the earliest stage there are paired genital glands 
and paired solid Mullerian and Wolffian ducts. Then the 
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genital glands become either ovaries or testes, and interstitial 
tissue appears, while the Mullerian and Wolffian ducts are 
more or less equally developed in both sexes. Next, in the 
female, the caudal part of the Wolffian ducts disappears, and 
the two MUllerian ducts fuse to form the beginnings of the 
uterus and vagina. In the male, on the other hand, at this 
stage the Mullerian ducts atrophy. In both sexes there is a 
common type of external genitalia. Lastly, in the female, 
cervix, vagilla and vulval cleft are formed; in the male the 
scrotum and penis, while the testis migrates to the internal 
abdominal ring. The first structure of the sex-organisation 
to be differentiated is the gonad, the last those of the 
external genitalia. 

Though at present experimental evidence is incomplete 
on this point, there are numerous clinical indications that 
the full development of many of the structures of the sex
organisation, or at least the rapidity with which they develop, 
is conditioned by the action of the internal secretion of other 
glands of the endocrine system, such as the pituitary, the 
adrenal and the thyroid. 

The appropriate secondary gonadic characters and sexual 
behaviour are exhibited later as the individual approaches 
sexual maturity. Since the sex-hormone is present long 
before this time, it would appear that a certain degree of 
undifferentiated growth is necessary before the threshold of 
response to the stimulus of the sex-hormone is reached. 

The fact that at one time one set of structures of the 
sex-equipment is affected by the functioning of the sex-gland, 
and at another a different set, and also the fact that the 
relation between the intersexual condition of the accessory 
sexual apparatus and the degree of imperfection of the 
external genitalia in the cases now being described is not 
constant, suggest that (1) the sex-determining substances are 
not produced in constant amount throughout the life cycle, 
and (2) there is a different threshold of response to the sex
differentiating stimulus at different stages in the develop
ment of any organ which is susceptible to such a stimulus. 

It is known that in the adult female mammal vestiges of • 
the Wolffian ducts and of the structures developed therefrom 
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are commonly found, and that in the adult male there arc 
to be seen the remains or the derivatives of the MlJ!lerian 
ducts. The degree of development of these structures varies 
widely in different cases. It fo!1ows, therefore, that either 
the time of the exhibition of the stimulus that controls the 
differentiation of the sex-organisation or else the ]latency of 
the stimulus is variable. 

In the case of the intersexual individuals of Lymantria, 
Goldschmidt encountered a similar sort of seriation as is 
described here and comments upon it as follows: " If we 
now try to form ulate a rule which governs this strange 
seriation we find the most important fact, that this series is 
the inverse of the order of differentiation of the organs in 
development. The last organs to differentiate in the pupa 
and the first to become intersexual are the branching of the 
antennae and the coloration of the wings. The first imaginal 
organ differentiated and the last in the series to be changed 
towards the other sex is the sex-gland. And if we apply 
this law to the minute parts of a single organ we find it 
to hold here also." 

In the case of the intersexual mammal it is possible 
to apply a somewhat similar interpretation oj the seriation 
of events if it is recognised that the stimulus to differ
entiation of the sex-equipment becomes localised in the 
sex-gland; that the abnormalities pertain only to the 
earlier stages of sexual development; that the influence of 
the gonad in the mammal at this stage is such as 
inhibits the further development of the accessory sexual 
structures of the alternate sex, which would develop 
unchecked in the absence of such inhibition; and that in all 
probability there exists a different threshold of response 
to the sex-differentiating stimulus in the case of different 
structures of the sex-equipment, and at different times 
during the development of one and the same structure. 

In the absence of the proper endocrine control during 
the period of differentiation Wolffian and Mullerian ducts 
pursue an equal and parallel development under the common 
stimulus of nutriment, and the urogenital sinus with its 
genital tubercle increases in size to form a large cleft with 



232 PHYSIOLOGY OF SEX-DIFFERENTIATION 

a phallus in its ventral commissure. The fact that in these 
circumstances epididymes, vasa deferentia, and seminal 
vesicles are developed from the Wolffian ducts, and uterus 
and vagina from the Mlillerian, shows that the development 
of these structures is not conditioned by the endocrine 
control at all, and that the action of the sex-differentiating 
stimulus is limited to the inhibition of the development of 
one and the encouragement of that of the other of these 
paired ducts. It should be noted, however, that a difficulty 
arises here. I t is known that after ovariotomy the uterus 
shrinks in size, and it is difficult therefore to argue that the 
uterus can become fully developed in the absence of the ovary. 
It is possible, however, that in the case of a late differentia
tion of the testes the uterus having grown is maintained in its 
size by the presence of gonadial tissue of either kind. 

If such undirected growth continues, then, after a time, 
the structures concerned will have lost all embryonic 
plasticity, and even though the proper endocrine stimulus 
be then exhibited, they will no longer be able to respond. 
The degree of the development of the structures derived 
from the Miillerian ducts found in a male, and the degree 
of imperfection of the external genitalia will provide, there
fore, some indication as to the. time during development at 
which the sex-hormone became operative. 

Moreover, if it is assumed that the testis, and the 
structures concerned in its migration, pursue a corresponding 
and parallel development up to the point at which descent 
normally occurs, and that if the proper development of 
the testis is retarded in any way, this association of testis 
and gubernacular apparatus is prevented, then mal-descent 
of the testis can be interpreted in terms of abnormal 
differentiation of the sex-organisation. 

The text-figure on the opposite page gives a speculative 
interpretation of the phenomena along the lines suggested 
by Goldschmidt. The hypothetical amount of the sex
differentiating stimulus is plotted along the ordinate and 
the time of differentiation along the abscissa. There is • 
undoubtedly an orderly sequence in the differentiation of 
the different structures of the sex-equipment in a genotypic 
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male, and this can be shown for purely illu>trative purposes 
as consisting of three somewhat overlapping periods: (I) 
the atrophy of the Mullerian ducts, (2) the further develop
ment of the accessory sexual apparatus, and (3) the modelling 
of the external genitalia. For the sake of simplicity it is 
assumed that for all these structures concerned there is 
one and the same minimum stimulus which, provided by 
the sex-differentiating substance elaborated by the testes, 
will evoke the specific response toward appropriate develop
ment. It is also assumed that when once the undirected 

FIG. 61. 

development of any structure has proceeded so far, then that 
structure is no longer capable of responding to the stimulus 
provided by the testis. 

In A (Fig. 6r)the minimum stimulus necessary for proper 
differentiation of the sex-organisation was exhibited before 
the time for differentiation had been reached, and as a 
consequence the differentiation would be such that a 
completely male organisation would be established. In B 
in consequence of a retardation in the elaboration of the 
sex-hormone, or of the production thereof at a slower 
rate, the growth of the Mullerian ducts would be partially 
unchecked and the end result of sex-differentiation would 
be a male in which a uterus masculinus would be present. 
In C the end-result would be a male witb abdominal testes, 
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a double set of structures of the accessory sexual apparatus, 
and external genitalia of the male type but imperfect. In 
D in which the required stimulus was never exhibited 
there would be no differentiation. 

There is then an embryonic but full-grown form of the 
sex-equipment, and in the cases being described, the 
Wolffian and Mullerian derivatives attain a considerable 
size, and the external genitalia have the form, in the 
higher grades of the intersexual condition, of a urogenital 
cleft and a phallus. In such a case the individual, so far as 
external sexual characters are concerned, will resemble a 
female very closely indeed, and will be regarded as a female 
during the earlier part of its life. 

The primary cause of the abnormality might be: (I) 
a complete absence of the interstitial tissue in the embryonic 
testis, or a complete non-functioning of this tissue during 
the period of differentiation of the sex-organisation; (2) a 
quantitative, or qualitative, insufficiency of the sex-hormone 
during this period; or (3) a mal-development, or a mal
functioning of the other endocrine glands, the action of 
which, in addition to that of the sex-gland, is necessary for 
the proper development of the structures of the sex
equipment during this period. 

It has not been possihle, as yet, to define the exact cause, 
for only well-grown individuals have been available for 
examination, and in these nothing remarkable in the thyroid, 
pituitary, adrenal, and other glands of the endocrine system 
has been found. 

Whatever may prove to be the exact primary cause, the 
condition can certainly be interpreted as the result of the 
absence during the period of sex-differentiation of the 
proper endocrine control in a genotypic male and in view 
of Goldschmidt's work it is reasonable to regard it as being 
due to an insufficiency o( the sex-differentiating stimulus. 

Granting this, and assuming that the threshold of 
response on the part of the structures of the secondary 
gonadic characters is lower than that of the structures of 
the accessory sexual apparatus, it can be seen that, as the 
individual approaches sexual maturity, it will assume the 
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secondary gonadic characters of the male, and exhibit the 
male behaviour. The structures concerned in the develop
ment of these characters are the only ones of the sex
equipment which are capable of re"ponding, and in most 
cases the secondary gonadic characters of the male are but 
the result of the further development, at a certain time, 
of structures possessed in common by the embryonic full
grown form, the female. and by the immature male. The 
normal exhibition of the secondary gonadic characters by 
these individuals can be explained equally well, on the 
assumption that the primary cause of the intersexual condi
tion is not an insufficiency of the sex-differentiating stimulus 
but a retardation in its exhibition. 

The frequency of the occurrence of this type of abnor
mality in certain strains of goats and pigs, and the fact 
that it is more common among the offspring of certain 
individuals than among those of others, suggest that as in 
the case of Lymantria, the condition is genetical in origin. 
In the goat there is considerable evidence to show that 
this kind of abnormality is related to the importation, in 
I897, of three Toggenburg she-goats in kid. These goats 
figure largely in the back part of the pedigree of most 
modern British goats, according to Davies (I9I3), and it is 
reasonable, therefore, to hold that this peculiar intersexual 
condition is the result of the mating of two races, or 
individuals, which differ one from the other in the nature 
of the factors which play their part in the determination 
of sex, and in the mechanism which controls the rate of 
sexual development. 

Sex-Reversal. 

In the case of the Gipsy moth sex-reversal based on 
genetic causes has already been described. It was shown 
that the genotype of the individual contained all the 
elements necessary for this phenomenon, and that the 
transformation of a genotypic female into a phenotypic 
male or vice versa was but the inevitable result of further 
development. Sex-reversal was as inevitable as growth, 
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and was but the expression of the factorial constitution of 
the individual. Reference has also been made to the faint 
possibility of the development of a functional, phenotypic 
male in uta'o from a determined genetic female, through 
the interference of a sex-hormone as in the case of the 
free-martin. The weight of opinion is decidedly against 
such a possibility. However, there can be no question 
whatsoever that complete sex-transformation can be the 
final stage of the condition of intersexuality occurring 
in embryonic and foetal life. It remains to consider the 
phenomenon of sex-transformation occurring in post-natal 
life among vertebrates, cases in which an individual during 
the earlier part of its life has been a functional male, and 
later has undergone a complete transformation and has 
become a functional female, or 'vice 'Ziersa. Of such post~ 
natal sex - transformation there are already several weIl
authenticated instances. 

Essenberg (1923) records that sex-reversal occurs in the 
viviparous teleost fish, X iphophorus helled (the sword-tailed 
minnow), and that many instances of this have been reported 
by fish breeders and fanciers. In Essenberg's cases, two 
females ceased to produce young when about three years 
old, and during the course of several weeks took on the 
sex - characters of the male. Cytological examination 
revealed the presence of ripe sperm in all parts of the 
gonad which, however, was juvenile in comparison to the 
size and age of the fish. Essenberg was able to show that 
there is a type of differentiation in the female which readily 
provides a morphological basis for the change-over. He 
also shows that there is a complete reversal of the sex
ratio in a population, this being 50: roo among immature 
fish and 200: 100 among mature, a fact which supports the 
suggestion of sex - transformation of 50 per cent. of the 
females. In many males, moreover, the shape of the testes 
closely resembles that 'of the ovaries, and the grades suggest 
a transformation of pre-'existing ovary into testis. It would 
seem from Essenberg's observations that sex-reversal is 
extremely common in this fish and that it is genetic in
origin, there being a form which through genetic action is 



SEX-REVERSAL IN AMPHIBIA 237 

destined merely to pass through a female phase and Jater 
proceed to a male type of sex-differentiation. The case 
is very similar to that of Lymantria, save that even in a 
well-grown individual a remodelling of the sex-organisation 
can take place, there being no permanent hard parts. 

Other cases of what would seem to be sex.reyersal in 
fishes have been recorded by Herzenstein (quoted by 
Essenberg) in the cyprinodonts Gyw1locipris polani11i and 
Sclltiop}'gopsis pintheri, in which females assumed the sexual 
characters of the male. Phillippi (1904) reported a similar 
case in the viviparous teleost, GlaridichthYs caudzillaClt/alus, 
and three others in Glaridichlftys jmlUarius, whilst Newman 
(1908) described a significant case of hermaphroditism in 
.Fundulus majalis. 

Among Amphibia there is the case of complete sex
transformation in Tritoll alpes!ris Laur. recorded by Champy 
(1921) who found that a male, on being fed intensively 
after the winter's starvation assumed the external characters 
of the female, and that in place of the testis there was an 
ovary as that of a young female. Abnormality of the 
reproductive system in frogs and toads is relatively common. 
All grades of U maleness" and" femaleness" in the external 
sexual characters and in the gonads and accessory sexual 
apparatus have been recorded. Crew (1921) collected these 
cases and by arranging them in a series, at one end of 
which was a nearly complete female, at the other an almost 
perfect male, was able to put forward the suggestion that 
the gradations found were but stages in the process of 
complete sex-reversal probably from female to male. For 
reasons that could not be defined, the ovaries of an adult 
female underwent degenerative changes and in the altered 
conditions spermatic tissue developed along the median 
border of the gonad. One of the specimens described had 
functioned as a male and of his progeny by a normal 
female everyone was a female, as would be expected if 
this individual had been a genotypic female with the sex 
constitution XX, which had undergone a process of 
masculinisation. Witschi (1921) has been able to show 
that such an hermaphrodite individual can elaborate both 
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functional sperm and ova. I n this case hoth sperm and 
ova were all X-chromosome-bearing- and therefore yielded 
an abnormal sex-ratio in the next generation. 

Harms (1923) has found that if young castrated male 
toads are fed on a diet containing an excess of fat, lipoids 
and lecithin for a considerable period of time, the caudal 
portion of Bidder's organ becomes an ovary and the cephalic 
portion a new Bidder's organ. Oviducts and uteri are 
developed and the pointed shape of the head in the male is 
gradually transformed into the wide blunt head shape of 
the female. 

Tn the case of birds, sex-reversal has been recorded in 
the ring-dove (Riddle, 1923) and in the domestic fowl. 
A ring-dove laid cleven eggs at times exactly observed 
between 27th January and 15th April H)14. During the 
six months following she and a male mate three times 
began incubation of nest without producing eggs, and 
raised young of other parents. During the following 
nineteen months her sex-behaviour and method of growing 
changed to that of a male-frequently forcing her male 
mate to act as a female in copulation. At twenty
two and a half months, after producing her last egg, this 
bird and mate were transferred to a pen with a few other 
spent inactive doves. The male of this pair died three and 
a half months later: weights and dimensions of testes were 
obtained. Twenty-one months after transfer the bird died, 
showing very advanced abdominal tuberculosis. Two testes 
were found, removed, and weighed. If any residue of the 
original ovary remained it was wholly included in a 
tuberculous mass, involving spleen and liver. At the time 
of autopsy this bird was supposed to be the original male of 
the pair, and therefore the testes were not saved for demon
stration. The bird had lived forty-four and a half months 
after producing the last egg, became tuberculous, assumed 
male behaviour, the curve for the body weight during three 
years underwent a remarkable change, and at death it 
possessed two unmistakable testes. Riddle interprets this 
transformation as the result of the increased metabolism 
which followed the de.truction of the ovarian tissue and 
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the presence of tuberculosis. He has adduced considerable 
evidence to show that sex and metabolism arc intimately 
related, that a high metabolism is a%ociated with maleness 
and a low metabolism with fcmalencgs from the stage of the 
gamete to the adult. 

Many instances of the more or less complete assumption 
of the sexual characters of the male by the old female bird, 
wild and domesticated, have been recorded, but in the great 
majority of such cases no accurate knowledge of the previous 
history of the individual has been available and each has been 
considered as an isolated casco Rare cases of" hermaphro. 
ditism" have been encountered. A bird at the age of four 
to six months, instead of developing the distinctive male or 
female characters grows slowly into a creature which is neither 
a pullet nor a cockerel and its characters remain indefinitely 
intermediate. These possibly arc gynandromorphs. Rare 
cases are known of an otherwise perfectly normal laying hen 
with cocky plumage. In certain of these, the plumage 
following successive moults has been cocky-hen ny-cocky. 
The explanation is that at the time of the mOlllt the ovary 
is not functioning and that under these circumstances the 
plumage becomes cocky. The condition is that o{ temporary 
ovariotomy. The exhibition of the male type of sexual 
behaviour by a laying hen of perfectly normal external 
female characterisation is exceedingly common among the 
more highly fecund strains and especially when no male 
is kept in the pen. This behaviour is corrected by removal 
into fresh company or by the introduction of a male bird. 
There is no anatomical basis for this abnormal behaviour. 
The assumption of the male type of head furnishings-the 
large comb (or the erect comb in certain breeds) and 
wattles-and the greater development of the spurs, are by 
no means uncommon among two to three year old hens of 
heavy laying strains. A hen, previously a heavy layer, 
ceases to lay, her head furnishings rapidly increase in size, 
the spurs grow; the plumage, bodily conformation and 
carriage remain henny; the bird makes efforts to crow 
but exhibits no sexual behaviour and seeks solitude. This 
is associated with ovarian atrophy. Such a bird occasion-
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ally, following irregular moults, puts up more or less com
pletely the type of plumage characteristic of the male of 
her breed. This is associated with the complete removal 
of active ovarian tissue. Very exceptionally s~ch a bird as 
this apparently undergoes a complete sex-trallsformation. 
She begins to exhibit the signs of a functional male activity; 
the crow becomes challenging and the disposition bellicose 
towards cocks, courteously masterful towards hens. The bird 
treads hens and fights cocks, and save for an indefinable 
difference in shape and carriage is readily distinguisi1able 
from a II real" male only when compared side by side. 

Cases of this kind have been described by Tichomirofi 
(1887), Brandt (1889), Shattock and Seligmann (1906), Pearl 
and Curtis (1909), Boring and Pearl (1918), Hartman and 
Hamilton (1922) and Crew (1923). 

Crew examined in detail eight cases. All these birds 
were kept under observation for eighteen months. The 
most interesting case was that of a Buff Orpington 31 years 
old, a good layer, and a mother of chickens. On examina
tion it was seen that the head of this bird was somewhat 
male-like, for her comb and wattles were rather larger than 
those of the typical hen. At this time the bird exhibited 
the classical signs of early ovarian disease. She had ceased 
to lay in the preceding autumn, and had moulted; she had 
spurs 3 mms. long on the left leg, 2 mms. long on the 
right; the plumage was entirely henny. She crowed weakly 
as one practising and her sexual behaviour was indifferent. 

Two months later the comb, wattles, and spurs had 
progressively increased in size, and the bird had begun to 
moult irregularly. The feathers of the neck, saddle-hackle, 
and tail, as they were renewed, were seen to be cocky in 
structure, and ultimately she had become entirely cocky
feathered, though she could never retain the tail-sickles. The 
spurs were now about I cm. in length, the left one being 
slightly longer than the right, and the legs had assumed 
the red tinge which characterises the male of the Buff 
Orpington. In the following spring she was crowing lustily 
and with a challenging note, was readily attracted by hens 
which would squat on her approach, and the sexual act would 



SEX-REVERSAL IN THE FOWL 241 

be performed. The bird fought with any and every male in 
the yard and was gently courteous to the hens. III fact, 
only by one accustomed to poultry or when placing it along
side a" real)l cock could it be told that this bird was different 
from a typical male. Its stance differed from that of" tock; 
the bird was shorter on its legs, which formed a di(l~'rcnt 
angle with the body. 

The bird was placed with a hen, a \·irginal Buff Orpingt(lll, 
in a pen far removed from all other birds. This hen was 
laying; the eggs which she laid during thc fortnight pre"ious 
to her mating were incubated and found to be infertile. 
Every egg she laid after the mating was incubated. Hcr 
mate performed the sexual act daily; fluid passed ill to the 
cloaca of thc hen was withdrawn and examined; a few living 
spermatozoa were identified in the fluid. The hen became 
broody and nine of her own eggs laid during the preceding 
eighteen days were placed under her. Two chickens were 
hatched: the other eggs were clear. 

Post-mortem examination of the abnormal bird revealed, 
lying in the situation of the ovary, a rounded mass with 
its purple surface marked with raised areas or yellow. 
Incorporated in the dorsal aspect of this rna" there was 
a structure exactly resembling a testis, whilst another similar 
in appearance was situated in the equivalent position on the 
other side of the body. On the left a thill, straight oviduct 
could be identified, having a diameter of 3 mms. in its 
widest part near the cloaca; paired vasa deferentia were 
clearly discernible. 

On sectioning, the structure of the gonads confirmed thc 
conclusion that they were functional testes in a phase of 
reduced activity. The tumour proved to be the ovary, 
almost completely destroyed by tubercular disease. 

The bird just described had been up to the agc of 3} 
years an unremarkable hen; she had laid many eggs and 
raised many of her own offspring. Her history was known, 
since her owner kept but few fowls. She began to suffer 
from ovarian disease, which became recognisable. The 
disease was tuberculosis of the ovary which progressively 
removed the ovarian tissue and so produced the effects of 

Q 
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pathological ovariotomy. But it would seem that this tumour
growth in its effects so altered the general metabolism of 
the individual that the conditions favourable to the differentia
tion and growth of spermatic tissue were created. New scx
cords developed from the germinal epithelium, and spermatic 
tissue was differentiated both in the left gonad and also in 
the incompletely atrophied right. The bird became anatomi
cally equipped to function as a male, for with the development 
of the testes the '\'olffian ducts were apparently stimulated 
to form functiunal vasa deferentia and the cloacal apparatus 
of the male was devc1ol'ed. Synchronously with the replace
ment of the ovarian tissue by spermatic the oviduct atrophied. 
This bird functioned as a male and became the father of two 
chickens. If this is indeed a case of complete sex-reversal 
in the fowl, in which a genotypic female as a result of the 
disturbance of metabolism by tumour-growth had become a 
phenotypic male, and if the fowl has the Abraxas type of sex
constitution, the sex-ratio of the offspring of this bird and a 
normal hen should be 50: 100, so-

I' , 
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F, XX 
o 
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XV 
X 

XV 
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YY (an infertile egg or 
a dead zygote) 

Of the two of['pring of the mating, both typical Buff 
Orpingtons, one was a male and the other a female. These 
were interbred and their progeny were typical Buff Orpington 
chickens. 

The histological study of the gonads in this case and 
in seven others showing different stages in transformation, 
demonstrated beyond doubt that the birds were originally 
hens, the ovaries of which atropbied at some period of 
life and were then invaded by peritoneal tissue. This 
tissue in some birds consummated development by giving 
rise to mature seminiferous tubules, and others produced 
undifferentiated epithelial cords which either continued to 
grow indefinitely, thus developing illto tubules of an, 
embryonic or immature type, or forming a malignant 
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tumour. Traces of the proliferation of sex-cords from 
the germinal peritoneum were met with in most of the 
ovaries. 

The cases displayed a con~istellt seriath,n illustrating 
the conversion of an actively fUllcti(lnin~ f(~malc into an 
actively functioning male, and into this series could he 
placed the cases described by other investigators. 1\ fowl 
which previously had been equipped with the sl'x.organi. 
sat ion of the female and had functioned as such may 
undergo such a transformation as to come to p05se~5 
the sex-organisation of the male, and actually to {unction 
as a male. Ovarian tissue is replaced by testicular, and 
the type of differentiation of the rest of the sex-equipment 
pursued under the direction of the functional Q\'ary gives 
place to that type which is pursued under the direction of 
the functional testis. It is necessary to bring these facts 
into line with the established principle of the zygotic 
determination of sex in the fowl and with the more 
general problem of the over-riding of the sex-chromosome 
mechanism. 

The actual sex-chromosome constitution of the fowl has 
not been finally demonstrated, but the indisputable evidence 
of sex-linked inheritance affords strong reason for holding 
that sex in the fowl is determined at the time of fusion of 
the gametes by a sex-chromosome mechanism of the Abraxas 
type, the sex_chromosome constitution of the male being 
symbolised as XX, that of the female as XV. If this is so, 
then, as in the case of Drosophila, it might be expected 
that any agency disturbing the balance between the two 
sets of sex-determining factors-/:e. those borne upon the 
X-chromosome, and those borne on the autosomes, in the 
cytoplasm, or possibly on the Y-chromosome-would pro
duce a greater effect in the XV individual, in this case the 
hen. The fact that one of these fowls, kept under closest 
observation, had during the first three years of its life the 
appearance, behaviour, and functional powers of a hen and 
then later assumed the attributes of a cock, makes it clear 
that the type of sex-organisation and of the reproductive 
functioning of the individual are not irrevocably decided by 
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the sex-chromosome constitution. It is certain that an XY 
individual-a "determined female "-can produce sperms 
just as efficiently as it can produce ova. The crude definition 
that a female is an individual which elaborates ova, and a 
male one that produces spermatozoa, requires profound 
modification: the transformation of the sex-organisation of 
an individual, a determined male or a determined female, 
into that ordinarily possessed by an individual which has the 
alternative sex~chromosume constitution is an established fact. 

I t would seem that the cytological features of the 
oocytes or of the spermatocytes depend, as does the 
character of the somatic structures of the rest of the sex· 
equipment of the individual, on the balance of conflicting 
physiological factors determined by the sex-chromosome 
constitution of the body as a whole, or, in the case of 
mammals, locally through the action of the interstitial 
cells of the gonad. On this assumption Goldschmidt's con
ception of a timing mechanism puts the discussion as to 
whether ovum-like bodies in a testis are oocytes or not on 
an entirely new footing, and sbows that such questions as 
the homology of Bidder's organ to an ovary or the trans· 
{ormation of a characteristically female definitive gonad to 
one of the male type do not iII the least conflict with the 
view that genetical factors play an important r61e in sex· 
differentiation. If it is agreed that the essential difference 
between the male and the female lies in the timing 
mechanism which decides whether, whilst a given organ is 
developing, the male- or the female-differentiating reactions 
are predominant, if it is agreed that at some point in the 
development preceding or following the stage of differentia
tion the female-differentiating reactions are predominant in a 
genotypic female and vice versa, then such questions as 
the above are resolved into a mere verbal quibble, and the 
efficiency of environic agencies to co-operate with the 
genetical factors offers no difficulty. The provisional 
hypothesis outlined by Goldschmidt to account for his 
Lymantria intersexes then brings into one coherent scheme 
the occurrence of oviform cells in the pro-testis of Anura (or 
among Myriopods as steps in normal spermatogenesis), and 
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the cases of intersexuality and of scx-rc\ ersal to which 
reference has heen made. 

In the case of the fowl it has been shown that there are 
sllcce5sjve invasions of the organ by sex-cords derived from 
the peritoneum. The histological appearances suggest that 
so long as growing oocytes are prescnt these invading sex
cords do Hot develop further into functional germinal tissue, 
perhaps being transformed into "luteal" cclls. But in 
the absence of growi11g oocytes these cords are apparently 
converted regularly into seminiferous tubules. It would 
seem that the physiological conditions which in the female 
embryo at the time of differentiation of the sex-organisation 
induce the primitive germ-cells to assume the characters of 
oocytes-and it will be remem bered that these are laid 
down before birth in the fo",l-no longer obtain in the 
mature bird, so that if what may legitimately be regarded 
as some inhibiting influence of the functional ovary upon 
the invading sex-cords be removed, as is the case in ovarian 
atrophy and disease, or, to put the matter differently, if by 
ovarian disease the conditions favourable for the continued 
development of the sex-cords are created, the germ-cells 
inevitably take on the characteristics of spermatogonia, 
spermatocytes, and spermatozoa. 

The phenomenon of sex-reversal in the case of the female 
of the domestic fowl interpreted ill terms of Goldschmidt's 
hypothesis can be illustrated as in Figs. 62 and 63. 

During embryonic life the female-determining substances 
are effectively in excess and the differentiation of the gonad 
and the rest of the sex-equipment proceeds under the 
influence of the female .. differentiating reactions: the oocytes 
are laid down. Ordinarily during the succeeding years of 
the individual's life the growth of the oocytes precludes the 
operation of the male-differentiating reactions which are 
increasing in efficiency. But should the conditions be 
unfavourable for their growth, or should the conditions 
favourable for the continued development of the sex-cords 
arise as a result of the physiological exhaustion consequent 
upon excessive egg-laying or from hremorrhage or tumour
growth, then, in the absence of the inhibitory influence 
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of the growing oocytes, the male-differentiating reactions 
become effective, spermatic tissue is differentiated and the 

------M 

Inhibition 
. - - - - ~ - - - -)--

FIG. fJ2. 

characters of the individual become those of the male 
(Fig. (3). It can be expected that almost any hen of a 

beveloplIlfen"t 

Pf::r'].L..q of l<l.".l.hit\on 
bygrc...n..'>g=ytc!) 
8,Teatly r~ed. in 
cons~ ... en<:e of a (}h&ngc 
U1. the l.l1ternal en~t. 

highly fecund strain will sooner or later develop some 
degree of the male characterisation. 

It has been suggested that since the right gonad of the 
female chick never presents the histological structure of an 
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ovary (it undergoes atrophy aftcr abo"t the eighth day of 
incubation), and since it does on occasion, in tht' ovarioto. 
mised hen, spring a~.ajn into activity a!~d become a testis, 
it is a tc",tis from the beginnillg-~ but that its complete 
development is inhibited by the aeti,'n of the differenti .. tec1 
left functional ovary. But it is sufficient to [Jo:;tulatc that 
the right gonad is an incumpletely differentiated gonad that 
still retains sufficient embryonic plasticity in certain cases 
to be capable of differentiating into either an ovary or into a 
testis. It is a fact that in the fowl it does not become an 
ovary, whilst the left gonad is functioning (it does so in birds 
of prey quite commonly, however), and a differential blood 
supply of pressure can explain this; it docs become a testis 
in certain cases after the left ovary is removed by the 
knife or by disease, but this is to be explained b)' the {act 
that ovariotomy results in a drastic chang-e ill the internal 
environment, so that the conditions which enc()urage differ
entiation of germinal tissue illto testicular rather than into 
ovarian are created. It is a significant fact that only the 
products of tbe secondary proliferation of germinal epi
thelium in the female chick develop into ovarian tissue, 
Any other proliferation yields testicular tissue. It would 
seem that the internal environmental conditions within the 
female chick at about the sixth day of incubation alone arc 
favourable for differentiation into ovarian tissue. 

GJ1nandromorphism ill llin/s. 

The condition of gynandromorpbism is possible only in 
those forms in which the control of the processes of sex
differentiation is not removed from the individual cells of 
the body and localised in the gonads, The gynandromorph 
is a sex-mosaic phenotypically because it is a mosaic 
genotypically. Its significance has been made clear by 
the work of Morgan and Bridges (1916) and others on 
Drosophila. The condition is based upon a disturbance of 
the sex-chromosome sex-determining mechanism, being the 
result of an accidental loss of an X-chromosome during 
the segmentation divisions of the fertilised egg. The 
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gynandromorph of Drosophila is a female, an XX individual 
and a bilateral gynandromorph, with one side of the body 
including the sex-gland phenotypically. male and the other 
phenotypically female, results when the elimination of the 
X-chromosome occurs at the first segmentation division of 
the zygote, so that one of the daughter-cells comes to 
possess but one X-chromosome and the other two. All 
the descendants of the first will po"ess but one X-chromo
some and are therefore, as the result of this accidental 
loss, genotypically male. The relative amount of male 
characterisation varies according to the stage of embryonic 
development at which the loss of the X-chromosome 
occurs. 

Among birds several cases of gynandromorphism have 
been recorded. Weber (1890) described a finch, Poll (1909) 
a bullfinch, Bond (1913) a pheasant, and Macklin (1923) a 
fowl. In the finches and the fowl the right side of the body 
was phenotypically male and the gonad on this side was a 
testis; the left side was phenotypically female and the gonad 
was an ovary. In the pheasant the right side was pheno
typically female, the left male, whilst the single gonad was 
an ovo-testis. 

If it is postulated that the differentiation of the sex
organisation of the bird is pursued under the control of 
specific sex-hormones elaborated by the testis and ovary 
respectively, then the avian gynandromorph cannot be 
explained. If it is assumed that the avian gynandromorph 
is a genotypic male, (XX) in sex-chromosome constitution, 
in which one X-chromosome is lost during the segmentation 
divisions of the zygote, an interpretation is possible on the 
understanding that the processes of sex-differentiation are 
pursued under the control of substances elaborated locally 
in every cell of the body and that the gonads do not differ 
in this respect from any other component structure of the 
sex-equipment. 

Following the accidental loss of one X-chromosome 
certain foundation tissues become genotypically female (X) 
while others remain genotypically male (XX). The former 
will inevitably develop the appropriate secondary genotypic 
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characters and will be phenotypically female, the oth,,!'s will 
become phenotypically male. The XX gonad will become 
a testis, the X gonad. an ovary, or, if the gonad is a mixture 
of XX and X tissues, it will become an avo-testis. Experi
ment has shown that ovarian and spermatic tissues can 
flourish in one and the same body, and in their growing 
affect the general physiological state of the individual. If 
this state is of a certain kind, then the genotypically female 
tissues will assume the female characterisation, the geno~ 

typically male will become phenotypically male. It is to he 
granted that the genotypic male and female tissues would 
respond differentially to male and female internal secretions 
were these elaborated by the ovarian and spermatic tissues 
present in these cases, but this does not explain the presence 
of these two kinds of tissues in onc and the same body. 
According to this hypothesis there could exist a bird 
able to fertilise its own eggs. The conditions present in 
the artificial hermaphrodite possessing both ovarian and 
spermatic tissues is different, for such a bird is genotypically 
either a male Dr a female and the modification of the general 
plumage characterisation can be regarded as the reflection 
of a disturbed physiological state. 

In the case of Bond's pheasant and of Macklin's fowl, it 
is of importance to note that the male side of the body was 
larger than the female. It has already been stated that the 
skeletal size character is a secondary genotypic and not a 
secondary gonadic character. Another point of considerable 
interest emerges from the case of the pheasant, for whereas 
the bird was a bilateral gynandromorph its tail was remark
able in that onc half of the vane of each feather was pheno
typically female, the other being phenotypically male. This 
fact is of great interest, bearing as it does upon the question 
of the developmental physiology of the feather, and it is 
related to the situation which exists in the parti-coloured 
breeds of fowls where commonly the two halves of the 
feather are coloured differently, one half being black and 
the other gold or silver, or red or white. Different regions 
of the bird and different regions of the feather behave as 
discrete units, their threshold of response to one and the 
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same stimulus differs, If this is so, the extraordinary mosaic 
seen in the g-ynandromorph is understandable. 

It is unfortunate that the chromos,?mes of the bird are 
so numerous and so small. Those of the fowl do not 
number less than 35 and the XY pair cannot readily be 
recognised. It is difficult therefore to secure cytological 
confirmation of the slig-gested explanation of the avian 
gynandromorph. 

}{c1"Ill(lpllr(!ditis1!! in lite JltTJJllllill. 

Th~ essential feature of the condition of hermaphro
clitism in the mammal is that both o\'arian and testicular 
tissues shall be present synchronously or consecutive1y in 
one and the same individual. F\ mammal can possess both 
kinds of gonadic tissue, but since its external reproductive 
org-ans cannot be both male-type or female-type it cannot 
function both as male and female. Moreover, ovarian tissue 
will not flourish in the normal position of the testes nor 
spermatic tissue within the abdominal cavity and a completely 
functional ova-testis in the mammal is impossible. 

Many cases of hermaphroditism have been described in 
the case of the pig, one gonad may be an ovary, the other 
a testis or an ovo~tcstis, or both mar be ovo-testes. In 
rare cases there have been found two ovaries within the 
abdominal cavity and two testes in an imperfect scrotum. 
When one gonad is an ovary, it is invariably the left; 
in an ovo-testis, the ovarian tissue is always anterior to 
and sharply separated by a well-defined belt of connective 
tissue from the posterior testicular portion. Invariably the 
spermatic tissues are degenerate, the ovarian apparently 
normal. The relation of ovarian and testicular tissues in 
the ova-testis found in the human and in the goat is not 
so well defined as that in the pig. 

Many are the theories that have been advanced to 
interpret the condition, but it has to be confessed that as yet 
no completely satisfactory explanation is forthcoming. The 
following- purely speculative hypothesis is put forward merely 
to attract further attention to the advantages of the pig as 
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experimental material for llSC in this particular field of 
biological inquiry (Crew) {~Lq). 

The abnorma!it~. of tl1<: accessory sexual apparatus and 
of the external genitalia i:-; due to exactly the ~aml' cause as 
that of IJseudo·interscxuality already described. Tlwrc is 
a retardation in the exhibitiun. or an insufficienc\' of the 
sex-hormones following a retardation in the differ~ntiation 
of the gonad. 

The abnormality of the gonads can be explained if it is 
assumed (1) that in these cases thl:: sex-determining factor 
complex included" quickly or early elaborating II female
determining factors and" slowly or latc elaborating" male
determining factors, and that the individuals arc genetically 
determined males; and (2) that the differentiation of the 
gonads in the pig is not synchronous but consecutive, the 
left one responding to the differentiating stimulus before 
the right as a general rule, and that the differentiation of 
onc and the same gonad is not instantaneous but passes as 
a wave from cephalad (that nearest the head of the animal) 
to caudad (that nearest the tail) poles. 

If these individuals arc males genetically, it can Le 
expected that sooner or later the male differentiating 
reactjons will be in excess, but as the male-determining 
factors in these cases are relatively" slowly elaborating," 
the situation will be such that during the earlier stages ot 
gonadic differentiation the more "quickly elaborated" female 
differentiating substances will direct that differentiatioll, and 
ovarian tissue will be laid down. The relative amounts of 
ovarian and testicular tissues in the gonads will provide an 
estimate of the time during the period of gonadic differentia
tion at which the male differentiating stimulus replaced the 
female. 

This suggested interpretation can be illustrated graphi
cally (Figs 64 a, 64 b, 64 c.) 

The conditions in which two intra-abdominal ovaries and 
two testes beneath the skin of the inguinal or perineal region 
are found is interpreted as the result of the pulling apart of 
ovarian and testicular tissues in the case of paired ovo-testes. 

As a result of the synchronous presence of ovarian and 
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testicular tissues both male and female sex-hormones will be 
elaborated, and the assumption of the secondary gonadic 
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characters and sexual behaviour may thus be expected to be 
unusual. The characters of the accessory sexual apparatus 
and of the external genitalia will depend on the time relation 
that exists between these structures during the period of 
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differentiation, and on whether the abnormal differentiation 
of the gonads is abnormal in time. If the differentiation 
of the gonads is dc",yed, as in the case of the pseudo-inter
sexual, then the characterisation of the accessory ~exual 
apparatus and el<ternal genitalia will be 't> that "f the 
pseudo-intersexual goat if the time relation in differentiation 
is the same in pig and goat; whereas, if the differentiation 
of the gonad occurs at the proper time, then the differcntia~ 
tion of the structures of the external genitalia and accessory 
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sexual apparatus will take place in the presence of both 
kinds of sex-hormone. If the individual, however, is a 
genot)'pic male it ma), be expected that the el<ternal 
genitalia will respond preferentially to the stimulus of the 
sex-hormone of the testis and a male-type of external repro
ductive apparatus should be developed. Bearing 011 this 
point is the fact that in these abnormal individuals there 
is always a more or less well-defined preputial area. In the 
presence of the conflicting influences of both kinds of sex
hormone the accessory sexual apparatus will ultimately 
consist of more or less well-developed derivates of both 
Miillerian and Wolffian ducts. 



CHAl'TER VIII 

Til E sex-ratio is the relatiyc numerical proportion of the 
sexes within a group. In any bisexual species there must 
be a sex-ratio at all times after sex is determined, but it is 
convenient to take conception, birth, and maturity as the 
three salient points in the life-history of the individual at 
which to consider the sex-ratio of the species, and the sex
ratios which obtain at these three stages are known as the 
primary, the secondary, and the tertiary sex-ratio respectively. 
The secondary sex~ratio is measured by taking the number 
of males per hundred females born, and is the one usually 
considered. The primary sex-ratio is a demonstration of the 
sex-determining mechanism in operation, while the tertiary 
will provide an estimate of the postnatal survival value 
of the two sexes. The difference between the primary and 
secondary sex-ratios will provide an indication of the pre-natal 
survival value of the sexes. Since an exact knowledge of the 
processes involved in the establishment of the sex-ratio may 
possibly lead to the development of breeding practices by 
which the stock-breeder may control at will the production of 
progeny of one sex rather than of the other among his stock, 
the subject possesses more than a purely scientific interest. 
To the dairy farmer or to the egg farmer any striking 
increase in the number of maJes produced by his stock 
must foreshadow disaster, whereas any notable increase in 
the relative number of females born must prove highly 
advantageous. 

A review of the established facts of sex-linked inheri
tance allows of no escape from the conclusions that 
sex is determined at the moment of fertilisation, that there 
must exist a mechanism which tends to preserve the pro-, .. 
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duction in every new generation of equal numbers uf males 
and femates, and that this mechanism is inherent in the 
gametes in \'irtue of:.the production by one sex, the female 
in the :\braxas groupl the male in the Drosophila, of two 
kinds of reproductive celis, male-producing and (cmak-
producing respectively. Cytology, in revealing the Sl'X

chromosome differences in the two sexes, ha.s demonstrated 
this mechanism and has sho\'::n clearly that iII the absence 
of disturbing ag-encies the sex-ratio should be I; I I since 
one sex is constitutionally heterog-amctic, elaborating two 
sorts of gametes in equal numbers, the other homogametic. 
It is established that in the case of the domesticated 
mammals, the male is the heterugametic sex, in the case of 
the domestic fowl, the female. 

However, the sex-ratio, though fairly constant and !lot far 
from equality, is distinctly variable and rarely coincides with 
the expected 1 : J ; in vic\',.' of what js knLn,vn concerning the 
sex-determining mechanism it is necessary to examine this 
variability and to explain it. 

This sex-ratio varic~ with the species. The seconuary 
sex-ratio of most mammals has not been determined 
experimentally, for with few exceptions the mammals arc 
unsuitable for experiments on a large scale, and that which 
is known has been culled from different Breed Registers. 
The following data have met with general approval 
(Cuenot (1899), Schleip (1913), Lenhossck (1913), Herlwig 
(1912), Doncaster (1914), £/ aL):-

Man 103- 107 100 Pig. Ip·g 100 

Horse. 98.3 100 Rabbit 1°4·6 100 

Dog 118'5 100 ~licc JOCl-} IB 100 

Cattle . 107'3 100 Fowl 93-4-94·7 100 

Sheep. 97·7 100 Pigeon 115'0 100 

The seX'·ratio varies with the race, breed, and strain, 
and there are reasons for holding that the production of a 
profoundly unusual sex-ratio is characteristic of a particular 
individuaL Instances, not a few, are known in which a male 
of some monotocous species has produced in different mating. 
none but female, or none but male offspring. But the 
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monotocous female, producing usually but one offspring at 
a time, is not a suitable material with which to test this 
hypothesis. An appeal must be mac;(e to the polytocous 
rodent. King (1918) has found that in the case of the 
albino rat it was possible, starting with two pairs of rats 
from the same litter, to found two strains, one of which 
prod uced a high proportion of males, the other a pre
ponderance 01 females. The progeny of one pair (pair A) 
were bred brother to sister without selection for six 
generations in order to build up a homozygous and uniform 
race. After this, selection was practised, the brothers and 
sisters being chosen from litters which showed a preponder
ance of males. In fine B the selection after the sixth 
generation was made from litters showing a preponderance 
of females. After fifteen generations of such in-breeding 
and selection

J 
the sex-ratjo at bhth in line A .vas 125: 1001 

in line B 83 : 100. The habitual production of an unusual 
sex-ratio can be the expression of a genetic constitution. It 
is possible to breed for a preponderance of one sex. 

Muuth. 

January 
February 

, r..'laTch. 
i April 
I May 
! June 
i July . 
! August 
i September. 
\ October . 
i No\'ember, 
I Decelnber . 
I 

706 
593 
\)06 
794 

1J29 

892 

93j' 
(>6<) 

314 
25° 
20<) 
1:!2 

122 

107 

57 

344 II I 

~~~ ~~t,: 100 : 

386 lOt:;: 100 

542 109; 100 
406 110: 100 
45~ 106, roo 
315 lIZ ;100 
14l ! 122 ; 100 \ 
128 90.6: 100 ; 
102 104: 100 ' 

65 ,87'6: 100 i 
I , 

The sex-ratio varies with the Season of the year. It is 
not improbable that the breeding season is one in which 
the general physiological condition of the individual is above 
the average, and it is of interest therefore to compare 
the secondary sex-ratio following conception during the 
breeding season with that following conception at other 
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times. The human bi'rth_rate actuallv shl'ws a ~light 
variation in spite of the fact that !lead)' all traces pf t lw 
primitive breeding ~ca!-)on han' beel) obliterated hy ,..,oei;}l 
habits. It is found that the sex-ratio is 10\\' for hirths 
resulting from conct:ptiollS at thc seasons ~lf greatest 
fertility and high at the time.; of )owt'."t hirth-rate. 

Dighton (1922) gives the fi).;llft:S (pa~c ~S(») for the 
greyhound. 

Heape (1\)08) and Wilckens (IR1{(i_) suppl), the rnllowiJl(:: 
data:-

Hor.:;e. 
Cattle . 
Sheep_ 
Pig 

l Dog 

Numl>('f::.. 

1I\CJ() I 
..;,~J() 

h,7;1 
2,337 

I7,DJr; 

()7.I) : JOO 

107'3 ; IIXI 
J()I) 

11 

111::" ; 

It should be mentioned tha.t Bonnier (1023) 1II~i.iHt<lins 

that the Swedish vita.l statistics do not c()nflrm lll'ap(;l:-; 
conclusions. 

Parkes (1924) gives the following figures for the albino 
mouse-

l\lonth. , FC[1I<\I,:". 
:";(,(JU(1;1I', 

:--.(.: x -r. \ 11, ,~. 

March Il ::1 i April 40 IO,·() : 
4V'7 ± 1-78 May 46 y;'/ ::J June 79 y,~.l) : 

July 7; 117'4 i:~l Augus.t f48'5 
56'5 ± 1'27 Seplember 100 J 

October 100 

King's (1915) figures for the rat also support the con
tention that the season of the highest birth-rate is that of 
the lowest proportion of males. Sumner, M'Daniel, and 
Huestis (1922) suspect a seasonal variation also in the case 

R 
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of the deer-mouse, Perom)'scus, which however gi<'es the 
highest sex-ratio in the season opposite to King's, 

The sex-ratio varies in different matings and the 
disturbance seems to be related to the relative physiological 
condition of the parents at the time, In the experience of 
many poultry breeders, the first lot of eggs laid by a pullet 
yields a preponderance of male chickens, whereas as the 
season advances and the pullet ages, the proportion of males 
steadily decreases, Jull (1923) using a sex-linked cross in 
order to preclude errors, recorded the sex of the chickens 
hatched from eggs of 45 hens during their first ycar of 
production. The observations were repeated for three years 
and the secondary sex-ratio was found to be 48'41 expressed 
as a percentage, Analysis of the figures gave the following 
tablc~ 

Eggs. Se-cond<tTY Se.x-ratic). 

o to 20 62'91 ± 1'44 
21 .. 40 57'46 
4) .. 60 45'00 
61 

" 
So 44,61 

81 
" 

100 37.65 
10) 

" 
I~O 32.53 ± J 0 15 

Statistical evidence has been presented, sometimes 
supporting, at other times contradicting, the suggestion that 
the sex-ratio is affected by the relative ages of the parents, 
the offspring being mostly of the same sex (or of the 
opposite sex) as the older (or as the younger) parent. 
Hofacker (1828) and Sadler's (1830) law-that the sex of 
the offspring was that of the older parent-finds no support 
in the result of critical inquiry: it is contradicted by the 
work of Schultze (1903) on mice, for example. According 
to some data, the age of the mother has a relation to the 
sex of the offspring, younger mothers producing a pre
ponderance of males (or of females.) It must not be 
forgotten that in the majority of cases the data upon 
which these theories are based have not been collected by 
biometrical experts, nOr can their genuineness be absolutely 
guaranteed, Other data seem to suggest that the sex of 
the offspring tends to be that of the more (or of the less). 
vigorous parent. For example, the theory of Starkweather 
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(1883) suggested that the "superior" parent tended to 
beget off"pring of the opposite sex) but since it is impossihk' 
as ret to define: ".vigllur" and II superiority" ill accurah~ 

physiological terms, such theories arc not suitahk for 
scientific rliscu5sion, There is no experimental basis for 
such conceptions. 

It has been suggested that the sex-ratio varies with 
the time uf service during the n~strous period. Pearl and 
Parshley (1913), in testing this thenrr first propounded 
by Thury (1863) and latcr by Dllsing (18X4) collected data 
from stock-breeders, and found that Ollt of a total of 
480 calves, 255 were male and 225 female, and that the 
sex-ratio among calves resulting from service early ill the 
heat was 98'4; among calves tCSllltill~ from service during 
the middle period of the heat was 115·5, alld in the case 
of service late in heat, 154.8. Later data collected by Pearl 
(1917l did not support the suggestioll that service early 
in heat resulted in a female calf, latc in heat in a male. 

The suggestion that there is a relation between the 
sex-ratio and the size of the litter in polytocous animal~ 
is not supported by the results of \Ventworth (1914) in 
the case of dogs and pigs, of King (1915) in the case of 
rats, of Parker and Bullard (1913) and of Machens (1915) 
and also of Parkes (1923) in case of pigs. 

It would seem that the sex-ratio varies with the parity, 
with the chronological number of the pregnancy, for in the 
case of the human) the dog, and the mouse, it has many 
times been noted that there is a contilluous drop in the 
sex-ratio at each succeeding pregnancy, Wilckens (1886), 
Pun nett (1903), Bidder (1878), Copeman and Parsons (1904). 
King (1915) found that the same rule obtained in the case 
of the rat:-

I SeQu:~ce of i ~-:.:-;-Litters 

1\1 Lit;", I in the~ :erie,. 

\ : I :~ 

Individuals. 

131 
162 
127 
<}6 
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Parkes (1924), working with mice, gives the following 
table:-

i Fjr~t births 24' 134 
1 

: 
Subsequent births ")0 1<4 

432 24 S 

lOS 124':: 

;(; 15°'0 

104 I 34'~) 

f'er,'cnbgt.: 
oj ;\I.de~. 

55-4 ± 2 01 4 

('0-0 ± 2·89 

-i 
37'3 ± 1·60 ' 

Parkes points out, however, that most of the second 
and higher births occurred at the end of the breeding
season when the sex-ratio is at its highest, and that too 
much must not be inferred from his ligures until the 
experiment has been repeated. 

It has been suggested that the sex-ratio varies with 
the time relation of successive conceptions. Rumley 
Dawson (1921), for instance, maintained that in the case 
of the monotocous female the right o,·ary elaborated only 
male-producing ova, the left only female-producing, and 
that the ovaries function alternately, ovulation occurring in 
one ovary at one cestrous period) in the other at the next. 
Knowing then the sex of the lirst offspring of the female, 
and keeping a record of aJl (l.'Mrous periods, including those 
suppressed by the lirst pregnancy, it is possible, according 
to this theory, to arrange services so that subsequent 
offspring produced by this female shall be of the selected 
sex and likewise to foretell their sex. In order that an 
offspring of the same sex as the lirst shall be produced, all 
that is necessary is to see that conception shall coincide 
with an cestrous period which, when referred back to the 
one associated with the conception of the lirst offspring, is 
an odd number, 9th, II th, ! 3th, and so on. If progeny 
of the opposite sex are desired, then conception must be 
made to coincide with cestrous periods with even numbers, 
IDth, ! 2th' and so on. It should be stated that a con
siderable number of experienced stock-breeders in this and 
in other countries claim that their observations entirely 
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support thjs theory. N cycrthclcss jt cannot be broug-ht 
into harmony with c:-;tablishcd sci<.:ntific facts, and there
fore cannot be accepted un its presl'nt-day evidenc('. Tht: 
theory is supported by a cullection of selected :_.;tatistical 
data applied without proper ~tatistica\ treatment) and tho!\c 
cases which do not fit into the scheme are airih' dismissed, 
whilst the great body of established facts whi~h supports 
other theories and cannot support this particular one 
is neglected. Variations of this theory arc numerous, and 
like it arc based upon the conceptioll that ill the hutnall, 
the horse. and in cattlc, the female i:-: heterogamdic. Many 
believe that offspring of either sex can be obtained at will 
by persuading the semen of the male to flow to the right or 
to the left of the body of the female-towards the left ovary 
or to the right, that is. This is ensured by the female lying 
on one side or the other after coitus, or standing' on a 
slope. The matter has been ksted experimentally and 
found wanting. Doncaster and Marshall (I~,)IO) have shown 
that unilateral ovariotomy in the rat docs not result in 
the production of offspring of one sex only, and the 
cogency of these experimental results cannot be dismissed 
by the statement that it is too far a cry from the rat to 
the human female. I f the breeder really desires to have 
this theory tested, the way is simple, for it can readily 
be shown that unilateral ovariotomy in the horse or ill 
the cow is not followed by the production of offspring 
of one sex only, and that the production of both male 
and female progeny is not to be explained by any 
regeneration of the imperfectly removed ovary. As it is, 
the believer in this theory may well be content, for 
a calf must be either male or female; some matings 
undoubtedly produce a preponderance of female calves, 
and ill any case if a calf of the wrong sex appears the 
breeder can always find some satisfying explanation for 
the unexpected. 

In the case of the rabbit it has been shown that the 
sex-ratio is related to the chronological order of the service 
of the buck; in the first service group there is a pre
ponderance of males and then an increasing preponderance 
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of females as the number of services increases, Hays 
(1921) obtained the following results:-

Service. 
Sex+f.tltio 

1st 5th lOtt1 
,H'So 44'44 

20th 
21,37 

The sex-ratio is profuundly di..,turbcd as a result of 
interspecific and inlervarietal crosses, Haldane (1922) has 
pointed out that in ally such cross the sex that is absent, 
rare, or sterile, is the heterogametic sex. 

MoUI<'r. 

.. " . 
Pr1'< i[,l'si~ Isa6tilll' • 

" /'p/,Ulhlrt,l 

C!J,;,/;:;~I/;'f~~~;:.,a!'l' 
j)r!}sQpln!a ml'la11O.£:dSfa -

({II~ed) • . 
(fu.-ed xx)') , 
(rwilmentary) 

(rudimc:1t:try x.\\J . 
lJnJSiJj,Jn'/a ,)1.4aJlP/!II'iI,,' . 

Stuptojulia 1'iS(wia. 
" a/ba-r£soria. 
" rUtJria. 

Gallus tiomesticus 

Phasia'Rlts ,'u'{l(si 

Tdri1(J 'UNgal/us 
Gallus domes/j(IIJ 

j'.nJ!~/l\i\ 1"1I;.,.1/,r. 31 
yo 
;1 
1.13 

I ()2 

:i I~ 
./""(1(( hiri.lrid . I :;8 

{;~~:,~t~i.~I~;::~~:~;~iI . i 5~ 
l?j'JJlrlma rn'!pllsCIIlarH . i 3~8 
Dros('PMta md.moJ:aslt'r - '\ 

(n0rrn:d). . ': 

" ' j)",Jf!lfhi/a I')!J)U/,IJJS 

Huws (female heterogametic). 

Columba !h'N 

,. H • 

Zuuidllr,l C,U'l)/tI'lN!.ri.f 

Phasi.lnus cokhicus 

JorquatUJ 
" cersi,q/rJr 

Tetraottipmnis • 
P<1t1o,iigripnmis • 

! 13 

,8 
II 
16 

100 

lIU' 
40 

2 

~AMMAlS (male heterogametic). 

39 
o 

.'\1:\\:"1'. 

J \ Whitman and 
I Riddle (1919) 

o I 
a I ,. 

o I " 
I 
Lewis Jones (quote 

bv Haldane) 
\ Smith and H~ 

6 I Thomas (1912) 
8' Suchetet (1897) 

T rouessart (1907) 



SPERM-DIMORPHISM 

{;tllt'lk ClIISeJ' (?l II lJt~rtlfrbl'd St.! -Rill/II. 

It can be accepted that the sex-determining mechanism 
is such as should gi~e equal numbers of males and femaJes 
provided that both kinds of gametes elaborated by the 
heterogametic sex arc produced ill equal number:.:, that 
they are eqnaHy viable, that random feftilisation occurs and 
that the resulting zygotes are equally viable. 

The heterogametic sex can be identified cytologically 
in many cases, by the results of breeding experiments 
involving sex -linked characters, and by the fHet that 
crossing-over either does not occur, Of if it occurs, it docs 
so to a much less extent in the heterogametic than in the 
homogametic sex. 

In the case of the mammal, in which group the male is 
the heterogametic sex, there are two kinds of spermatozoa, 
the X-chromosome bearing and the Y -chrom(l~()ll1c bearing 
(ar the no-X-bearing). Sperm.dimorphism has been demon
strated in the following cases cytologically. XY type: man, 
monkey, opossum (Painter 19n); rabbit (Bachubcr 1916); 
guinea-pig (Stevens 1911). XO type: horse, pig (Wodsedalek 
1913); bull (Wodsedalek 1920); cat (Winiwarter and Sain
mont 1909), but see p. 171; rat (Allen 1918); mouse (Yocum 
1917); dog (Malone 1918). Wodsedalek (1913), Zeleny and 
Faust (1915) and Parkes (r923), as a result of measuring the 
length of the sperm-head, have brought forward evidence to 
show that there are two intcrgrading classes of sperms, one 
class being of larger size than the other. It is assumed that 
in those cases in which this size difference can be detected, as 
in the horse and the boar, the larger class contains the 
X-bearing sperm, '.e., the female-producing, and the smaller 
size class the Y-bearing (or no X-bearing sperm), the male 
producing. 

The primary sex-ratio is affected by the differential 
production of the two sorts of gametes by the heterogametic 
sex. That such differential production exists there can be 
no doubt, though the cause for this is not well understood. 
In the case of the human, it is known that the primary sex
ratio is higher than the secondary and that the secondary is 
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higher than the tertiary. It is estimated that the primary 
,ex-ratio in the human is about 120: 100. In the case of 
the bird and moth the egg contains th~ X- and Y -chromo
somes in conjugation before the polar-bodies are formed. 
Into the first polar-body goes either the X or the Y. If it is 
but a matter of challce which way this chromosome pair lies 
on the spindle, then equal numbers of X-bearing and of 
Y -bearing eggs lI"ill result. But if ill it particular line this 
pair should habitually be so orientated on the spindle that 
the X passes into the polar-body more often than the Y, then 
in this line a preponderance of female offspring would be 
observed. Such a differential production can be obtained 
experimentall}", as is shown by the work of 5eiler(192o) 
on the Psychid 7;1!((,/,oria tJlblllosa, in which the female is 
the heterogametic sex. Seiler was able to show that the 
ratio of the eggs in which the X-chromosome passed into 
the polar-body to those in which it remained, was exactly 
the same as the sex-ratio. Moreover) since in the course of 
these observations it was possible to detect the moment of 
the disjunction of the sex-chromosomes, it became possible to 
attempt to influence this disjunction experimentally and so 
to disturb the sex-ratio. Seiler by varying the temperature 
during the maturation division obtained the following 
significant results-

X·chromosome x-{ lllun10S0rne 

Tcmpclature. I remained in p:ts:;ed into the Sex-ratio. 
I I the egg. polar-body. 

18' C. 
35-37"C. 

3·5- C. 

4S 
84 
3' 

I 136: 100 
I 62: roo 

155: 100 

Riddle (1916) submits that it is possible to distinguish 
between the two sorts of eggs in the pigeon, and has adduced 
a considerable amount of evidence in support of his con
tention. According to -this authority, in pure species of 
pigeons the first egg laid, smaller and containing less 
chemical energy than the second, is destined when fertilised 
to become a male, the second a female. Cuenot (1899) 
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and Cole (19l 5), however, disagree with this conclusion. 
Heape (1907) kept two aviaries of canaries under vcry 
different COlJditioH.'i and found that the sl'x~ratio in the 
two cases was markcrlly different. Onc aviary was well 
lighted, the temper"turc equable, and the birds <lid nut 
rcceiyc specially rich food; the other was. darker, the 
temperature varied, and the food \va:.; abundant and rich. 
The percentage of males pruduced by the first aviary was 
more than three times that obtained from the second, in 
which the environmental conditions were Bot 50 fa\'(lurable. 
Since the bird~ \\'cre interchanged withollt the scx~ratjo 

being altered, it was concluded that the difference in the 
ratios was due to a selective action upon the producti()n and 
survival of the two sorts of gametes of the heterogametic 
sex-in this case the female. 

Bearing upon this question is the fact that in the Aphids 
the no· X-bearing gametes dq::-ctlcrate, that in the male bee 
three out of the four gametes fail to develop, and that in 
Hydatina one of the primary spermatocytes yields two 
femalevproducing gametes) the other spermatocyte) failing 
to divide, degenerates. J n all these cases fertilisation yitlds 
only females. 

The sex-ratio is affected by the relative degree of 
maturity of the ovum at the time of fertilisation in those 
cases in which the female is the homogametic sex. It is 
possible experimentally to modify profoundly the sex-ratio, 
as seen in the case of the frogs of Hertwig (1912) and of 
Kuschakewitch(J910), or of trout of Mrsic(1923), and this 
may be explained on the assumption that the over-ripeness 
of the ovum is associated with extrusion of the X-chromo
some into the polar-body, thus leading to the production of 
males. Hertwig allowed a male frog to fertilise half the 
eggs of a female and removed him from the nuptial embrace. 
The female does not lay her eggs in the absence of the male 
and so after an interval of any duration, the male can be put 
back and will then fertilise the remaining eggs. The sex
ratio of the frogs hatched from the first half of the eggs was 
in every case near equality; with the rest the degree of 
disturbance of the sex-ratio varied with the length of the 



266 THE SEX-RATIO AND ITS CONTROL 

interval. Kuschakewitch, Hertwig's pupil, r"peated and 
confirmed these results-

Hours 6 18 24 36 42 54 64 89 
Hertwig. 58 54 55 

-19-0 58 59 
43·~ 37 58 88 

Kllschakewitdl 55 lao 

Kuschakewitch (1')10) showed quite definitely that this 
result was not due to a differential mortality and Hertwig 
has described an actual histological remodelling of the gonad 
in these cases, showing that in the late-fertilised zygote the 
gonad develops in a way guite distinct morphologically 
from that seen in the normal male. Bearing on this point 
is the observation of 1\.dler (1917) that the thyroid of the 
late-fertilised zygote is markedl), hypertrophied, which, if 
confirmed, may throw some light on the physiology of sex
differentiation. 

The quantitative difference that exists between the 
X- and the Y-chromosome-bearing spermatozoa in many 
mammals, fOT example in the mouse, rat, pig, bull, horse, 
and man, may possibly supply an explanation of the 
differential production of the two sorts of gametes by the 
heterogametic sex; but it is likely that a disturbed primary 
sex-ratio is more commonly the result of a differential 
activity, susceptibility, or mortality on the part of the two 
sorts of sperm. It is necessary and not unreasonable to 
suggest that the Y -bearing sperms of the mammal possess 
some advantage during the period coition - fertilisation. 
It may be that the male-determining sperm is the more 
active. If this is so, there exists the possibility of artificially 
separating the two kinds, the X- and the Y-bearing, or of 
further handicapping the X-bearing by treatment of the 
female passages. In the case of the heterogametic female, 
environic conditions, as is seen from Seiler's work, can cause 
a differential production of the two sorts of eggs as the result 
of a differential maturation division. Conditions may be 
such as to induce, for example in the case of ihe first egg of 
the pigeon, the female-producing genetic complex ( = the Y) 
to be extruded into the polar-body more often than the male-
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producing genetic complex ( = the X). whilst as a result of 
further egg-laying the c(lllditiuns become such that the 
male-producillg genct,ic complex is more frequently l~xtrtlded. 
There is evidence which seem!> to show the existence. of a 
differential chemical constitution in the early and the latcr 
egg, and it seems probable that this difference h; mirrored 
in the different reaction sy~tcms in the dividing <.JOcytcsa 
Riddle has found that by forcing the femaie bird tl> lay eggs 
at more than the normal rate the proportion of females 
among her progeny is increased; l'carJ's(1917l work yielded 
~ggestions that this might also be the case in the fowl, for 
significantly more females were produced by hens which had 
laid very heavily immediately prior to mating, The mattcr 
needs further investigation. It is weH tv bear in mind, how
ever, the possibility that the differelltial production of gametes 
may be characteristic of a particular individual OJ' strain, tI~c 
result of some heritable mutation affecting the maturation 
division of the egg or leading to the suppression of one sort 
of sperm. This probably lies at the basis of such "c,>ults as 
those of King in her in-breeding experiments with rats, in 
which she was abie to shift the sex-ratio in either direction. 

A disturbed primary sex-ratio may be the result of a 
differential mobility and vitality of the X and Y spermatozoa, 
or of a differential attraction for sperm by the X- and the 
Y-eggs of the heterogametic female. Such a conception 
as this postulates that there is a competition among the 
sperm. Cole and Davies (1914) have shown that this is the 
case. A rabbit was served by two very different bucks 
in rapid succession. In the litter which resulted the 
majority claimed one of the two bucks as their sire. In 
repeated matings this was always so. But when the sperm 
of this buck were alcoholised they could not compete with 
those of the other buck, though it was shown that when 
employed alone they could and did fertilise ova. It is 
reasonable to assume that if differences in the size of the 
sperm are. associated with differences in motility, activity, 
or resistance to unfavourable conditions within the genital 
passages of the female, then chance would favour fertilisa
tion by one rather than by the other kind of sperm. There 
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can be no doubt that an unusual secondary sex-ratio may 
be but the reflection of a disturbed primary ratio. 

The sex-ratio may be profoundty disturbed by the 
selective elimination of the zygotes, c,g., a differential 
mortality of the males or females in their embryonic or 
feetal stages, Prenatal mortality due to the action of an 
unbalanced sex-linked lethal factor falls upon the hetero
gametic sex. \Vhen more than onc sex-linked lethal are 
present in the gen(,typc, the sex-ratio will depend on the 
linkage value between them. For example, in DrosopJuia 
1Jldallogastt_~r, lethal I is located at 0-7) lethal 3 at 26,S on 
the X-chromosome, and therefore about 25 per cent. of 
crossing-over will occur. The female with each of these 
lethals in the simplex state will have the constitution 
(llL"X)(L,L,X) and will elaborate four sorts of eggs in 
the following proportions:-

(I,L,X) (L,L,X) (L,L,X) (I,I"X) 

and when these are exposed to fertilisation by the sperms 
elaborated by a wild - type male (L,L"X)Y the following 
zygotes will result :-
(11LjX)(L]LJX) (Lll:;X)(L)~JX) (LJL~X)(LIL.l:\:) J1I.~X)(LIL::X) 

(I,L,X) y 

3 
(die) 

(L,LX) 

-, 
(elie) 

y (tIL:)C) Y 

I 

(lives) 

(1,I,X) Y 
J 

(dies) 

so that only one male in every eight will live and a sex
ratio of 12· 5 : 100 will result, It is probable that sex
linked lethals and semi-lethals (which allow a few of the 
XY individuals to come through) are at the bottom of 
most of the excess of male feetal mortality, Jewell (1'921) 

found that the feetal sex-ratio in cattle was 123,100, so 
that there must be a selective elimination of male feetuses. 
The specific action of a lethal is not to be demonstrated if 
that action is exerted during the earliest stages of embryonic 
development; it has to be assumed that the physiological 
derangement or the anatomical abnormality was such 
that, becoming expressed in the earliest stages of develop-
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ment, it rendered the zygote incapable of pursuing the 
further developmental stages. Parkes (1923) has .shflwn 
that prellatal mortality in mice fall!' preponderating!)" upon 
the male, n'hi!e in the case of the bil"on X cattle cro~s it 
has been shown that the lethal eficct is ",eh as to lead to 
severe dystocia preventing the birth of the male calr. Thl" 
abnormal .-:{~x-ratio following interspecific crosses may he due 
to some such cause as the action ofa sex-linked lethal complex. 

In the case of Drosoplula JIlt'/(uuJ/!:<rs/cr, it ha:-. I)f..~cn shown 
also that primary and secondary non-disjunction !cad to a. 
profoundly unusual sex-ratio, and in the!:'e cases there is 
some definite abnormality in the chromatin content ann in 
the genotype of the individuals that succumb. 

Selective mortality of the developing zygotc~ way he 
based upon a differential susceptibility to disease. Fcderley 
(191 I), for example, obtained in t\vo successive generations 
of PYI;'d-'ra fig-ra, the chocolate-tip moth, none but females, 
and found that the lack of males was due to an inherited 
disease which had the effect of making the blood of the 
male larv<I.: abnormal, ~o that they were kilkd nff in the 
larval stage. The females were unaffected but tran,milted 
the disease to their male offspring. J n such a case as 
this the action of a sex-linked lethal factor demonstrates 
a physiological distinction between the sexes. Goldschmidt 
(1923) was able to show that in the case of the caterpillar., 
of the gipsy moth attacked by Flacherie, a disease which 
affects the caterpillar about the time 01 the filth moult, 
it did not affect the males as these were already in the 
pupal stage and thus secure from infection, but that it 
did affect the females, causing among them a hi~h death
rate and resulting in a profoundly disturbed sex·ratio. It 
is seen then that differences in the life history of the two 
sexes may provide an opportunity for the partial or com
plete elimination of one. 

This selective elimination is also affected by favourable 
and unfavourable conditions during the pregnancy. Parkes 
(1924) has shown that mice which are allo.wed to become 
pregnant immediately after parturition and whilst still 
suckling their young produce smaller litters in which the 
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proportion of females is markedly raised. Corpora lutea 
counts showed that in such cases the number of fcetuses 
was not unusual, and that the smaHcrr litter-size was due 
to an intensified selective elimination of the males. The 
same explanation can be applied to the fact that the 
secondary sex-ratio among illegitimate children is lower 
than that among legitimate-the lack of prenatal care and 
hygiene resulting in an intensifying of the fe'rees that 
always make it relatively difficult for the mammal to beget 
male off-;pring. The secondary sex-ratio is highest among 
those peoples and those herds in which the highest degree of 
prenatal hygiene is practised. It is highest among the Jews, 
and would be founel to be higher among race-horses than 
among the overworked beasts of burden of the uncivilised. 

The difference that clearly exists between the secondary 
and the tertiary ratios is simply the result of a selective 
postnatal mortality. In the case of the human it is well 
established that more boys than girls die during the years 
of infancy. It is probable that this is but a delayed 
expression of sex-linked semi-lethal factors. Gunther's 
(1923) figures of mortality in the German Empire bear 
upon this question:-

Ye,ln, Sexudl ql..lOtient (number of 
'i' deaths: r t{ death). 

f 3~5 ()o()::: 

2·3 0'91 
Postnatal 11"- 0·89 

0-1 ().74 

The sex-ratio among live and still-births shows a similar 
difference :-

Live births 
Stili-births. 

. 106 <5 
~ 13° 

100 'I 
100 

Sexual quotient. 

0'945 
0'77 

The constant differences between the sex-ratios of different 
species cannot be regarded as the result of a constant 
difference in the amount of prenatal mortality, unless it is 
assumed that each species is remarkable for its own lethal 
factor complex. The difference is more probably due to 
differences in the physical and physiological properties of 
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the two sorts 01 gametes elaborated by the heterogametic 
sex. Seasonal variation of the sex-ratio in a species is to 
be explained similarh" the differences between the two 
sorts (If gametes bc~o~ling more pronounced in the l'xtra~ 
breeding season. The rdation of unusual sex-ratius and 
litter-size is to be explained by selective prenatal mortality, 
Small littc" arc those that have been depleted prenatally; 
large litters arc those which have not, and amongst which 
therefore there has been a conservation of the males. The 
influence of parity on the scx~ratio i .... entirely one of scJective 
post-conceptional elimination of fectuses; the number of 
abortions and of still-births increases with the age of the 
mother and with the serial num ber of the pregnancy. 

The work of Baltzer (1914) on the marine worm Bonellia, 
of Goldschmidt (1923) on the gipsy moth, of Esscnberg 
(1923) on the fish Xyphophorus, of \Vitschi (1922) and of 
Crew ([92[) on the frog, of Champy ([92[) on the triton, 
of Riddle (1924) on the pigeon, of Crew ([923) on the fowl, 
of Tandler (19[6) and of Lillie (1917) on the bovine free
martin, has shown the way in which an unusual sex.~ratio 

may be the reflection of complete sex-reversal. It is an 
established fact that an individual with the chromosome 
constitution of one sex, a genotypic male or female, as 
the case may b~, may come to possess the functional sex
equipment and capacity of the opposite. A hen, XY in 
genotypic constitution, may function as a male, and mated 
with a hen will produce offspring, the sex-ratio amongst 
which will be 50: 100. If, 011 the other hand, a female 
amphibian or mammal, XX in genotypic constitution, 
functions as a male, its progeny will consist solely of 
females. 

(a) 

XX 
16 

XY 
/ 

x 

y 

YY 
dies 

(b) xx x XX 
I I 
X X 

.. / 
j 

XX 
'i' 

The problem of the control of the secondary sex-ratio 
is that of the control of the primary, and this involves a 
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control of the differential production of the two sorts of 
gametes elaborated by the heterogametic sex. This can 
be done most effectively, as is seen" by controlling sex
reversal. This is as yet not practicable, and for the present 
at least the problem will be approached by breeding on 
lines known to give a preponderance of one sex. The 
selective elimination of one genotypic sex is pus$ible, but 
it is doubtful that it would be profitable. The most 
promising field would seem to be that of creating those 
conditions in the mammal in which fertilisation by one 
rather than the other kind of sperm is favoured, and in 
the bird of those conditions that favour the production 
of one rather than of the other kind of egg. 

In the case of the domestic fowl it is not possible to 
distinguish the two sorts of eggs by inspection. 1 t has 
been claimed that differences in size indicate differences in 
sex, but this claim has not been substantiated. Size of egg 
is a character based on genetic constitution and modified 
by environmental agencies. If traced to its ultimate analysis 
it would be fonnd that egg-size is a reflection of some ana
tomical and physiological relation of the reproductive organs 
which governs the formation of the egg: in this sense egg- i 
size is the result of a character and not itself one. But size 4 
of egg and the conditions that decide it are both expressions 
of the same genotype, and by measuring the egg it is POssibl~e 
to gather impressions of the mechanism that produced i 
In the case of Drosophila many of the mutant stocks exhibi 
a distinguishing egg-size character. Egg-size is not affected 
therein by the size or age of the female nor by environ
mental forces, it is as characteristic of the female as is 
anyone of her external characters, and is fixed before egg 
meets sperm, and cannot be affected by any genes con
tributed by the male. An F 1 female of a mating of different 
egg-size stocks has the· same egg-size character as her 
mother, and it is only in the F., as Warren (1924) has 
shown, that the action of the genes brougbt in by the P 1 

sperm is evidenced. Many genes in all the chromosomes 
are involved, and an egg-size difference of but ()o2 mm. was 
shown by \Varren to be a character in the Mendelian sense. 
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ENDOGAMY is that system of breeding in which closely 
related individuals arc mated. In inbreeding the closest 
types of mating possible are practised, sire to daughter, dam 
to son, brother to sister; in line breeding the matings arc 
between individuals within one line of descent, excluding 
those which constitute inbreeding. Exog-amy or out
breeding is that system of mating in which the illdidduals 
concerned arc unrelated, in which consanguinity j:-:. deliberately 
avoided. The terms can be used only in a relative sense, for 
if one holds to the evolutionist's conception of the origin of 
species, all species and all members of all species arc related 
in some degree. Endogamy merely implies that the indi· 
viduals concerned possess fewer different anccst(Jrs in some 
particular generation or generations than the maximum 
possible number for that generation or generations. 

Inbreeding. - The records of the breeds of domestic 
~nimals show that close inbreeding and line breeding of 
good stock, if associated with the usual elimination of the 
weakly, may be practised for many generations without any 
undesirabIe consequences. Endogamy and vigorous selec~ 

tion are the tools which have fashioned the breeds of 
to-day, but the material thus fashioned was in the great 
majority of cases the product of outbreeding and of the 
crossing of different local breeds. Endogamy during the 
formative period of the breeds was practised extensively, 
and the evidence would seem to show quite plainly that 
some degree of narrow breeding is an essential to the 
attainment of outstanding success in animal breeding. 
Inbreeding is not necessarily harmful therefore, in fact it 
can be definitely advantageous, leading to the establishment 

m ~ 
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of a uniform and true breeding stock. But benefit does 
not always follow endogamy. Often there is advance, but 
sometimes there is disappointing regression, a diminution 
of vigour, lowered power of resistance, decreased fertility, 
even reduction in size. It is necessary to inquire why it 
is that endogamy in some cases results in definite improve
ment whilst in others it is disastrous. The experiences of 
the stock· breeder cannot be considered in this inquiry 
because his stock is not suitable material for scientific 
investigation of this sort. \\' e must turn to the laboratory 
animals. 

King (1919) took 4 slightly undersized but otherwise normal 
albino fancy rats, 2 males and 2 females, as a foundation of 
tIVO lines, A and B, of inbred individuals. 25 generations 
were raised by brother to sister matings and in every 
generation after the 6th, 20 females were selected for 
further breeding. In the first 6 generations the animals 
suffered from faulty feeding but this was then corrected. It 
was clearly demonstrated that by selection within an inbred 
race, vigorous uniform strains could be built up. larger, 
longer-lived, and more fertile than many strains of the 
control stocks. Through selection the strain A was slightly 
more fertile, attained sexual maturity earlier and lived longer 
than strain B. Variability gradually became reduced as the 
experiment progressed. 

Castle (1906) bred Drosophila for many generations 0'" 
continuous brother X sister matings. After 59 generatio,J\l 
fertility did not appear to be reduced below that shown 
by the original stock. During the generations 6 - 24 there 
were between 17 to 80 per cent. of totally sterile matings: 
between the 25th - 42nd, 18 to 47 per cent., and between the 
45th - 59th only 37 per cent. 

On the other hand, Crampe (1883), starting with a litter of 
5 young rats obtained from the cross albino I' X white and 
grey 0 , practised close in-breeding for 17 generations. 
During the course of the experiment many individuals 
showed marked susceptibility to disease, many exhibited 
anatomical abnormalities, fertility was much reduced and 
many individuals were actually sterile. Ritzema-Bos (1894), 
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likewise starting with [1 rats obtained from a cross albino 
fancy? x wild norvegian 0 ! continued tu inbreed for six 
years, obtainin,; sOlUe 30 generations in this time. lIe 
found that there was a ,;radual decrease in size of the 
litters and a gradual increase in the percentage of infertile 
matings-
Years of inbreeding 
Average number in litter 
Percentage of infertile matings 

7-5 7'1 )., 

2'() S,() 

4 
6·, 4'2 3'" 

17'4 5°- 0 ·41':;: 

Weismann ([898) inbred a stock of white mice for 29 
generations and found that the average number of young for 
the three to-year periods to be 6· [, 5.6, and 4'2. Von Guaita 
(1898) then crossed some of these highly inbred mice with 
Japanese waltzers and then in bred for 6 generations to 
find that the average number of young in the successive 
generatiotfs was 4-4. 3'0, 3'D, 4'3, 3,2, 2-3· 

But the experiments of Cram pc, Ritzema-Bos, and von 
Guaita cannot be regarded as critical tests of the effects 
of inbreeding because in each case the original material 
resulted from wide out-crossing; the experiments were 
started with hybrid stock and hybridisation involves the 
complication of Mendelian recombination. To examinc 
the effects of inbreeding as such, the material must have 
been inbred already to reduce tile gmetic cOllstilutioll of tltt 
animals to an approximately Itomo:::Jlgous conditioll. King's 
work fulfils this necessary condition, for her rats were from 
a. stxk a1rea.d}' cJ£l._'\t".1y .i.T),hreo ..a.IJLl thefefo.r.c .appJ"D.y_im.ateJy 
bomozygous. 

Another investigation which fulfils the conditions is that 
of Rommel and Sewall Wright on thc guinea-pig_ The 
experiment was started in 1906 with 33 pairs of stock 
guinea-pigs which had been more or less inbred previously. 
After the closest inbreeding for some 20 generations 16 of 
these families were still in existence in 1917. The inbred 
race considered as a whole produced smaller and fewer 
litters, while the mortality among the young had increased. 
At birth the young weighed less than the controls and they 
grew more slowly. But when considered family by family 
some still compared most favourably with the original stock, 
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others had degenerated and become extinct during the 
course of the experiment. In the case of those that 
remained, Wright was able to show tJ:lat there were many 
genes affecting fertility, growth rate, sexual maturity and 
longevity, and that different combinations of these dis
tinguished one family from another. Moenkhaus (1911), 
Hyde (1914), and Wentworth (1913), have all investigated 
this problem in Drosophila, and all are ;].greed that though 
sterility is increased in the earlier stages it tends to be 
eliminated after a time. I nbreeding results in strains 
of unequal fertility and the less fertile are eliminated by 
differential productiveness, a result to be anticipated since 
inbreeding leads to homozygosity. 

The conclusion to be drawn from these experiments is 
that inbreeding accompanied by vigorous selection is not 
necessarily harmful. Tile eilccts dCFe1ld 011 tltt' genetic ((lJist£
'"tiOll ,if the illdividuals c{Jllccr!ud alld not liPOJl ill!)' pernicious 
attribute of i1lbrccdzlzg ill itself. The results of inbreeding 
can be interpreted readily in terms of Mendelian recombina
tion. But the critical test cannot be made with bisexual 
species for the problem is complicated by biparental 
inheritance. One must turn to the autogamous plant 
there to find many forms which are almost invariably self
fertilised and yet lack nothing in the way of fertility and 
viability. Shull (1908) has shown in the case of maize that 
though the progeny of self-fertilised plants are less vigorous,f 
smaller and less fertile than those of a cross-bred plant of the 
same stock, this regression did not proceed uniformly but 
that it actually becomes less and less with the succeeding 
generations which might be expected as homozygosity was 
approached. 

East and Jones (1919) experimenting with over thirty 
different varieties of maize, and with several lines in each 
variety, have extended Shull's conclusions. In every case 
there was a reduction in the size of the plant and in the 
yield of grain, but the several inbred lines originating 
from the same variety became strikingly differentiated in' 
their structural characters, the result of different genetical 
combinations. They obtained dwarf plants, plants deficient 
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in chlorophyll, malformed plants, plants exhibiting marked 
susceptibility to disease. Thi!-o \'ariability of the inhrt..'d iin("}; 
with re~pect to thcl.C characters decreased as the experi
ment pruceeded. Aftt.:f 4 generations the grusscr characters 
were fixed; after g, the different lines became remarkably 
uniform in all their distinguishing characters. These authors 
concluded that inbreeding the naturally CfO:iS-pOllcllatcd 
maize plant has these results-

(I) There is a reduction in size an(l in proc111ctivenl~s.s 
which continues up to a certain point. In no 
sense:; is there actual degeneracy. 

(2) There is an isolation of subvarieties differing in 
their characters. 

(3) As these varieties become more constant in their 
characters the reduction in growth ceases to be 
noticeable. 

(4) Individuals are obtained with such characters that 
they cannot be reproduced, or if so, only with 
extreme difficulty. 

These results show that inbreeding has but one 
demonstrable effect on the individuals subjected to its action 
-the isolat"ou 0/ 1t01l/o.0J'/{OUS types. The diversity of the 
resulting types depends directly upon the number of hetero
zygous hereditary characters present in the individuals with 
which the process is begun. The degree of diversity among 
the resulting types will vary directly with the amount of 
cross-breeding to which the foundation stock has been 
subjected. The rapidity of the isolation of homozygous 
types is a function of the intensity of the in-breeding. In 
the case of the maize, a most variable cultivated plant, 
cross-pollination is the rule. Each individual is hetero
zygous for a large number of its characters and this hetero
zygosis is maintained by the continual crossing and 
recrossing. But if such heterozygous material is inbred 
there will be automatic isolation of homozygous combina
tions such as occurs in the F2 and Fa and further generations 
of a typical Mendelian breeding experiment. Stability and 



278 EXOGAMY AND ENDOGAMY 

uniformity will be reached when homozygosis has been 
attained. But with the decrease in heterozygosis there is a 
decrease in size and productiveness, Combinations of 
recessives become extracted and the extracted recessive is 
often the undesirable. Lethal factors in the duplex condition 
will increase the percentage of sterile matings until such 
matings become impossible as these types are eliminated, 
and different genetical combinations will produce individuals 
strong growing or weak, fertile or sterile, normal or abnormal) 
and so on. 

Rigorous selection among the resulting types will isolate 
strains which will compare very favourably with the criginal 
stock. Consanguinity in itself is no bar to mating. If in
breeding results in disappointment, then all that has happened 
is that characters previously hidden have been brought to 
light. In-breeding ultimately must purify a stock, though 
the process may be disastrously expensive if the ingredients 
of genetic combinations which will result in undesirable or 
even non·viable types pre-exist. 

'When homozygosis is attained, and it is attained most 
quickly in the autogamous plants and parthenogenetic 
animals (for in such when the individual has become homo
zygous its progeny must be similarly constituted), the nearest 
approach to the" pure line" has been reached and selection 
alone within a pure line is without avail, as was found by 
J ohanssen (1909) in his study of the inheritance cf seed-weight 
in beans. If, for instance, 500 beans are taken at random 
from a great quantity-i.e., a random sample of a population
and are weighed, the majority will be found not to diverge 
considerably from the average weight of the population as 
a whole. There wil! be a constantly decreasing number of 
individuals as the upper and lower extremes of weight 
are approached and a curve in which seed-weight is plotted 
against frequency will in general be of the same shape as 
the ordinary probability curve. If a bean of a weight above 
or below the average of the whole is selected and allowed 
to germinate seed by self-fertilisation, and if the weights oC 
the resulting progeny are plotted similarly, a frequency curve 
of the same shape will be obtained. But the average will be 
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greater or le"s and the weight which gives the highest 
frequency Iikew;se will be greater or less than that fur the 
original population fis a whole. The descendants (If sllch a 
bean constitute a" pure line H and if individuals within this 
line are selected and sclfed, their progeny have a frequency 
curve with the same maximum whether the parent \I.'as the 
heaviest or the lightest or the average bean. No matter 
whether the largest or the sma.llest beans within a pure 
line are selected, the results will be the same. Variability 
in the weight of the progeny there will be, but this variability 
is the result of difference in nurtural conditions and is not of 
genetic significance. 

The curve of ,'ariation of the population as a whole is 
compounded of a series of curves showing the variability of 
a number of genetically different strains. An apparently 
homogeneous race or "population II is a congeries of pure 
lines but it is not possible to distinguish a pure line from a 
population by inspection, since both may be phenotypically 
alike and fluctuations about the average occur in both cases. 
These differences occurring within a pure line arc simply 
instances of somatic variability probably caused in general 
by differences in some environmental agent, while differences 
occurring within a population include both these modifications 
and also true variatiolls of germinal origin in the pure lines 
of which the population is composed. Johannsen has made 
the distinction between pure lines and population clear by 
means of the figure in which five pure lines of beans are 
combined artificially to form a population. The beans which 
make up the pure lines are represented enclosed within 
inverted test-tubes and the beans in anyone tube are all 
of one size. Tubes in the same vertical line also contain 
beans of similar size. Thus it may be seen that what may 
be a rare size of bean in one line, e.g., that in the left-hand 
tube of pure line 3, may be identical with the most common 
size in another line, as pure line 2. The Jive pure lines are 
combined in a population at the bottom of the figure, making 
a phenotype that hides the Jive genotypes. If in selection 
the beans from the extreme left-hand tube in. the population 
are chosen, all would belong to one pure line 2; or, if the 
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beans are chos~n from the extreme rhtht-hand tube, the), aJl 
belong to pure line 3- This would constitute the isolatiun of 
pure lines from a population. 

Johannsen defined a pure line as the progeny of a SillgJC 
self-fertilised indi\·iclual. The basic idea of the pure line 
concept is that every member of any given pure line is 
genetically identical with evcry other member of the same 
line. This condition is met with also in the case of 
parthenogenesis, in the offspring of two individuals homo
lygous for their different characters, and in the case of clones. 

A clone is the progeny produced by asexual repro
duction, by continued fission of the original individual 
and in this case as in parthenogenesis the genotype is 
unchanged from generation to generation. A pure line 
implies constancy of genotypic constitution and this is 
attained in homozygous matings. It is well-nigh impossible 
to find two individuals among bisexual species which are 
homozygous in all particulars. The nearest approach to 
such a condition would be found in identical twins. But 
the breeder is able to consider a few chosen characters out 
of the hundreds which make up his stock and it is essentially 
possible to speak of homozygosity under these conditions . 

• '>'elec/lim.-Selection has been the greatest agent in the 
permanent improvement of the domesticated animals. The 
accidental discovery of sorne '~" sire or dam, or 
the intuition on the part of certain breeders to see more in 
their stock than their competitors, has laid the foundation 
of all the famous herds. But to-day this phen{Jtypic 
selection - the c~sing of the. be~t,"loolsi.!l.l' - has given 
place to another typeorseTecnon altogether. The sire in 
the milking herd is judged by the average performance of 
all his daughters, and his possible value is estimated from 
a consideration of the performance of his dam and other 
relatives. The modern advanced ~t.nr_.J1ggl<: allows one 
to hazard a considered opinion concerning the value of an 
untried animal, but the value of the sire of the milking herd 
is only recognised when the milk - yield of his daughters is 
known. For this it is necessary, unfortunately, to wait three 
years or so. 
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One of the great problems of the breeder-if not the 
greatest-is the control of the genotype, and this in the 
established stock can only be done, by selection. By 
deliberate, untiring enlightened selection of desirable char
acters he can fix these in the homozygous state and then 
he is not dealing with phenotype any longer but with the 
genotype. 

The aim of selection is to obtain ",Pure lines "-groups of 
individuals with the same hereditary formula and all the 
factors in this formula in duplicate. 

In dealing with aHogamous species in which, when 
starting with a mixed population of unknown genetic 
constitution, it is necessary to mate two individuals, the 
original selection must be made on the basis of phenotypic 
similarity. \Vith domestic animals the repetition of such 
selection through a large number of generations has pro
duced the pure or pedigreed breeds, which approximate 
more or less closely to pure lines and hence should be 
expected to breed fairly true to type. The length of time 
required to produce approximately pure lines will depend 
upon the genetic constitution of the stock concerned. 

An important consequence of Mendelian principles in 
relation to the selection problem is the continuous diminu
tion in the proportion of heterozygotes through successive 
generations of self-fertilisation. For simplicity consider the 
effect of self-fertilisation in the progeny of a cross involving 
one pair of factors:-

F I A. 

F:! lAA zA. 

F" u\A 1AA IA. 

F, IAA kAA iAA. ~Aa 

laa 

~aa raa 

Heterozygotes. 
100 

50 

This is evidently a geometrical series and the percentage 
of heterozygous individuals in the 8th generation is there-

fore 100 eVS--1 = ;: or less than I per cellt., and in the 

2lst generation there should be 100 (f)20 or less than 0'00005 
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per cent. heterozygotes. In the case of two pairs of 
independently heritable factors. the f,,!Jo\\'illg' resulls would 
be expected (h = hOll'07>"!:ote, H = heteroqgote) ._ 

11\'!('ro::yg()lt·~. 

F, AaHb 100' 

J 
JA:\BJ~ :u\aJ)}j 2AAHh 4AaHh zAabb I Ih ,II 211 411 ,II 

F, 

l 2aa1Jb IaaHn IAAbb laabh 
J 

7;, 

2f! Ih Ih Ih 

Ih Ih: d-I Ih: II! Ih ·3 1l Ih: IH I 
F" 

Ih; IH II! Ih Ih J 43'R 

This series converges less rapidly than the preceding one, 
so that with linkage the proportion of heterozygotes in a 
population diminishes more rapidly than in the case of inde
pendent factors. Reimers ([916) gives the empirical formula 

(2"- 2)m for the proportion of homozY"'otes in the nth 
211 . b 

generation of a cross involving 11i independently heritable 
factors. 

A mixed population consists of a number of distinct 
genotypes-groups of individuals all having the same 
genotypic constitution. [n autogamous species which 
require only one individual to accomplish sexual repro
duction, for example, the normally self-fertilising plants, 
these genotypes are pure lines to begin with, while in 
aHogamous species which require two individuals to accom· 
plish sexual reproduction (the same term is applied to plants 
which, though capable of self· fertilisation, yet arc normally 
cross-fertilised), it is only by continued intensive selection 
that existing genotypes can be differentiated one from 
another so that they breed true. 

The breeder's art has been concerned with mass-selection 
from a population, and this will certainly produce temporary 
change in anyallogamous species,as is seen from Johannsen's 
illustration. If one should' select individuals from the fifth 
tube from either end, it is clear that the individuals might 
belong to several genotypes. I f selection in the same 
direction were continued, a strain would be established 
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with a mode distinct from the mode of the original popula
tion, and these strains could be maintained by continued 
selection and in time a single genotyp~ might be isolated, 
when selection would be said to have changed the type 
permanently. But selection will not produce anything new, 
it will only isolate a certain already existing genotype from 
the population. 

The results of artificial selection in the case of the 
domesticated animals and plants arc to be explained in 
terms of modifying genes. It is known that the action 
of a given gene-the principal gene-may be profoundly 
influenced by the action of another. The gene "cream,tJ 
for example, does not disturb the action of the genes which 
determine the normal red-eye character of Drosophila, but 
it does affect the action of the gene which results ill white 
eye-colour-a fly with the genes for both cream and eosin 
has much paler eyes than a fly with only that for eosin, 
as has been shown by Bridges (1919). Similarly, the gene 
(, whiting" has no effect on red eye but makes eosin entirely 
white. Cream and whiting require some eye colour on 
which to exert their effects; they are modifiers of eosin. 

Muller (1914) has shown, in the case of the "truncate" 
character of Drosophila (short wings with straight cut ends), 
that such a stock includes flies with very truncate wings, 
flies with wings of practically normal size and shape, and flies 
of every intervening grade, and that by continuous selection 
of individuals with the stumpiest wings he could, in the 
space of three years, produce a true - breeding strain in 
which the wings were much shorter than the body. 

Such a result at first sight seems to show that selection 
can modify the gene, can alter its organisation. But Muller 
was able to show, by mea ns of linkage experiments, that 
he was dealing with modifying genes. At least three such 
were present in his original stock, and he was able to pick 
them up by linkage and incorporate them as he wished 
into his strains. Bar (eye) and "beaded" wings are 
other characters which are affected in the degree of their 
expression by the action of modifying genes. The fancier 
is dealing with such modifying genes. He is not concerned, 
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for example, with the inheritance of the character Rosecomb 
in fOl-'vls, he is especially concerned with the transmission 
of the genes which modify thi::; character, ttw genes which 
in their action make all the difference between a comb 
that scores full points in the show-pen and the Rosccomb 
as at present dealt with by the geneticist. The breeder 
seeks duplicity in respect of the modifiers of the basal 
character. Selection has indeed produced OIost wonderful 
results, but it has not altered the gene, it has 11l1\\'ittin~l)' 

dealt with modifying genes which affect the action of the 
principals. 

Line brredillg.-Line breeding i~ genera1ly credited with 
all the henefits of inbreeding without entailing its disad
vantages; it has been and is a popular system of flrcediog. 
The breeder' who vehemently condemns inbreeding in 
theory usually practises line brecdiIlg, yet the latter is but it 

less intense form of close brecuitlg than inbreeding. The 
difference between the two methods b but one of degree. The 
slightly wider relationship of the individuals mated permits 
the introduction into the experiment of the genetic constitu-

t tions of two slightly different lines of descent. Homozygosis 
Ii is not so easily attained and, therefore, undesirable recessive 

characters are not disclosed or are not disclosed so soon. 
But, for the same reason, the homozygous condition of the 
desirable characters cannot be attained so readily as by 
inbreeding, so that, if the disadvantages of inbreeding 
are avoided, the advantages are also postponed or even 
precluded. 

Endogamy is the supreme test of a stock, for it 
illuminates the constitution of the individuals. From the 
study of its effects one is forced to regard the different 
physiological properties of the individual as characters 
which in their mode of inheritance obey the Mendelian 
scheme. Just as one selects for the morphological characters 
so must one also select for the physiological. 

This distinction between a pure line and a population 
explains why it is that the stock-breeder. must constantly 
select among his stock in order to maintain the standard 
he desires. So SOOll as this selection is relaxed the "pure 
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line" becomes merged into the population and the" strain 
will run out "-there will be "reversion." Only by the 
isolation of pure lines can character constancy be maintained, 
and when a pure line has been isolated, then all the members 
of it, regardless of any phenotypic differences, are equally 
efficient in maintaining the characters of the line. More
over, this selection cannot be mere mass selection but must 
be individual. I n 1899 an experiment was begun at the 
Maine Agricultural Station, which had as its object the 
improvement of fecundity in the Plymouth Rock. Hens 
which had laid 150 or more eggs in their pullet year, cocks 
whose mothers had laid at least 200 eggs were chosen. Mass 
selection was carried on until 1908 and it was found that 
fecundity had declined slightly. Mass selection had chosen 
certain females which owing to favourable circumstances 
had exhibited their maximum laying power, and these 
depressed the average yearly production. But by individual 
selection after 1909 the average egg-yield of the flock was 
quickly raised. 

Exogamy. 

Outbreeding as usually practised between members of 
the same species, of the same stock, is generally followed by 
manifest benefit. Hybrid vigour (heterosis) was noticed and 
described in great detail by many of the older writers, such 
as Kolreuter(1763), Knight (1799), Gartner (1849) and others, 
all plant breeders and all concerned with a wider (inter
specific) sort of out-crossing than was undertaken by the 
animal breeder who was mainly concerned in the mainten
ance of the existing qualities of his stock (though it is true 
that the mule with its excellent qualities had been known 
for centuries). Naudin (1865), the contemporary of Mendel, 
whose name is linked by French writers with that of Mendel, 
gave excellent examples of the beneficial result" of hybrid 
vigour from inter-specific crosses, Whilst Mendel himself, in 
describing his tall-dwarf pea experiments, records that" the 
longer of the two parental stems is usually exceeded by the 
hybrid, a fact which is possibly only attributable to the 
greater luxuriance which appears in all parts of plants when 
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stems of very different length are crossed. Thu<, for instance, 
in repeated experiments, stems of 1 foot and 6 feet in length 
yielded without exception hybrids which varied in length 
between 6 feet and i! feet." Darwin investigated this subject 
both \vith plants and with animals and his views arc as 
follows: "The gain in constitutional vigour derived from 
an occasional cross between individuals of the same variety 
but belonging to different families or between distinct 
varieties has not been so largely or so frequently discussed 
as have the evil effects of too close interbreeding. But the 
former point is the more important of the two inasmuch as 
the evidence is more decisive. The evil results from close 
interbreeding are difficult to detcct, for they accumulate 
slowly and differ much in degree with different species, 
whilst the good effects which almost invariably follow a 
cross are from the first manifest. It should, however, be 
clearly understood that the advantage of close interbreeding 
as far as the retention of character is concerned is indisputable 
and often outweighs the evil of a slight loss of constitutional 
vigour." 

It is true that the effects of inbreeding may not be very 
noticeable in F) and that the effect of outbrecding is, but, 
as East and Jones have clearly shown, Darwin was mistaken 
in assuming that the evil effects of inbreeding accumulated 
as the method was continued. 

Outbreeding between individuals within a pure line is 
without effect, but the mating of two distinct genotypes 
almost invariably results in the exhibition of heterosis, 
usually most clearly demonstrated by an increase in size. 
In maize the effect is seen in the increase of the number of 
seeds produced, in some cases as much as 180 per cent. 
incre,!se in yield of grain over the in bred parental forms being 
obtained. Earlier flowering, increased longevity, greater 
viability, greater resistance to disease, are often the peculiar 
properties of the hybrid. ~ In the silkworm, Drosophila, and 
fishes, experiment has demonstrated that heterosis follows 
outbreeding particularly when the strains crossed had been 
inbred previously. In poultry it is indeed recognised that 
increased size and more rapid growth usua!ly (o!low the 
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crossing of two distinct strains or breeds and for the pro
duction of table poultry this system of outbreeding is 
commonly practised. In the growing of" beef" cattle, in 
the production of mutton, the fact tha't outbreeding results 
in heterosis is widely recognised, the cross-bred offspring 
combining large size with more quality. 

An experiment on commercial lines with pigs as the 
material, carried out at The Lord \Vandsworth Institution, 
Long Sutton, Hampshire, showed that a first cross may 
be mature more quickly and more economical to feed. 
9 pure-bred Large Black pigs were compared with 9 
Berkshire and Large Black F, individuals. The individuals 
were each eight weeks old at the beginning of the experi
ment, and received similar food and management throughout. 
For the first two months both lots received the same quantity 
of food but it was found necessary, since the cross-breds 
thrived so much better, to feed them more generously after 
thb and the pigs were given just as much as they would 
clear up eagerly at each meal. 

The weights of the pigs were as follows-

8 weeks 
+ 28 days 

+ 56 " 
+ 84 " 
+ 116 11 

Purc-breds. 
2J:! lb. 

408 " 
655 ,. 
964 " 

1279 " 

Cross-hreJ". 
271 lb. 

45 1 
" 

jtS " 
1083 " 
1502 " 

The pure-breds gained 1074 lb. and consumed 3419 lb. 
of mixed meals, 456 lb. skim milk, 1 r6 lb. green kale, 
73 lb. mangels, or a total of some 3503 lb. of mixed meals. 

The cross-breds gained 1231 lb., consumed 3767 lb. of 
mixed meals, 456 lb. of skim milk, 116 lb. of green kale, 
and 73 lb. of mangels, or a total of 3851 lb. of mixed meals. 

For each pound of live weight increase in the case of the 
pure-breds 3·3 lb. of meal were required, whereas in the 
case of the cross-bred. 1 lb. of live weight required only 
3.1 lb. of meal. 

Though there is no doubt as to the results of outbreeding 
in the case of farm-stock, the experimental investigation of this 
subject has dealt with laboratory animals. Castle and Wright 



HETEROSIS 

(1916) crossed the domestic guinea-pig (average weight 800 
grms.) with a \I,:ild one, Cal!i{t cut!t'ri(avcrage weight 4~O ~~rm~) 
Tbe offspring of this !nating weighed about 85 grms, at birth, 
t:e" rather more than the young of either parelltal race', and 
retained this lead throughout life. At maturity they weighed 
on the average 890 grms. F" individuals of both sexes were 
smaller than the 1"1 indivhhl~ls. indicating that the heterosis 
observed in Fl had not been maintained, but the curve of 
the,growth-ratc of the individual of F, rises sharply at first 
sbowing that, at least, they had a good start, being the 
offspring of vigorous parents, 

FIG. 66. (From Ca:;.tle and 'Vright.) 

The cross-bred guinea-pigs in Wright's experiments were 
distinctly superior to their inbred relatives; they produced 
bigger and more frequent litters, stronger offspring heavier 
at birth, gaining in weight more quickly, and maturing 
earlier. 

Castle found that in crosses between two small breeds of 
rabbits, such as Polish and Himalayan, the Fl was larger than 
either P, form, but that this increase was lost in the F, which 
in average size was strictly intermediate. 

The effects of in breeding have been interpreted in terms 
of homozygosity, the advantages being the result of homo
zygosity with respect to desirable characters, the disastrous 
being the result of homozygosity with respect to recessive 
undesirable characters. 

T 
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Mendelian analysis suggests very strongly that the 
characters-morphological and physiological-result from 
the action of the genes residing on the chromosomes and 
that in the production of each character more than one gene 
is concerned. No one individual possesses all the favourable 
characters, each is a random sample of good and bad. 
Usually, normality is dominant over abnormality. This 
being so! the FI individuals must contain the maximum 
number of different genes. lIeterosis is related to hetero
zygosis, 

East and Jones illustrate this point by means of a 
hypothetical case in which two individuals, each with three 
pairs of chromosomes, and duplex for different genes 
producing the same eiTect, attain the same development 
of a measurable character of six units, two of which are 
determined by the genes on each of the chromosomes. It 
is assumed that the nine genes are as effective in the simplex 
as in the duplex condition. 

P, AA GG 
M M'\ 

r 

a a g g m m 

b h h h n n H B HH NN 
C C II 00 i i o 0 

d d j j p p . x 

l 
Dll f ) ]' P 

EE KK ~ ,Q j e e kk q q 
f f I I F F LL R R 

Number , , 
" " 3 3 13 Ill. 2 3 211 33 38. 

6 units 6 units 

F , A. G g M m 
b B h H n K 
C c I i 0 0 

d j) j J p P 
E e K k Q q 
fF I L r R 
t t' 2 2' 3 3' 

12 units 

The F, individual receives different genes from each 
parent, but all these genes in their action are additive so 
that the F t individual will attain twice the development 
of either parent. 



HETEROSIS 

The F, will produce gametes a~ follo\\'s :_ 

I, 

or two ~cri{'" of: ~. 

I :! 3, 1.2 311., I 21\:;, I:!(l, 311., 
lllo:!3, 1;(23"', 1-1a 3, Ill. 1'" 3., 

In F, there will be:-

No,of 
Catej.!\)\ic". {'nih. 

Individuals. 

I I 2+ : + 2 
I la 4 ·f 2 + 

Ja , + 4 + , 
I I 3·t :! + 2 + 4 

4 I I. :!a 3 4 -1 4 + , 10 

4 I I ,a 3a '2 + 4 -t- 4 10 

4 

i 
I 10 Ja 4 + 2 + 4 10 

S I Ia :a 3 3a 4+4+4 " I I 3a ja :! -/- 2 +:! (, 

I I 2<1 3a 3a 2 + 4 + 2. B 

I I Ta 2 2 3ft 3<1 4 + :: -i...:! S 

I 
I Ia 2:t 3a 3a 4 + 4 -+ 2 10 

I I 2a Z<l 3 3 2 + .2 ,- :2 (, 

I 
I 2a za 3 3:t 2 + 2 + 4 ~ 

I I. za za 4 + 2 + :2 0 
I I. 2:1 za 3a 4 + 2 + 4 10 

la la 3 2 + 2 + 2 6 
la fa 2 za 3 3 2+4-t-2 8 

I 
la fa 2 2 3 3:t 2 + 2 + 4 8 
fa fa 2 2a 3 3" 2+4+4 10 

la la 2a za 3 2 + 2 + 2 6 

\ 

la la 2a2a 3 3a 2+2+4 8 
ta la 2 2 3a 3a 2 + 2 + 2 6 
Ia Ia 2 2a 3a 3a 2+4+2 8 

I 
I I za 2a 3a Ja 2+2+2 6 
t ta 2a za 3a 3a 4+ 2 +2 8 
fa Ia 2a 2a 3a Ja 2+2+2 (, 

64 
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Distribution of F., individuals according to development 
attained :- " 

No. of Mean 
Cbsses. Frequeory. Individuals. Deve10pmenL. 

6 8 48 
8 X 24 192 

10 24 240 

12 9() 

576 64 

The distribution is symmetrical and the mean develop
ment in F;! is 9, as compared \vith 6 in 1\ and 12 in F1 : 

there is diminution of 50 per cent. Similarly in V< there 
will be a diminution of 50 per cent. and so on, until by the 
8th generation the diminution is a negligible quantity. 

Heterosis results from heterozygosis which implies a 
pooling of the genes of both parents. Each P, individual 
will be homozygous for different unfavourable characters, 
the F, will then be heterozygous for such. The less favour
able characters as met with in Drosophila are recessive 
characters, so that the F, individual will be heterozygous 
instead of homozygous and the dominant allelomorph will 
be advantageous. No doubt there have been many domi
nant unfavourable characters, but the homozygote and 
heterozygote in respect of such would be eliminated by 
selection. The homozygous recessive would likewise be 
eliminated if the recessive characters were seriously un
favourable: the heterozygous would be spared and these 
will outnumber the homozygous forms. 

In outbreeding each genetic constitution is complemented 
by the other, and so heterosis results. Linkage tends to 
preclude the possibility of the segregation and recombina
tion of the genes in the production of F 2. But linkage is 
not inevitable, crossing-over occurs, and there is then the 
chance of producing-in F" F" and so on, individuals homo
zygous instead of heterozygous for the desirable characters. 
\Vhen the homozygous condition has been attained, in
breeding will not reduce it. But the production of such a 
homozygous form is extremely difficult, as can be seen 
from the following breeding experiment. 
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A female of Drosophila with dachs legs, Gre)" hody, 
purple e}'e~, and Long- wing-s, is mated to a male with 
normal Long- legs, bJack hody, Red c~'t's, and vestigial win~s. 
The F! are Long-legged, Grey-bodied, ked.eyed, and l.nng
"dng-ecl, and arc far more vigorous than either part'nt--

d J) j) 

B B h h :,all tlH~ g(,l1t'~ art' on 

i' I' J' J' ell rOlllo,,(Jlllt' I I) 
\" \" 

<I ]) 

B h 

P ]' 

V 

If these genes were not linked then in F" one should 
get one individual with the constitution DDBlII' I'VV; but 
linkage does exist. In the case of f\ fetnall~s crossing-over 
between dachs and black is 10 per cent., between black and 
purple,6 per cent., between purple and vestigial, 13 per cent., 
and only one egg in 2000 will have the constitution DBI'V 
In the male no crossing-over occurs and the sperms of 1', 
males will be either dBpV or DbPv in constitution. The 
chances of choosing the required genotypes in F2 for the 
production of homozygosis in F3 are infinitesimally slight, 
yet Drosophila is relatively a simple organism from the 
genetical point of view. Unless the genes concerned are 
few in number and the crossing-over percentage is high, it 
is almost impossible to produce individuals of maximum 
heterosis which will be unaffected by inhreeding. 

Prepotency. 

It has long been known to animal breeders that certain 
individuals possess the power of impressing their character
istics upon their offspring to a much more marked degree 
than do others. A study of the records of the breeds will 
show that in all a few individuals have sta!llped the breed 
with their own peculiar characters. It is also a fact, how
ever, that truly prepotent sires are extremely rare, there 
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are very few indeed which beget progeny with uniformly 
high characterisations. 

Prepotency is not a peculiar virtue of an individual; it is 
the property of its several characters. If a certain character 
is uominant then its possessor will prove to be "prepotent" 
when mated with individuals exhibiting the corresponding 
recessive. 1\ homozygous dominant will prove twice as 
"prepotent" as a heterozygous dominant although the two 
may be indistinguishable on inspection. But so simple an 
interpretation of prepotency is not always applicable since 
all cases do not consist of the association of dominant and 
recessive characters. Such an interpretation can be applied, 
however, to the success which follows the formation of a co
operative bull association. Pure-bred bulls (,:c., individuals 
relatively homozygous for the characterisation of the herd 
to which they belong) are used upon relatively heterozygous 
cows. In the matter of milk-yield, these bulls cannot increase 
the production of the cows but they may double the pro
duction of their daughters. It is quite possible that in such 
cases as this linkage between morphological and physiological 
characters is involved. 

There arc reasons for thinking that the" potency" of 
a given gene, using the word in the sense that it was 
employed in the discussion of the Lrmantria inter-sexes 
of Goldschmidt, varies with the source from which it is 
derived, that a gene derived from one family has a different 
degree of potential expression to the same gene derived 
from another. l\loreover, it is known that a recessive 
character, when a member of a certain combination of 
characters, may be exhibited in Fl' though the corresponding 
dominant character is exhibited by the other parent, this 
reversal of the usual apparently resulting from the inter
action between the gene for this recessive character and 
the genes for the dominant characters in the combination. 
For example, "truncate wings" in Drosophila is a recessive 
character when tested against its normal allelomorph, but 
in association with the character "black II the character 
"truncate U behaves as a dominant Genetic inter-relations 
therefore affect the "potency" of the genes, and the larger 
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the group of inter-related genes the greater is the possibility 
that the ordillary exprc~.;sion of the action of an)' C()llstitUCtlt 
gene may be reversed. Prepotency may then depend on th(' 
extent of genetic in·tcr-rclationship. 

OlJe sex (the XX) may be more prepotent than the other 
(the XY) as far as the sex-linked characters arc COllCertH'{l. 

Absence of crossing-over in the case of one sex will algi) 
affect the relative prepotency of the two sexes, since that sex 
in which crossing-over docs not take place will necessarily 
transmit its chromosomes with their genes intact. 

Bearing on this subject of prepotency is the phenomenolJ 
kno\vn as "nicking." Two individuals not remarkable in 
themselves beget superior offspring. This result is to be 
explained on the assumption that the mating brings together 
the chance association of complementary or supplementary 
factors \vhich correspond to characters that are greatly 
esteemed. 



CHAPTER X 

THE (;EKETIC ASPECTS OF FECUNIHTY AND FEH.TlLITY 

FECl'NIllTY is the term used to define the potential repro
ductive capacity of an individual and is measured by its 
ability to elaborate functional gametes, ova or sperrr" 
Fertility is the term used to define the ability of a pair 
(male and female) to produce living offspring and is 
measured by the rate at which these are produced compared 
to the average rate of production of the species or group to 
which the individuals under consideration belong, Sterility 
is the negation of fertility; infertility may be absolute, when 
the individual is sterile, or it may be diminished to a greater 
or lesser degree, when compared with the average of the 
group to which the individual belongs, and in these cases 
fertility is relative, In different instances there may be 
found every grade between complete fertility and sterility. 
Fertility is based primarily on fecundity and grades of 
fertility may be but reflections of corresponding grades of 
fecundity. 

In the construction of a standard of fertility the following 
facts have to be considered: (I) Different species exhibit a 
true-breeding difference in the frequency of the periods of 
special reproductive activity during which conception may 
occur; thus there are the moncestrous species, in which 
during the year there is but one cestrous cycle, and the 
polycestrous species which exhibit during the sexual or 
breeding seaSOn several dicestrous cycles. For descriptive 
purposes the sexual season is divided into antEstrum, the 
phase during which the female reproductive organs are at 
rest, though the oocytes are gradually maturing; prD(1!strum, 
the phase of "coming in heat U or II coming in season," in 
which the uterus becomes congested and during which in ... 
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many cases there is a flow of blood from the vagina; Irs/nl1l1, 

the phase of dC':=;ire and acceptance of the male; and 
1!lcla'strullI (if conception does n(lt occlJr') (JilTing which the 
activity of the n~prZ)ductjvc organs sUbsiclcs and which leads 
to nno;struJI/ again, directly or after a phase of psc\ldo¥ 
pregnancy. If there is but one sllch cycle during the brccd~ 
ing season, then the animal is known as Hi01ttrstrmu. I~Ht 

often after a short anccstrous phase of a few days the cycle 
may be repeated. The short intervening phase of inactivity 
is known as dia'stru1!i and an animal that has sl~\'eral such 
dicestrous cycles is known as polycestrous. It is obvious that 
polycestrous and moncestrous females must be judged by 
different standards. (2) Different species havc markedly 
different duration of life, a character in the 1'vIcndclian sense, 
and as the reproductive period hears a definite relation to 
the whole life, it follows that the fertility of the long-liwd 
should be judged by a different standard than that of the 
short-lived. (3) Some species are polytocous, producing 
several at a hirth, others monotocous, and the standards of 
fertility in the two sorts must he different. 

It is certainly possible to increase the number and intensity 
of the dicestrous cycles in a polya:strous animal, but there is 
no evidence that special treatment of any kind has ever trans
formed the constitutionally mona:strous into the polycestrous. 
It is an established fact that the number of diaestrous c)'cles 
in the polycestrous mammals is affected by environic agencies. 
In the sheep, for example, the wild species behaves as though 
it were monrestrous; the domestic sheep developed from them 
are polycestrous to different degrees; the Scottish Blackface 
ewe on the Northern hills exhibits two diccstrous cycles each 
of three weeks' duration. whilst in the Lowlands, she may 
have as many as six, each lasting about a fortnight. In the 
Dorset Horn, which often produces two crops of lambs in 
one year, dicestrous cycles may continue from autumn right 
on to the spring, whilst in the case of the Australian Merino 
the sexual season appears to embrace the whole year. Food 
and climatic conditions undoubtedly are to a very great 
extent responsible for this diversity. It is known that the 
practice of flushing, or special feeding, affects the onset and 
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intensity of activity of the reproductive organs during the 
sexual season. But though environic agencies affect the 
(estrous cycle~ it is certain that differences in the nature of 
this cycle fundamentally are specific and'breed characters. 

The number of young produced by the polytocous female 
is affected by the general physiological condition of the 
mother during pregnancy, All fertilised eggs do not 
complete their dl.!velopment, atrophic embryos and fCf'tuses 
are commonly found in the uterus and more corpora lutea 
than feetuscs. In the case of the pig, Hammond (1914) 
tentatively suggests that the number of fcetuses that 
should attain full development is limited by the conditions 
of nutrition, though the evidence is such as to indicate that 
the cause is a deficiency in the quality rather than in the 
quantity of the nutriment. Corner (1923) has found that 
about 10 per cent. of the ova of the pig, though reached 
by spermatozoa, and in healthy uteri, do not segment, that 
another 10 per cent. degenerate before implantation, and yet 
another 5 to 10 per cent. degenerate during implantation 
and the subsequent course of pregnancy. He is satisfied that 
the cause of this lies within the zygote and not in its 
environment, being genetic in origin. 

It has to be remembered also that the possibility of 
conception following sexual congress is affected by differ
ences in the nature of ovulation. In the mare, cow, ewe, 
sow, and bitch, ovulation has no relation to coitus, whereas 
in the cat, ferret, rabbit, it is coitus which determines the 
onset of ovulation. 

The duration of the period of reproductive activity hears 
a definite relation to the length of the individual's life; it is 
the period between sexual maturity and senescence. Pearl, 
Parker and Gonzalez (1923) have recently investigated the 
inheritance of length of life. Two PI forms of Drosophila, 
normal wings and vestigial, with average lives respectively 
of 44·26 ± 0'44 and 14'08 ± 0'23 days respectively, produced 
an F, with an average length of life of 51'55 ± 0'47 days and 
all with normal wings. In F2 there were 639 norma1Mwinged 
flies, and their average length of life was 43' 33 ± 0'42, and 
148 vestigials with a life of 14.6 ± 0'57 days. In order to 
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show that the difference in lift>lcngth of the 1\ strains was 
genetic and not the result of physiological differences arising 
out of the inability of the vestigial to 11y, the wing ... of lIormal 
flies were clipped anti their life-lcngth contrasted with other 
norma}.:.;, unclippcd. There was a difference ill the life-Icllgth 
of the two gruups, but this differeIlce wa~ explained entirely 
satisfactorily as a result of opcratin: injury. !\lorc recently, 
Pearl and Parker (10:24) have made an interesting experi
mental and statistical analysis of the duration of life in 
Drosophila under conditions of complete starvation. Having 
formerly shown that, under condItions of feeding, the wild 
flies had an expectation of life practically three time, as 
great as in the mutation with vestig-ial wings, they now find 
that under starvation conditions the mean length of life is the 
same in both, i.c., about forty.four hours for males, and fifty 
hours for females. Under conditions of starvation, the varia
bility in length 01 life is also much reduced, but the relative 
difference in length of life of the sexes rcmain!-:. the same 
under conditions of fceding or of starvation. 

The size of the litter is limited by the number of ova 
available for fertilisation by the always abundant spermatozoa. 
This in all probability is based on genetic facturs. Lush 
(1921) and Simpson (1912) found that in the mating of 
wild pig X Tamworth the litter size of the F j female was 
the same as that of the wild pig. In the ewe one, two 
or sometimes three, ova are extruded from the ovaries 
synchronously, so that a ewe cannot as a general rule 
produce more than three lambs at a time. It is apparent 
that the polytocous female has an advantage in the matter 
of propagation over her monotocous rival. The number of 
offspring produced at one birth is also related to the length 
of gestation: the longer, the fewer, is the general rule. The 
first litter of animals producing several young at birth is 
usually smaller than the second and third. The number 
increases with successive pregnancies to a maximum and 
thereafter falls again. In the case of the pig, one set of 
records shows that the first litter is the smallest and the 
fourth the largest Hammond (1914) has shown that this 
is based on a differential fecundity which varies with the 
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age of the individual. For some unknown reason the season 
'922-3 was peculiar, in that quadruple and even quintuple 
births in the goat were remarkably and disastrously common. 

Captivation I as opposed to domestication) results in 
lessened fecundity and lowered fertility. There are wild 
animals which can be domesticated· and those which can 
not, and the latter though kept in perfectly sanitary 
conditions and in perfect bodily health, even when kept in 
their own native country I will not breed, though the repro
ductive system is anatomically and histologically normal. 
Faulty nutrition may result in a deficiency of functional 
gametes) but in many cases it \vould seem that confinement 
precludes the action of those stimuli which in nature call 
forth the sexual instinct. There are male wild birds which 
when kept in captivity never assume the typical male 
plumage in spite of many moults. 

Herbert Spencer in his Principles o.f Riology elaborates 
the thesis that the power to sustain individual life and the 
power to reproduce are inversely proportional, i.e., Individua
tion and Genesis vary inversely. With an abundant food 
supply and a favourable environment the cost of Individuation 
-the production and maintenance of the individual-is low 
and the rate of genesis consequently high. The less expen
sive in energy consumption the habit of life, the higher the 
fertility of the species. Domestication, therefore, results in 
increased fertility. For example, the wild rabbit which 
breeds four times a year produces less than six young 
at a time; the tame rabbit breeds six or seven times a 
year and produces more at a birth. There is increased 
fecundity as a result of the more favourable conditions of 
domestication, acting upon individuals carefully selected 
for these characters. An ancestor of the domestic fowl, 
Gallus bankiva, lays the minimum number of eggs necessary 
for the propagation of her species, a matter of a dozen 
or so in the year. The modern hen lays between 200 to 
300 a year; so may the modern domestic duck, though its 
wild ancestors lay but 5 to 10. Yet if the .ovaries of 
sexually immature specimens of the ancestral and modern 
fowls are examined, there will be found therein a more or 
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less equal number of oocytes, t.g., about 3000. Each is 
equipped anatomically with the material for a 3000 egg
yield during her lifetime, yet one lays aLout 1000, the other 
200 at most. The rnorphological basis of fecundity in cat:h 
is similar, but in the case of the domesticated hen very 
many more of the oocytes develop into functional ova. The 
modern hen has been encouraged to lay, and i~ provided with 
plentiful food; she lays for man, not for the species. Yet 
even in the case of the domestic hen there is a rhythm in 
her egg-yield, the maximum production occurring in 1\1 arch 
and April, the minimum in October and November. The high 
fecundity of certain strains is the result of the addition uf an 
extra laying season, as it were; all hens lay in spring, but ullly 
some lay in winter. The difference is genetic in nature. 

Grades of fertility are definite racial and breed characters 
and are transmitted in inheritance. For example, the Dorset 
Horn sheep, the Hampshire, are rc/at"'c/y highly fertile 
breeds; others, such as the Blackface, as at present cOllsti .. 
tuted, is ,-e!ativeh' infertile, l\ioreover, within one breed 
there are strains ~ far more fertile than others, and in a flock 
or herd there are individuals more fertile than their :,isters ~ 
in the sheep it has been found possible to increase fertility 
of a flock by selecting ewes for breeding which possess a 
higher degree of fertility than the rest. i\lexander Graham 
Bell (1904) bred his sheep for some twenty-five years with 
a view to getting the ewes to produce more at a birth, 
and selected each year those ewes which had more than 
the usual two nipples. Ultimately none of the ewes had 
less than four and many had six nipples, and t\ ... ·ins were 
the rule. Hayden (19ZZ) describes the case of a pure-bred 
Holstein-Friesian cow which produced twin calves five times 
out of seven and by three different bulls. Pearl (1912) 
records the case of a Guernsey which produced 14 calves 
in 8 pregnancies, triplets twice, twins twice, and singles four 
times. Wentworth (1912) records twins in 3 generations 
of cows. The exact mode of inheritance of fecundity and 
fertility in the case of the sheep was obscured by the fact 
that it was found that such conditions as time of attaining 
maturity, extra feeding, time of mating, influenced the 
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production of twins. Weinberg (1909) studied this question 
statistically, and concluded that fertility was a character in 
the Mendelian sense, but that its expression was modified 
very greatly by external agencies. Wentworth and Aubel 
([9[6), working with swine. concluded that some three 
hereditary factors arc concerned. 

Inheritance of fecundity in the fowl has been studied 
very extensively by Pearl ([912). Barred l'lymouth Rocks 
and I ndian Game, breeds of high and of relatively low 
fecundity respectively, were used and the willter egg pro
duction considered. He found that there were three classes 
of hens: ([) those which laid no eggs during the winter 
period; (2) those which laid less than 30; (3) those 
which laid more than 30. Ii per cent. of the Indian Game 
and 54 per cent. of the Plymouth Rocks belonged to class (3). 
Fl and F2 generations and back-crosses were raised and 
trap-nested, and as a result of this investigation Pearl con
cluded that there exists a "fecundity" factor determining 
the winter production of less than 30 eggs. This autosomal 
factor, called by Pearl Ll' is dominant to its allelomorph I, 
present in fowls which belong to class (I) which lay no eggs 
during the winter period. The duplex condition LILI is 
similar in its effect to the simplex. In addition there is an 
X-borne factor L, which alone results in a winter egg pro
duction of less than 30 eggs. But the" double dose" of L, 
is not equal to L, + L,. for the simultaneous presence and 
action of L, and L, results in a production of over 30 eggs 
during the winter period. Genes for high and low fecundity 
exist and behave in inheritance as do the genes for the 
multitude of structural characters of Drosophila. The 
following genetic constitutions were recognised during the 
course of the experiment:-

Barred Rock? '(. Gametes. 

I. L,I,(L,X)Y L,(L,X) I,(L,X) LlY llY Over 30 
2. L,L,(L,X)Y L,(L,X) L,Y .. 
3. i,I,(L,X)V I,(L,X) I,Y Under 30 
4. L,IlI",,")Y L,(I,X) I,(I,X) L1Y i,Y 
5. L,L,CI,X)Y L,(!,X) L,V .. 
6.i,I,(J,X)Y i,(L,l{) I,\' None 
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Indian Game t,. 'i. 

,. L,L,(i,X)Y 
2. Llll(l~X:Y 
3· )IJl(1~X.'Y 

IhrrcJ R'llk ,~ ~. 

I. LJL)(L:;X;\L:,\;' 
2. L) Ll::L"X)(I~X: 
3· L1i):,L.::,\:),'L)\) 
4. L[II(L._,X),:!:;X) 
5· 1,I,lL,X)(L,X) 
6.1,I,(L,X)(I,X) 
7. L,L,II,X)(I,X) 
8. Ll11(l~X)(I:LX) 
9. IJJl(1~X)(I)\.) 

Indian G,nlle r!. '!.. 

T. L11.l(1:,/X)(1:o:\") 
2. L,I,(i,X)(I,X) 
3· 1,1j (l:!X)(1:!X) 

Ll(l~_\') 

1. 1,1.'\") 
1;"1::":'1 

LI,'L~X I 

Ll';L".'<1 
L,,:l./\:) 
Ll(I·~X) 
'}(L2 \") 

I,,:L,X) 
L,(I,X) 
L,(I,X) 
1,(1,."\) 

LI\ Under 30 
1,1,"\; l'I V II\' 

IJ '\' ;\on(' 

J l' I.:.\: ~ I,il,"\; 

lIZl:;X) 

I/I)X) 

From the breeder';..: point of view the mating involving 
the genotypes L,L,(L2X)Y x L,L,(L,X)(L,X) would be the 
ideal, but it would require infinite patience and resource to 
distinguish between hens of the cOllstitutions L,L,(L,X)Y, 
L,I]CL,X)Y, and cocks L,L,(L,X)(L,X), I ),(L,Xj(L2X), 
L,L, (L,X)(I,X), (L,I,)L,X)(l,X). 

Among the Barred Rocks every possible genetic con· 
stitution \Vas represe1lted, but among the Indian Game the 
gene L. was not possessed by any individual. 

Since this symbol L, is largely used in poultry literature, 
it is desirable that an exact understanding of what it really 
signifies should be gained. In the first place, it must not be 
forgotten that it was used by Pearl in the interpretation of 
the results of a certain experiment. These results were 
yielded by a particular experimental mating, involving 
certain particular birds. They are not necessarily the results 
which any other sort of mating with any other birds would 
yield. Certain Indian Game and certain Plymouth Rocks, 
used as experimental material, under certain experimental 
conditions yielded results to which a certail) interpretation 
was applied and this interpretation when carefully examined 
proved to be satisfactory in this particular case. There 
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can be no question of basing upon this particular case a 
generalisation that can be applied to all strains of all breeds 
under any environmental conditions. This particular piece 
of experimentation must be regarded as being a noteworthy 
contribution to our knowledge of the inheritance of fecundity 
in the fowl, but it has not made that knowledge complete. 
There is great need for further experiment. The general 
fact that U fecundity" as a character is inherited can be 
accepted, but the mode of inheritance of high fecundity 
has not yet been conclusively demonstrated. In Pearl's 
material there appeared to be sex·linked component, in 
other material it appears to be autosomal. The difficulty 
in studying the inheritance of such a character as this is 
first that it is necessary to define standards which cannot 
be entirely satisfactory; the number of eggs laid during the 
three or four winter months, for example, and secondly, that 
husbandry confounds the geneticist-a good poultryman 
could get many more birds through the test than could a 
bad one. 

For the present the poultry breeder must recognise that 
the geneticist has not yet solved this riddle. 

It is convenient to approach this question of the 
inheritance of grades of fertility from the angle of the 
inheritance of sterility. 

In Drosophila there is considerable evidence derived 
from breeding experiments that certain definite genes affect 
the fertility of the individual. The sex-linked wing-characters 
" rudimentary" and (i fused" are almost invariably associated 
with sterility: the male (XY) is fertile, the female (XX) 
sterile, the development of the ova being abnormal; the 
sterility is based on infecundity. To maintain rudimentary 
or fused stocks the heterozygous female must be employed 
and in such the number of mature ova is much less than in 
the wild type fly; fecundity is diminished. It is a matter 
of common observation that any combination of recessive 
characters in Drosophila is associated with a decreased 
fecundity, and this fact must play its part in the elimination 
of recessive mutants in nature. It has not yet been shown 
that in the case of domesticated animals a combination of 
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recessive characters is likewise associated lI'ith unfavourable 
physiological qualities. 

The work of Bridges (1916) on non-disjunction has ,holl'n 
that specific chromosome aberration lead to complete sterility. 
It will be remembered that the XO male is sterile. 

Sterility is common in the offspring of an interspecific 
cross. 1n the case of the bird the following have hee" 
recorded among others:-

Parent'> 

Turfur orien/aIh X Columba livia 
Strep/opdia rt:roria x Zcnaidura caro/ilzt'wis 
Gallus domes/icus x Pltasianus colchicus . 
P hasianus revest" torquatus } 

vt?rsic%,. 

The results of some cattle crosse,-

{lII'pring ',',' 

13 Sterile 
1(> 

100 0 

161 

BOds taurt~S (the)} x Bus indicIIs(zebu) gives d J fertile, ~"J otE,pring. 
omes Ie cow ' 

Bos taurus x Bibosgnmiens(yak)" d S sterile, ~ r;_ fertik. 
Bos taurus x Ribos gaul'1lS (gaur) )' 

Bus laurus ( lIibos frontalis } 
xl. (gayaJ) " 

Bus taunts x Bison amtricanus 
Bibos $Ondaicus} Bind 'c 

(banteng) x os t us 

Brentana (1914) describes hybrids from a peacock x 
guinea-fowl mating. These more closely resembled the 
peacock, save that there was a noticeable absence of the 
characteristic head furnishings, and a considerable reduction 
of the tail. The plumage was dark fawn with black stripes 
in the neck region, paler fawn with black specks on the 
chest, abdomen, and flanks. They were sterile. 

Spillman (1913) gives an account of a reputed sheep x 
goat hybrid born twin to a perfectly normal lamb. The 
body was covered with goat hair, but there was a small 
area on the back clothed with sheep.wool. It was a female 
and produced a half-grown fcetus. Spillman mentions that 
four other similar hybrids were known to him. 

Galbusera (1920) states that he has often seen he-goat x 
sheep hybrids in Sardinia; in bulk, udders, and wool, they 

V 
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combine the characters of both parents; the female hybrids 
are preferred to sheep, being better milkers. He states that 
in order to get this cross the he-goat must have been brought 
up amongst sheep. The hybrids are infertile. Zebra x mare, 
dingo x dog hybrids are fertile. 

In these interspecific crosses, if but one sex among the 
F, is sterile, thal sex is the heterogametic, and the cause 
of this sterility is infecundity. 

In the case of the hybrid pheasant, Smith and Haig 
Thomas (1913) have shown that both spermalo- and 
oogenesis are abnormal, and conclude that sterility in these 
hybrids depends on the inability of homologous chromosom'"s 
derived from different species to conjugate normally. 

Among the domesticated mammals species crosses are 
usually regarded as curiosities, e.g., fox X dog, goose x swan, 
and such like, but there are cases in \vhich such hybridisation 
was undertaken with the definite object of producing a 
creature of economic value superior to that of either parent. 
The mule and the cattalo are examples of this. The 
mule has a record of being a most satisfactory draft 
animal. It is the hybrid produced by the mating of 
a male ass and a mare: the reciprocal cross of the jennet 
and the stallion produces a hinny. Both mule and hinny 
are sterile. The hybrid is hardier and freer from disease 
than either parent; the case is an example of hybrid vigour. 
The question of the fertility of the mule is a source of 
everlasting debate. Instances are on record in which mules 
are reputed to have sired foals when mated to jennies, but 
as a rule these cases are not supported by critical evidence. 
Sanson (1888), Shailer (1895), Tegetmeier (1895), Cossar 
Ewart (1899), \Vhitehead (1908) have held that there are 
exceptions to the general rule that the mule is infertile. 
In the Field of 17th September 1898, an English veterinary 
surgeon in India recorded in great detail the birth of offspring 
in the case of a transport mule. Lloyd-Jones (1916) reports 
two cases in which the female horse x ass hybrid was fertile 
and produced young. It is to be noted that according 
to many observers, the female hybrid exhibits regular 
""strous periods and that Haben.treitt found plentiful 
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follicles but n0 ova in the ovary of the hybrid. In spite of 
this evidence, howe\'er, mule breeders as a class d(l not 
believe in the fertility of the hybrid and ma,t biologi,[> 
arc sceptical. Ayrault mentioncd that the reported cases 
of fertility were based on incorrect observati(ln and 
points out that in Poitou, where t;o,ooo mares were used 
annually for mule breeding, fcrtil~ mules were unknown. 
It is possiLlc that many reputed fertile mules were not 
mules at all, but were horses, somewhat mulc~1ik(.' in their 
general characters, or that the female hybrid, actually a 
mule, had adopted the foal of a marc, and under these 
circumstances it is certain that the mule could develop an 
active milk secretion. Cytological evidence supports the 
contention that the mule is sterile. Stephan (1902) found 
an almost complete absence of seminiferous tubules in the 
testis of the male hybrid. Ivanov (I90S) and Suchetet (iSg6) 
found a complete absence of functional spermatozoa in the 
seminal fluid, and describe the seminiferous tubules in the 
testis as being much reduced in size and the interstitial 
cells as greatly increased in number. Whitehead (1908) 
concluded that the testis of the mule was similar in its 
structure to that of the "rig," a horse in which the testis 
is retained in the abdominal cavity and which is sterile. 
Wodsedalek (1916) argues that the sterility of the mule 
follows from the great difference in chromosome number 
in the mare and the male ass. The mare has 38 chromo
somes, so that each ovum will have 19; the jack probably 
has 65, so that each sperm will have either 32 or 33. 
The zygote with 19 + 32 = 51 will become the male hybrid; 
the zygote with 19 + 33 = 52 chromosomes-the female. 
It is not until the maturation division in gametogenesis that 
the abnormal number of chromosomes results in abnormal 
chromosome behaviour. The mule receives a different 
number of chromosomes from each of its parents, so that 
conjugation is embarrassed; but the difficulty is not morpho
logical, for conjugation is just as difficult in the case of the 
gametogenesis of hybrids which receive the· same number 
of chromosomes from each parent: the bar must be a 
physiological one. Development and differentiation of the 
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individual are unremarkable, but the individual cannot 
produce functional gametes. Theoretically it is certainly 
possible that very infrequently fUllctional gametes should 
result, and then mare mules bred to stallions ought readily 
to produce foals. It must be remembered also that practi
cally every male mule is castrated before it has been tested 
for fecundity. 

The species Cr<)SS ]]OS (llllfricaJllts X Bos taunts is compli· 
cated by the occurrence of hydramnios during the pregnancy 
which results in the production of the F, generation and by 
dystocia (difficult parturition) in the case of the 1', male 
which renders the birth of a male almost impossible. More
over, if an 1', male is born alive it is invariably sterile. 

Certain breeders (Boyd, 1914), (Goodnight, 1914) have 
undertaken the production of the cattalo on a commercial 
scale. Bison bulls were mated with Hereford and Aberdeen
Angus heifers (the reciprocal cross could not be made though 
the reason is not stated) and in every case the pregnancy 
was complicated by severe hydramnios (excess of the liquor 
amnii, the watery fluid within the feetal membranes), with 
the result that the majority of the females aborted. In fact, 
only about one in thirty produced a living calf, and of these 
a male was a rarity, for the size and shape of the male 
hybrid were such that the mother died in labour in the 
great majority of cases. It was found that the size and 
shape of the head of the male and the length of his neural 
spines were such as could not be accommodated by the 
birth passages of the cow and the calf or the cow or both 
died. 

In this case lethal factors are involved, coinplementary 
lethals resulting in the production of a degree or of a kind 
of development of the skeleton of the offspring which renders 
its natural birth impossible, and in the production also of 
hydramnios which, in a great number of instances, ends in 
abortion. In this case the factors concerned in the pro
duction of the conditions leading to dystocia are sex
linked, and are not linked with those which are concerned 
in the production of hydramnios. 

The conditions met with in the bison x cattle cross 
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can be interpreted in terms of the factorial hypothesis as 
follows:-

A and ,\' are .complementary autosomal factors, and 
together result in the production of hydramnios. 

B is a dominant autosomal factor complementary tn d, 
an X~borne recessive, and the combination Bd results in 
the productiun of certain skeletal characters which lead to 
dystocia. 

C is a dominant autosomal factor complementary to c, 
an X-borne recessive, and the combination Cc results in 
sterility. 

The series de is balanced by DE. 

The bison male according to this scheme is AA BH CC 
(DEX)Y, the female AA BB CC (DEX)(DEX). The cattle 
male is A' A' bb cc (deX)Y, the female A' A' bb cc (deX)(deX). 
The F, male will be AA' Bb Cc (dcX)Y, the female /\;\' Hb 
Cc (DEX)(deX). There will be hydramnios in all cases. Of 
the fretuses which continue to term there will be dystocia in 
the case of the male, but in the female, since de is' balanced 
by DE, parturition will be possible. Similarly the female 
will be fertile, the male sterile. The fact that a few F, males 
are produced is to be explained by the variation in the 
maternal musculature, by differences in the size of the birth 
passages in cows of different ages and sizes, by differences 
in the fretal presentation, and by differences in the manage
ment of labour. 

The females of F, were then back-crossed to the bison 
or to the bull and this procedure was continued for several 
generations. It was found that as time went on the incidence 
of hydramnios became less and less, and that the proportion 
of dead-born calves was steadily becoming reduced. Fertile 
males were obtained. These facts are easily accommodated 
by the scheme outlined above. It will be found that a 
back-cross of an F, female to the bison sire will yield a 
generation in which the incidence of hydramnios is reduced 
by 50 per cent., as are also those of dystocia and of sterility 
in the case of the males. After a few years of breeding in 
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this way several genotypes would exist, and chance selection, 
guided to some extent by the breeder's art, would surely in 
time completely remove hydramnios, dystocia, and sterility. 
Hydramnios characterises another species cross - Bison 
flllleri(all11S and Hos illt/ielts - and one case of this was 
treated by hysterectomy (surgical removal of the uterus) in 
order to obtain a living hybrid. 

It would seem that in certain instances the factor of 
the geneticist may be endocrinal in nature, affecting the 
development of the tissues in such a way that conditions 
unfavourable to the f(dus are produced. Dystocia may 
be the result of an abnormal size or proportion which 
cannot be accommodated by the maternal birth passages, 
and there is much circumstantial evidence which shows 
that proper growth is regulated through the mechanism of 
the endocrine system, and that abnormality of a component 
mem ber of this system is followed by abnormality in the 
proportions of the individual. A lethal factor may be 
one which affects the proper and timeous functioning of a 
ductless gland. 

It has been shown that fertility is a character, that grades 
of fertility are characters, and that it is possible to "breed" 
high fecundity into a strain. Conversely, it is possible to 
bring a family to an end by deliberately neglecting the 
fact that the individuals that comprise it are exhibiting 
low grades of fertility. An instance of this is the case of 
Bates' Duchess family of Shorthorn cattle, which were 
superior animals but "shy" breeders. In fact a large 
proportion of the female descendants was absolutely sterile. 
The family was popular and at one stage in its history, 
when it commanded very high prices, it was an advantage 
that the numbers should be limited. But when once buyers 
came to recognise that low fecundity was a characteristic 
of the family, it fell "from its high estate. The breeder 
who deliberately selects bis relatively infertile individuals 
for further breeding is breeding for the extinction of his 
stock. The exact nature of this sterility has not yet 
been demonstrated, but that it is inherited is beyond all 
dispute. 
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Sterility may be due to structural malformations that 
render fruitful coitus impossible. Maldcscent of the testes, 
severe hernial gro.-;s imperfections of the external rcpn)· 
ductive organs, all may result in sterility, and all these 
conditions may be the expression of genetic actiotl. 
Undescended testes and hernia arc definitely hereditary, 
whi1st imperfection of the external reproductive organs is 
part of the general condition of intersexuality, which has 
been shown to be genetic in nature. 



CHAPTER XI 

llEREDlTY AND DISEASE 

TilE geneticist is concerned not so much with the nature of 
a character, be it advantageous or disadvantageous to its 
exhibitor, as with the mode of its inheritance. But since the 
factorial constitution of the individual has been disclosed by 
the mating of j{ normal H with" abnormal," the geneticist and 
the pathologist have a certain interest in common. It is an 
interesting thought that if mutations have formed the stages 
of organic evolution, then at the time of their appearance 
the mutant characters might easily have been regarded by 
the naturalist as pathological in nature. It is difficult to 
estimate the real value of a mutation, and it is possible that 
what is looked upon as pathological to-day may come to be 
regarded as physiological to-morrow. 

" Disease is a relative conception, and does not admit of 
strict definition. That which constitutes derangement of 
function or disturbance of metabolism in one animal or in 
the tissue of one animal is the normal in another. Disease 
itself is a perturbance which contains no elements essentially 
different from those of health, but elements presented in a 
different and less useful order." 

From the genetic point of view the subject of disease can 
be considered under the following heads:-

(I) The inheritance of a diathesis-a predisposition to 
a particular .group of diseases. 

(2) The inheritance of an immunity, specific in relation 
to a particular disease. 

(3) The inheritance of anatomical defects and physio
logical derangements. 

(I) The conception of the inheritance of a predisposition 
tl,;! 
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to a particular disease is a ver)' different thing from that of 
the inheritance of the disease itself. The reappearance of 
one and the same qisease in successive generations does not 
prove that the disease is transmissible, or that it has been 
transmitted. If successive generations arc exposed to 
identical environic conditions each may contract in turn the 
same dis.ease. The fcetns may be infected itz uttn>, but 
this is synchronous infection: the causal organism was not 
inherited, it merely attacked two individuals through their 
common blood supply. It is a:1 instance of contagion, not 
of inheritance. The bearers of the heritable qualities are 
resident upon the chromosomes, and these do not carry 
bacteria. But constitutional peculiarities, most probably 
having their origin in genetic mutations, do exist, and take 
the form of a lowered resistance to certain types of disease. 
Further, it is to be acknowledged that a virulent disease may 
damage the germ-cells of an individual together with the 
other tissues of the body, not specifically, but in a way which 
may impair the general physiological properties of the future 
zygote. In the genetic sense there are no inherited diseases. 
There certainly are inherited defects such as those which 
underlie the conditions of h"'mophilia or colour-blindness, 
but these are not abnormal processes but inherited structural 
or physiological peculiarities, and it is probable that peculi
arities of similar or different kinds underlie the different 
diatheses. 

In other cases there would appear to be a transmutation of 
a diathesis in its inheritance, and, for example, a neuropathic 
tendency in the human stock may assume the form of 
epilepsy in one generation, and of asthma, chorea, or hysteria 
in the next. A diathesis is polymorphic, and its exact 
expression will depend on the influence of the other parent 
and on environment-in fact, it may not be expressed at all. 

(2) Immunity to a disease may he acquired by an 
individual through the medium of its mother's milk, by 
contracting the disease and recovering from it, by being 
inoculated with the modified virus of the' disease and by 
other similar measures which encourage the production of 
specific antitoxins in the body. However, there is little 
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satisfactory evidence that an immunity so acquired can be 
transmitted to the following generations. 

On the other hand, there is considerable evidence of a 
sort that shows that a natural specific immunity can be a 
racial or even a familial characteristic. Pucci (1915), for 
example, records that the zebu is immune to foot-and-mouth 
disease, as is also the F, produced by the mating zebu X 

certain Italian and Swiss cattle. If this is so, then, theoreti
cally, this character-specific immunity to foot-and-mouth 
disease-should be available for breeding into any other 
breed of cattle, and should be possessed by certain indi
viduals among modern herds, in the ancestry of which the 
zebu is to be found. 

In the Philippines it has not yet been found possible to 
raise pure-bred imported European and American cattle 
because of the incidence of disease. The zebu, however, was 
found to show a complete immunity to rinderpest, tick fever, 
and insect pests. Crosses of zebu and native cattle are also 
highly resistant to disease, and show a great improvement 
in size and conformation on the native stock. Such cross
breds exhibit to a great degree all the desirable characters 
of the zebu. 

It is not suggested that the zebu ought to be employed 
in this way unless it has been shown perfectly clearly that 
eradication of the causal organism is impossible, and that 
pure-bred stock cannot be protected in other ways. The 
introduction of zebu blood into improved breeds cannot be 
undertaken lightly, since such introduction results in a lower 
quality of beef. The use of the zebu is certainly justified in 
those cases when without it there would be no beef at all. 

It has been suggested that the immunity to tick fever 
in the case of the zebu is due to the serum excreted by the 
sebaceous glands of the skin being obnoxious to the tick, 
to the toughness of the skin, which is such that the tick 
cannot pierce it, and to the fact that the coat is so thin 
that it does not harbour ticks. 

Tyzzer (1909) found that the susceptibility to transplant
able tumours differed in different strains of mice. Three 
strains of mice were used, in one the Ehrlich tumour was 
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successfully transplanted in 30 pcr cent. of cases, in the 
second, in 60 per cent., whereas in the third it failed to 
develop. The Jansen tumour developed ill 40 per cellt. 
of the first strain, 'but failed to do so in the case of the 
other two. l\ third kind of tum"ur developed only in the 
third strain. Tyzzer found that a tumour which readily 
developed in Japanese mice and failed to develop in common 
mice grew in F] individuals produced by the mating of 
Japanese x common mice. When the 1", mice were back
crossed to common mice all the offspring were susceptible; 
when the F2 were interbred only 2·5 per cent. were sus~ 

ceptible. These results show that more than three factor 
differences concerned with tumour susceptibility are involved; 
in fact, Tyzzer and Little (1920) suggest that twelve to 
fourteen independently inherited factors are concerned. It 
will be noticed that these factors for susceptibility are 
dominant, according to the results of these workers. The 
majority of cases of reputed inheritance of acquired immunity 
are to be explained as is the case of the mice subjected by 
Ehrlich to increasing doses of ricin until they became 
immune to doses ordinarily fatal. When these ricin-immune 
mice were bred to non-immune mates, the offspring showed 
a degree of immunity if their mother was the ricin-immune 
parent, but no' if the immunised parent was the father. 
The immunity was transmitted by the female only. The 
explanation is that the blood of the fcetus and of the mother 
are in intimate relationship. The immunity in the parental 
and filial generations gradually disappears. 

This cancer study in mice has its applications in the 
cancer problem of the human. The evidence derived from 
the study of cancer in man is suggestive but by no means 
conclusive. The mouse, on the other hand, has supplied 
evidence of the greatest scientific value. Murray (1911) has 
shown quite clearly that the offspring of cancerous mice are 
more prone to develop spontaneous cancer than are the 
offspring of non-cancerous parents and grandparents. Loeb 
and Lathrop (1921) were led to the conclusion that the 
tendency to develop cancer and the age at which it was 
developed were both heritable characters. Wells and Slye 
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(1923) have confirmed and extended these conclusions. As 
a result of their twelve years' work with a most abundant 
material - over 40)000 post. mortem examinations were 
made - these investigators have shown that cancer in the 
mouse occurs in many of the forms encountered in man, that 
the tendency to develop cancer, or the capacity to resist 
cancer is hereditary, that the site of the cancerous growth 
is determined by hereditary factors and that susceptibility 
to cancer behaves as a simple Mendelian recessive. 

If this is so, and if for the moment any consideration 
of those forms of cancer which seem to be determined by 
extraneous stimuli-such as the skin cancers \vhich in their 
origin are associated with prolonged local irritation-is 
avoided, it would appear to be theoretically possible for a 
cancer immune race to be produced. It would be necessary 
to segregate the cancerous and to prevent the heterozygous 
from mating. The difficulty, of course, would be the identi
fication of the heterozygous. 

According to Slye, cancer in mice is the exhibition of 
a diathesis which behaves in inheritance as a Mendelian 
recessive. She concludes that cancer is not transmitted as 
such, but rather as a tendency to occur from a given pro
vocation, probably in the form of an over-irritation. The 
elimination, as far as possible, of all forms of over· irritation 
to the tissues of an individual of high cancer ancestry 
should go far to eliminate the provocation of cancer, and the 
eugenic control of matings so that cancer shall at least not 
be potential in both sides of the hybrid cross ought to 
eventuate in a considerable decrease in the frequency of 
human cancer. 

In Drosophila several cases of the inheritance of tumours 
have been investigated. Bridges and Stark (1918) found in 
one culture that one-f\>urth of the grubs developed one or 
several masses of black pigment on the body; these maggots 
were without exception males and invariably died. In such 
a culture, therefore, there were twice as many females 
as males. Interpreted genetically, this character is sex
linked and its gene is resident upon the X-chromosome. 
The male possesses a single X and if this gene is resident 
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upon it such a male wiII perish: therefore, no adult male 
can possess this gene. The female, on the uther hand, has 
two Xs. Half the females will be normal flies and half will 
be heterozygous hi' respect of this character. ;\ hctero~ 
zygous female mated to a normal male will produce twice 
as many daughters as sons, for half the males will p<.:rish. 
By using a male with characters such a.s cusin eye-colour 
and yellow body-colour, the genes for which are resident in 
the X-chromosome ncar to that for the tumour character, 
it is possible to distinguish between the female hetcru
zygous for the tumour character and the normal female, for 
daughters of two types will be produced. one with eosin 
eye-colour and yellow body-which do nut carry the gene 
for the tumour character-and the other with wild-type 
coloured body and (red) eyes - which do. By taking 
advantage of the linkage between ycllmv and eosill it is 
possible to pick out in each generation those daughters 
which carry the gene for the tumour character. Such a 
procedure is known as u marking" the chromosome. If t 
represents the gene for tumour, y---yellow bouy, e- eosin 
eyes, then 

(TyeX)\' 

(TyeX) (TyeX) 

Yellow eosin 

\' 

(TyeX) (IYEX) 
Wild.type 

\' 

(TyoX) (lYEX) 

(TyeX)\' (tYEX)" 
Yellow die~ 

eosin 
Heteroyzgous is 

for tumour. 

In the case of mammals, Algerian sheep arc relatively 
immune to anthrax. The West African negro is immune to 
yellow fever; measles, in the case of the North American 
Indian, is a fatal disease. Racial immunity of this sort has 
been wrought out gradually. Genetic variation producing 
conditions conducive to immunity enables its possessors to 
survive and the survivors transmit this constitution, the 
more susceptible are weeded out and the race becomes 
relatively immune. 

(3) For the proper study of the inheritance of defects 
of structure and of physiological function more and more 
material is becoming available. The stock-breeder has 
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propagated his "defectives" when these have attracted 
his fancy or have promised to be of use, e.g., polled cattle, 
the earless sheep of Syria and China, tailless cats of Japan 
and the Isle of Man, short-legged dogs, albino rats and 
rabbits, polydactylous cats, fowls with cranial hernia, such 
as the Polish breed, and so on. A ram lamb with short 
crooked legs and an unusually long back appeared as a 
mutant in a small flock owned by Seth Wright, a Massa
chusetts farmer, in 1791, a time when fencing was expensive 
in time and money. The farmer promptly recognised the 
advantages of such a sheep and bred from it; the mutant 
character 'Nas dominant, segregation occurred in the follow
ing generations, and the Aneo11 breed was established by 
selection. Any breeder finding himself presented in this 
way with a favourable mutant character has only to apply 
himself to a simple problem ill Mendelism to establish this 
character in his stock. It has been seen that a gene for a 
recessive and abnormal character may be transmitted un
suspected for many generations for all heterozygotes will 
exhibit the allelomorphic" normal" character. The chances 
that a recessive mutation will affect the race is very small 
indeed if the mating is free and uncontrolled, especially if 
the corresponding character is disadvantageous to the 
individual exhibiting it. Even though the character is 
advantageous, yet if it is recessive to the original, the 
chances of its spreading are extremely small. A" dominant" 
mutation is in a similar position, as is seen in the case of 
the hackleless condition in the fowl. A" hackleless" or 
bare-necked fowl mated to an ordinarily hackled fowl will 
produce chickens 50 per cent. of which will be hackled, 
50 per cent. hackleless. If the hackleless birds of this 
generation are mated with hackled, again only 50 per cent. 
of their offspring will be hackleless. The dominant new 
character indeed, unless it has a positive advantage over the 
original, when both homo- and heterozygous dominant would 
benefit, has a smaller chance of stamping itself upon the race 
than the recessive, for while a recessive can be hidden, a 
dominant, if unfavourable, places its exhibitor at a dis
advantage. Upon this question of the establishment of a new 
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character thL frequency of recurrence of a given mutation 
bears. The more often a particlliar mutation occurs the 
greater are the chance;,; of its becoming established. 

Detlefsen (1920') has described a herd of albino cat tIc 
which originated from two albino calves out of "grade" 
Holstein cows by a " full-blooded" llobtein bllll, all of which 
\\'ere characteristically black and \\hitc. The calves were 
white and had pink eyes. The young "Ibino bull mated 
to grade Holstein cows produced Dilly albino offspring, 
about 20 in number. The ~Ibinos interbred yielded 
nothing but albinos. Four albino cows served by a 
registered Holstein bull produced 3 albinos and 1 normal. 
The inheritance of this albinism is peculiar. From the 
manner of its origin one would be led to regard it as a 
recessive character, yet later in different matings it behaved 
as though it were a dominant. A complete analysis of the 
character was not possible, but at any rale it is clear that 
it is very different from the white of the famous Chillingham 
and Chartley herds, the white of which is a dominant, bcin~ 
perhaps the extreme condition of spotting, such as is also 
encountered ill the white bull-terrier, which it will be 
remembered also has pigmented areas. 

A recent case of polydactylism in cattle is recorded by 
Roberts (1921). A normal bull mated with a polydactylous 
cow produced a polydactylous calf, which later mated with 
a normal unrelated bull, produced three polydactylous calves. 
The extra-toed condition is dominant to the normal. In 
Roberts's case the condition affected aJl the feet, though the 
extra toe was larger in the case of the hind feet. Ina three
toed strain described by Bateson, which had its origin in the 
mating of a polydactylous cow with a normal-footed bull, the 
polydactylous condition appeared throughout ten recorded 
generations in male and female alike, but was restricted, 
save in one case, to the hind feet. 

The solid-footed mule-footed condition, syndactylism, 
is common in the pig. Sir W. Menzies, of Rannach, had 
such a strain for forty years, having their onglll in one 
pair. Syndactyly behaves as a simple dominant. 

In the Proc. Zoo!. Soc. of 1833, Colonel Hallam describes 
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a race of pigs which had no hind legs, and which bred true 
for this character. 

Detlefsen and Yapp (1920) describe a case of congenital 
cataract in cattle and conclude that the condition behaves 
as a simple Mendelian recessive. A registered Hoistein
Friesian bull, with no family history of cataract, inbred with 
his own stock produced several offspring with congenital 
cataract. By unrelated cows he produced only normal 
calves. 32 F1 daughters mated to an F, son gave 63 calves, 
55 normal and 8 with congenital cataract of the stellate type. 

A peculiar notch in the margin of the ear of cattle (Jersey) 
behaves as a simple I\fendelian dominant, according to Lush 
(1922). A similar but somewhat differently placed notch in 
the ear of the Ayrshire appears to be of the same nature. 

Other mutant characters of domestic stock though of no 
appreciable benefit to the breeder is of considerable scientific 
interest. For example, the horned condition in the horse 
occasionally is exhibited. There are four modern horse 
skulls in the Natural History Museum in London, two from 
thoroughbreds, which show the beginnings of horns and all 
in the same position. In South America there is a horse 
with horns 3 to 4 inches long, so it is reported. 

Characters of some considerable economic interest are 
those of the anatomical bases of hernia and of undescended 
testes. There is every reason to hold that these are heritable. 
Intersexuality and hermaphroditism in the goat and pig are 
definitely heritable, as is white heifer disease in the cow. 

Occasionally, in the absence of a working knowledge of 
genetics the breeder endeavours to achieve the genetically 
impossible. A very striking case is seen in certain breeds 
of cattle in which the calf is sometimes still-born, and 
presents certain constant and characteristic abnormalities 
which have gained for such the name of "bull-dog" calves. 
The condition present in these cases is one very closely akin 
to that of achondroplasia in the human. It is a disease 
which affects the feetal bones that are laid down in cartilage, ' 
those laid down in membrane escaping. The primary cause 
of the condition has not yet been recognised, but all authori
ties are agreed that abnormality of the glands of internal 
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secretion is most probably responsible. The pre~nancy 
which results in the production of the mOll!'>trous calvc:-. is 
very abnormal; there is a great excess of liquor amnii, :--0 

that at the third ntenth of prq;nancy the cow i, ;1'; "hi;: " 
as she should be at term; the fu:tai membranes rupture and 
a great quantity of liquor amnii l'''icapcs; this \ICCllfS again at 
the fifth and at the seventh month, and sooner or lakr thl: 
calf is aborted (If the bison X cattle cross). en:\\, (19::!3,1 has 
brought forward evidence to show that this condition has a 
definite genetic basis, and is due to a retarded functionillg 
of the pituitary during f<rtal life. A very similar condition 
is described by Wriedt (ly24) in the Norwegian Telcmark 
cattlc, and this appears to be a simple recessi\'e. Evidence 
is rapidly accumulating which shows beyond doubt that such 
lethals and semi-lethals are very prc\"alent among- domestic 
stock. A peculiar type of blindness in the II olstcin- Friesian 
cattle is an example. Another is furnished by the same 
breed, for Hadley (1924) has described a semi-kthal condition 
in which the calf is devoid of skin on the legs, cars, and 
mouth, and dies within a few days or weeks after birth. 
\Vriedt (1924) has described a genetic form of sterility in the 
Danish white horse, the result of the action of a lethal factor. 
The same authority describes a semi-lethal factor in grc.y
mottled dogs, such as the Great Dane and Dachshund and 
Norwegian Dunker Hound, which results in small eyes 
(microthalmia), defective pupil (coloboma), and glaucoma. 
Deafness in the bull· terrier is a simple recessive apparently, 
as is also cleft-palate in tbe bull-dog. The latter condition 
is lethal since the puppies cannot suckle. In the case of the 
fowl, lethals are to be found in the Frizzle, for it would seem 
that the homozygous frizzled bird does not appear, and in 
the Scots Dumpie. 

In the case of the human, an example of the inheritance 
of a physiological character is that of colour-blindness, already 
referred to as an instance of a sex-linked character. It will 
be remembered that colour-blind women are rare because 
they can only have their origin in one of the three matings : 
(I) colour-blind man X colour-blind woman; (2) colour-blind 
man X a woman whose father was colour-blind; or (3) colour-

x 
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blind man X a woman whose mother was heterozygous for 
the colour-blind character. But this is not all, for there are 
many grades of colour-blindness. It is possible that these 
differences arc due either to the action of independently-herit
able modifying genes or else that a multiple allelomorphic 
series is involved. :Morcover, exceptions to the usual mode 
of inheritance of this character are occasionally encountered: 
a colour-blind man married to a perfectly normal-sighted 
woman may beget a colour-blind son. Such an exception 
can now be interpreted as a result of non-disjunction. 

In certain cases of heritable defects the expression of the 
defect is limited to one sex. H:emophilia-cxcessivc bleed
illg on the slightest and most insignificant provocation 
associated with a low coagulability of the blood, and a 
.structural weakness of the vessels-is limited almost entirely 
to the male. The peculiar dermal spines of the Lambert 
family were handed down through five generations and in 
the males 'Only. In such cases the difference may result 
from homo· and hetero-zygosis in respect of characters, the 
genes for which are resident upon the X-chromosome .. In 
the case of Drosophila it has been found that there are at 
least twenty-five dominant mutations which render the 
homozygous individual non-yiable. In the heterozygous 
condition the lethal effect is not evidenced, and, further, it is 
known that in certain cases the hybrid may exhibit heterosis, 
and be more viable than either parental stock. 

In animals it is the rule to breed only from the anatomi
cally and physiologically sound. A deformity, a deficiency, 
may be a congenital acquisition, or it may be a genetic 
variation. I t is not for the stock-breeder to test which 
of these possibilities is correct; but the opportunity of 
making this test should be offered to Research Institutions, 
since the abnormality may possess considerable genetical 
interest and its study may lead to something of economic 
importance. It should be borne in mind that any character 
that is detrimental to the life of the individual and that 
behaves in a 1\1endelian fashion in inheritance is a character 
in the Mendelian sense, and can only be eradicated from a 
stock by tIle application of genetical methods of breeding. 



ClJAPTER XII 

I1ISl'l'TEI) 1;1·:L1LF~ 

Tc!<~oJ/)'. 

By telegony is meant the supposed influence of a sirt' 
previously mated with a female on offspring subsequently 
borne by that female to a different sire. Its principle is 
that a female is so" impregnated" by the first male to which 
she is bred that all the subsequent "ffspring, regardless of 
their actual father, show the influence on the mother of the 
first male. Popularly this phenomenon is spoken of as 
I'infection of the germ." 

A belief in telegony is widc~pn.'ad, and it is not necc:,sary 
to travel far in order to find evidence of the hold it has upon 
the popular mind. In certain countries it is commonly 
believed that a ewe, for example, will produce better lambs 
if prior to her mating with a ram of her own breed she is 
served by a male of another species, a boar or a billy-goat. 
It is the deep-rooted opinion of many stock-breeders that 
a female of good stock Qnce served by a male of another 
breed, or by a non-pedigreed male, is spoilt for further 
breeding. Alleged cases have been and are still being 
reported in all domesticated animals (both mammals and 
birds) and in man. 

A few examples may help to define the problem. A 
Wyandotte hen is fertilised by a Leghorn cockerel; three 
months later, having been mated with a cock of her own 
breed for several weeks, she lays eggs which on hatching 
yield chickens, some of which possess the Leghorn shape 
and single comb. A Shorthorn cow is accidentally served 
by an Aberdeen-Angus bull and produces a black polled 
calf; she is disposed of because it is implicitly believed 

.2B 
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that even though her next calf was by a pure-bred Short
horn, yet that calf would most certainly exhibit or hand on 
to its offspring certain of the characters-such as the polled 
condition or black coat colour-of the previous sire. A 
pure-bred bitch covered by a mongrel is almost invariably 
discarded; the fancier has not the slightest doubt that she 
is ruined for further breeding of pure-bred prize-winning 
stock. Certain Sheep-breeders' Associations refuse admis
sion to the registers of any lamb whose mother was ever 
" impregnated" by mating with a ram of another breed. 

This belief, more widely held than is commonly supposed, 
not by the stock-owners, perhaps, but certainly by the 
husbandmen, undoubtedly has a basis of experience. The 
question to be answered is whether this experience has been 
misinterpreted, whether the data on which this belief is 
fostered are based en accurate observation. To answer this 
question a knowledge of genetics, of the history of the breed 
and of the ancestry of the animals concerned is essential. 

Some cases can be readily explained without any appeal 
to a doubtful agency. For example, in the case of the 
Wyandotte mentioned above, it is known that there has 
been a considerable infusion of the Leghorn "blood)J in 
many of the modern strains of Wyandotte, and that 
a single-combed bird should occasionally occur in a rose
comb breed with this history is not surprising. Other cases 
offer more difficulty, but only because the history of the 
animals themselves and of the breed to which they belong 
is not available. Acknowledging that in many cases the 
evidence offered in support of the case is largely anecdotal 
and uncritical, yet there are others in which it appears 
almost convincing until tedious investigation is undertaken. 

For example, take the classical case in which the evidence 
was sufficient to be accepted by Darwin, than whom there 
has he"er been a more critical yet open-minded observer. 
A mare of almost pure Arabian blood, belonging to Lord 
Morton was bred to a quagga (a form of zebra) and foaled 
a hybrid. Afterwards bred on two occasions to a black 
Arabian stallion, she foaled two colts of brown colour whose 
legs were striped more plainly than those of the hybrid 
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or even than those of the quagga himself, while on the 
neck and other parts of the oody were also well-marked 
stripings; the mane was short, stiff and erect, exactly as 
in the case of the quagga. Thl~ story was reported to the 
Royal Society of London by I.onl .M orton as a cOfH'incing 
case of telegony. Darwin also cites a ca"c communicated 
to him oy a Dr Bowerbank of a Turkish dog, black and 
hairless, which, having been accidentally bred to a ~panid 
of mixed bloud with long brown hair, produced a litter of 
five pups, three of \vhich were hairless, hhilc the other t\\O 

were covered by short brown hair; when bred later to a 
Turkish dog, equally black and hairless, she produced a litter 
of pups, half of which resembled their mother-i.e., pure 
Turk-while the other half were exactly like tI", pups with 
short hair served by the spaniel. In short, Darwin admitted 
the fact of telegony. But much work has been done since 
Darwin's time, and it is now possible to investigate the 
problem in the light of more extensive knowledge. 

In the first place, it is to be noted that the facts advanced 
to prove telegonic influence are never obtained from care
fully controlled experiments, and that in such cases alternative 
explanations are not well considered. In the second place, 
the genotypic constitution of the animals concerned has not 
been determined, In order to examine fairly an alleged 
case of telegony it is essential that allowances should be 
made for variation and reversion, for the results of mating of 
individuals belonging to a phenotype but not to the same 
genotype. For instance, any white mouse would appear to 
be like any other white mouse, but if several white females 
are mated to the same agouti male, the progeny may differ 
very widely in the different cases. One female may produce 
agoutis and whites, another may produce agoutis, whites, 
yellows, blacks, striped agoutis, striped blacks. In the case 
of the white mouse there are many genotypes within the 
one phenotype, and here lies the explanation of possible 
breeding results at first sight strongly suggesting telegony. 

Consider the case of Lord Morton's mare, I t was the 
presence of the striping on the coat and the peculiar" set" 
of the mane which was taken as evidence of the possible 



DISPUTED BELIEFS 

influence of the quagga. Incidentally it is of interest to 
note that Darwin records a series of observations which 
suggest v~ry strongly that quagga-like markings can be 
found in cases in which there is no qucstron of any hybridisa
tion with a quagga. He describes a browll Devonshire 
pony which" had on its back a very distinct stripe along the 
spine, light transverse rays on the inside of the legs, and 
four parallel bands on each shoulder." He inclines to the 
opinion that this striping is due to a cross between individuals 
of a different colour resulting in a case of U atavism." 
But at any rate quagga-like markings on a horse do 110t 

necessarily indicate telegony, bIlt rather open IIp the 
question as to whether any ancestor of the modern horse 
was striped; \vhethcr a short stiff mane is not characteristic 
of certain horses as \lell as of the quagga. Cossar Ewart 
(1899) points out that the old yellow-dun horses of the forest 
type, which have had much to do in the origin of the modern 
horse, possessed a hroad dorsal band and zebra-like barring 
on the legs as well as faint stripes on the face, neck and 
withers. In fact, it is probable that a remote ancestor of 
this forest horse was as richly striped as some modern zebras 
_H Even yet among mongrel ponies it is not uncommon 
to meet with individuals which have distinct markings very 
reminiscent of those of the old forest horse. Such markings 
arc not uncommon among Arabian crosses." 

Experiments carefully planned to investigate the problem 
of telegony were undertaken by Cossar Ewart (1896-1901), 
who, as nearly as possible, reconstructed the case of Lord 
Morton's mare. "Up to the end of the last century, Lord 
Morton's experiment with a male quagga and a young 
chestnut seven-eighths Arabian mare was regarded as afford
ing strong evidence of telegony. Hence at the outset, I 
decided to repeat as accurately as possible Lord Morton's 
experiment. The quagga being extinct, a Burchell zebra 
was mated with Arab and other mares belonging to different 
breeds and strains. The mares after prod ucing one or more 
hybrids were mated with Arab and other stallions. In the 
account of my experiments, illustrated by numerous figures 
published in the Transactions of the Highland and Agri-
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cu/turfll .. ~·()J(~r of .\·(c)//aud for I 00~, it is pointed Pilt t ba t 
though to start with I uelicvcd there was slich a thing as 
telegony, I eventually came to the conclllsion that there 
never has bt:en an undoubted instance of infection ill either 
dogs, rabbits or horses." 

Ewart bred the Burchell zebra stallion Mat,,!,o to a 
chestnut polo pony, Valda. She produced as a n:sult of this 
mating twin hybrid:;. The following year she produced it 

foal to a light chestnut thorou~hbrcd stalliun, after which 
she was again bred to Matopo, and produced a third hybrid 
foal. Subsequently she produced another fual to the servict: 
of a dark chestnut thoroughbred stallion. The three hybrid 
foals from this mating were all richly striped, in fact the 
stripes were more numerous, though less conspicuous, than 
those of the zebra sire. I n spite of this fact, however, the 
two foals produced by mating Valda to the tiloroughbred 
chestnut stallion, in no particular, either in colullr or in form, 
resembled the hybrid foals. They were chestnut in colour 
without any suggestion of striping, and ill liveliness of 
temperament or vigour of development neither of them 
resembled in the least the hybrid progeny. Mulatto, a 
black \-Vest Highland pony mare, was bred to Matopo 
and the result was Romulus, a beautiful, distinctly ;tripod 
hybrid. Mulatto was then bred to a black Arabian stallion; 
to this service she produced a foal which, when examined 
immediately after birth, showed numerous indistinct markings, 
so faint, however, that their exact nature was in some doubt. 
Subsequently Mulatto produced another foal to the service 
of a dark-brown West Highland stallion which also was 
indistinctly marked. 

In themselves these foals suggested as strongly as did 
those described by Lord Morton that telegony might 
occasionally occur. But Ewart tested the matter further 
by breeding two dark West Highland mares closely related 
to Mulatto to the same Arabian stallion which had sired 
the striped foal. Two foals were produced, one of which 
possessed the same sort of indistinct markings as those 
characteristic of the foals of Mulatto, while the other was 
much more distinctly striped. There can be no question, 
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therefore, that the striping of Mulatto's foal was a con
sequence of normal hereditary processes having nothing to 
do with telegony. ~ 

An outline of these and other matings is as follows:-

Valda x Matapa 1898 Hvbrid twins. 
Stallion 1899 C~lt without resemblance to zebra. 
Matopo lC)OO Hybrid. 
Stallion 1901 Colt, no resemblance to zebra. 

Mulatto x Matupo 1896 Hybrid. 
Stallion B I897 Colt lightly striped at birth. 
Stallion L 1899 

Control-Stallion L x filly: striped colt. 

Nora x Stallion \\1 1895 Colt striped at birth, three stripes 

Matapa 1897 
Stallion C 1898 
Matapa 1898 
Matapa 1900 
Stallion S 1')01 

persisted. 
Hybrid. 
Colt, no resemblance to zebra. 
Hybrid. 
Hybrid. 
Colt, no resemblance to zebra. 

Laura x Matopo Abortion. 
Stallion L t898 Colt, no resemblance to zebra. 
Stallion L 189S 
Stallion S 1900 

Rona x Matapa 1898 Hybrid. 
Stallion 1\1 1899 Colt, no resemblance to zebra. 

Lady Douglas x Matopo 1897 Hybrid. 

Biddy 

Kathleen 

Tundra 

Matopo 1898 Hybrid. 
Stallion M 1900 Colt, no resemblance to zebra. 
Stallion S 1901 

x Matopo 1897 Hybrid. 
Stallion T 1898 Kathleen: no resemblance to zebra. 
Stallion G 1898 Colt, 
Stallion G'I'}OO 

x Stallion M 1901 Colt, no resemblance to zebra. 

x Matopo 1897 Hybrid. 
Stallion B 1898 Colt, no Tesemblan~e to zebra. 
Matopo 1898 Hybrid. 
Stallion S 11}OO CoJt, no resemblance to zebra. 
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I n the case of the mares the absence of the influence of 
the fecundation by the zebra is morphologically indisputable: 
not one of the colts burn after the hybrids is marked by 
stripes of any kind .• The colts foaled by Mulatto by Stallion 
Band L after the birth of a hybrid alone show ,tripes, but 
the control experiment clearly establishes the fact that thi. 
striping was nul: necessarily due tn the former association 
of the mother with the quagga. :N'ora produced a striped 
colt before she had even seen the quagga, but never after, 
although of course the hybrids she produced by Matopo 
were striped. Kathleen, foaled by Biddy subsequently to 
the birth of a hybrid, herself foaled a cult which in no way 
resembled a zebra. So it would appear that Kathleen was 
affected neither morphologically nor physiologically by the 
association of her mother Biddy with the zebra. 

The experiments of Faltz-Fein and Ivanov (1913) con
firm the conclusions arrived at by Cossar Ewart, 

Litvinka x Zebra 1897 
(brown mare) Zebra 1898 

Zebra H)02 

Pliakha 
(piebald) 

Armida 
(bright bay) 

Priimikha 
(brown) 

Vesta (bay) 

Zebrd. 1905 
Stallion 1906 
Zebra 1907 
Stallion 1908 
Stallion 1909 

x Zebra 1901 
Stallion I902~1O 
Stallion 1912 

x Zebra 1902 

Stallion 1904 
Stallion 1906 
Stallion 1907 

x Zebra 1905 
Zebra 1906 
Zebra 1907 
Stallion 1908.1 Z 

x Zebra 1906 
Stallion 1907 
Stallion rgoB 
Stallion 1912 

Hybrid (aborted). 

" (aborted). 
Colt, no resemblance to zebra. 
Hybrid. 
Colt, no resemhlance to zehra. 

Hyhrid. 
Nine colts, no resemblance to zebra. 
Colt, 

Hybrid. 
Colt, no resemblance to zebra. 

Hybrid (artificial insemination). 

H " " Five colts, no resemblance to zebra. 

Hybrid. 
Colt, no resemblance to zebra. 
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Aida (piebald) x Zebra 1907 
S tall ion J 908 
Stallion 1909 
Stallion 191 J 

Zlodeika >.: Zebra '90: 
(dark brown) Stallion 1903-7 

Hybrid. 
Coltl no resemblance to zebra. 

IIybrid. 
Four colts, no resemblance to zebra. 

The experiments uf Baron de Parana (1<)10) with zebra 
hybrids closely paralleled those of Cassar Ewart and likewise 
yielded no evidence ill support of telegony. The illustrations 
in an article by Rommell "The Grevy Zebra as a Domestic 
Animal" (ISII 3), describing the work of the U.S. Government 
with hybrids between different species of Eqllus, provide no 
evidence of any sort which support the idea of telegony. 
The evidence of mule breeding establishments in which 
thousands of mules have been bred, in every trustworthy 
instance is against the doctrine. 

Of course, in spite of all their great weight, all that these 
experiments prove is that under conditions when it would 
most be expected, telegony is not demonstrated. They do 
not prove that it may not take place. But for every case of 
alleged telegony there are hundreds in which no reason to 
suggest the influence of the previous sire arises. 

The difficulty of visualising any sort of mechanism by 
which such influence might be exerted is also against a 
ready acceptance of the doctrine. The spermatozoa of the 
previous sire might possibly remain within the genital tract 
of the female and become operative long after impregnation. 
In most European bats sexual union usually occurs in the 
autumn and the spermatozoa are simply stored in the uterus 
until ovulation and fertilisation take place in the spring. 
The same phenomenon is common in insects: in some queen 
bees the store has been known to last for two or three years, 
and in one case an aged queen laid fertile eggs thirteen 
years after the last union with a male. Hen turkeys lay 
fertile eggs throughout the season, though the male is 
removed soon after the beginning. 

The spermatozoa might penetrate immature ova and 
survive; the ova then slowly mature and fertilisation 
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actually rni~ht occur at sHch a time as to coincide with 
the service of the second ~irc, 

But all authorities are no\\' agreed that ill the higher 
animals these suggestions arc imp\l~sibk anu, ill any GiSt") 

under these conditions offspring would be born withuut tht: 
assistance of any second ~irc at alII 

Romancs suggested that the sperm, after p<:nctr,ltillg 
the uterus, is absorbed by the maternal organism and 
exercises an influence upon the ova that arc not yd mature 
(the infection hypothesis). It is concei\'able that the semen 
of the male does exert a physiological influence upon the 
female J but not an influence of such a nature as tn evoke, 
for instance, the alleged quagga mane and stripes in the 
second foal of Lord Morton's mare. No specific influence 
of the male element has ever been demonstrated. 

The mother might be inAllenccd by the fcetus during 
pregnancy, and this influence might react on subsequent off
spring (the saturation hypothesis). According to this theory 
the fcetus has in its blood special properties derived from the 
father and these act like a vaccine on the blood of the mother. 
The constitution of the offspring-partly paternal-might 
affect the mother's constitution and thus affect the subsequent 
offspring by another father. The existence of exchange 
between the maternal and feetal blood is acknowledged, 
but the peculiarities of an animal do not promenade in 
its blood-stream. Gestation produces modifications in a 
female which are to some extent permanent. The female 
producing her second offspring is different to the individual 
she was when producing her first, and the environment of 
the second offspring is different from that of the first. 
But the difference is the same whether the father of the 
two offspring is one and the same individual or whether 
each offspring is the result of a different mating. It is the 
previous gestation and not the male which was associated 
with it that is responsible for the modification in the 
maternal organism. 

The difficulty of the mechanism is one. that cannot, as 
yet at any rate, be overcome, and it is reasonable to seek 
other interpretations. It is heJd by those who do not 
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believe in telegony that the phenomena are simply illustra
tions of reversion. This view amounts to denying telegony 
in the strict sense, for in it there is no causal nexus between 
the previous sire and the subsequent offupring who resemble 
him. They happen to resemble him because he resembled 
one of their ancestors. 

Or it may be that the subsequent offspring have acci
dentally varied in the direction of resemblance to the 
previous sire. The resemblance is mere coincidence. 

The matter can be approached from the statistical side, 
for if the female can be influenced at later reproductions 
by a male who has been associated with her in earlier ones, 
then in a permanent union of a pair there should be found 
an increasing influence of the paternal type-that is, if the 
alleged telegony is not due to some abnormal persistence 
of the spermatozoa of earlier unions. Karl Pearson has 
shown that as regards stature there is no evidence of any 
steady telegonic influence. But this is not quite the same 
as the precise point at issue. Careful comparisons of the 
families of the same mother by two successive husbands 
are required. 

It must be mentioned here that although the belief in 
telegony cannot be accepted, it has to be admitted that the 
bearing of hybrid offspring may sometimes have detrimental 
effects upon the dam. Breeders of mules put their mares 
to horses after they have reared two or three mules in order 
to prevent them becoming sterile. Evidently the hybrid 
is a greater tax upon the resources of the dam: this is 
particularly well illustrated in the case of the bison x cattle 
hybrid, which causes a tremendous drain upon the dam's 
system and often even death. But this is not telegony, and 
has nothing to do with the transference of the characters 
of the previous sire; it is a consequence of disturbing the 
physiological balance in the dam. 

I t may be said in conclusion that the development of the 
Mendelian theory of heredity has robbed most of the old 
evidence for telegony of all its value. 

The belief in ;,ifection of tke male is by no means so 
strong as that in telegony but it also is widespread. Ewart 
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cites the case of a breeder who refused to allow his Jersey 
bull to serve Shetland cows for fear that the bull would 
subsequently carryover Shetland traits into his Jcr!->ey herd. 
But if it is decided'to discard telegony as applied to tht.' 
female, there appears to be no warrant whaboc\Tr lor 
considering it in the male where an effective mechanislIl 
of uperation is even less conceivable. 

Since it is the custom in this country for damages to 
be given to a breeder whose heifer has been II ruined" as a. 
result of sexual congress with a. bull of a different breed, 
it is desirable to suggest that in these circumstances the 
owner of the bull might perhaps counterclaim for damages 
resulting from Ii infection of the male." The arbiter who 
believes in telegony cannot but helieve also in this . 

.. 1{eni'a is the term used to define the phcnomcnon in 
which in the case of plants the pollen of the male parent 
seems to affect the tissue of the maternal ovary, the seed 
or even the fruit, as distinguished from the embryo itself. 
In the case of birds, it has been suggested that the eggs 
laid by the hen are influenced as to size, ~hape) colour, and 
such· like characters bv the male with which she is mated
that the characters of' the egg may be as those of the hellS 
of the breed to which the cock belongs. Duerden (1918) 
records that when South African ostrich hens are mated 
to a North African cock the eggs exhibit the usual charactc" 
of the egg of the South African breed and show no evidence 
of any influence of the North African parent. 

.3falernal Impression. 

The belief that the mental states, the vivid sense impres. 
sions and strong emotions of a pregnant female may so affect 
her unborn offspring that structural changes in the body of 
the offspring having some correspondence with the mother's 
experience result, would seem to date back beyond history. 
In Genesis xxx. 31-43, it is recorded that Jacob used peeled 
wands to influence the colour of his stock, ·and some stock
breeders of to-day still profess their faith in this doctrine as 
a part of their practice. For instance, in order to ensure 
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black calves, some breeders will keep their cows in a black
painted stall; an Aberdeen-Angus breeder may ha"e a high 
black fence around the paddock lest visual impression on the 
mother's part should play havoc with the colour pattern of the 
offspring; if such a herd is separated from a neighbouring 
Ayrshire herd by a wire fence only, and in it there is born a 
red or a black-and-white calf, this is explained and accepted 
as a case of maternal imoression. In the case of the 
human mother it is widely taught that prenatal culture can 
influence the unborn child, that by training herself she 
can also train the child. The weirdly abnormal appetites, 
cravings alld aversions of the pregnant woman are held 
responsible for peculiarities of colour, abnormal hairiness, 
and various malformations of the child. A mother has an 
uncontrollable craving for, or an extremely strong aversion 
to fish, and the child is born with ichthyosis (a hereditary 
skin disease in which the surface of the body is covered with 
fish-like scales). A woman is frightened by a club-footed 
man-and her child is born with a similar malformation. 
In a certain village was born a heifer calf with three 
mouths, four ears, and six nostrils. Each mouth was equipped 
with a set of teeth, but the animal had only one tongue 
and took nourishment through its central mouth. The other 
two opened simultaneously when it was feeding. Two dog
like ears overlapped the face, and two others stood upright 
on the calfs head. Its features, in fact, very much resembled 
those of a pug dog. The owner stated that when the cow 
was in calf it was worried, while grazing, by a Pekingese dog. 

The question to be considered is whether this doctrine 
of maternal impression and prenatal culture is based on 
accurate observation of facts and upon correct inferences 
therefrom. 

All are agreed that.for a considerable period the unborn 
offspring is part and parcel of the maternal organism; the 
embryo receives its entire nourishment from the mother and 
its development depends upon that nourishment. Anything 
which affects the supply will certainly affect the embryo 
ill a general but not in a particular way, and undoubtedly 
emotional states can profoundly disturb the general well-
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being of the mother and of the unborn "[['pring, for 111<'y 
are associated with marked change .... in the general rnctab~ 
olism and the offspring is depclld("llt upon the blood~ 
stream for its nourishment. A fretting mother's general 
health may bCCOITII' su affected that her (lffspring will not 
be properly nourished and will show the results of thl:-. 
at birth. An atmosphere of affl'ction and happilless will 
tend to ensure the birth of an anatomically and physio. 
logically normal child. Moreover! the limits of the effects 
of auto-suggestion cannot yet Lc defined, but these arc 
different matters to the sort of case at present under 
discussion. It can be said without much fear of contra
diction, that then: is no woman \vho during pregnanc), did 
not encounter some experience of the kind which according 
to popular tradition causes "marks." .And yet the great 
majority of children are born unmarked. lJarwin having 
been told by his great friend, Sir Joseph Hooker, of a 
case of maternal impression in one of his relatives who 
had a child with a particular mole, it being accredited 
to a fright she had experienced when she blotted with 
sepia a lent valuable copy of Turner's Libel' ~\tuditJru1Jl, 

wrote in reply: "I should be very much obliged if at any 
future or leisure time you could tell me on what you ground 
your doubtful belief in imagination of a mother affect
ing her offspring, I have attended to several statements 
scattered about, but do not believe in more than accidental 
coincidence. W. Hunter told my father, then in a lying
in hospital, that in many thousand cases he had a,ked the 
mother before confinement whether anything had affected 
her imagination and recorded the answers, and absolutely 
not one case came right, though when the child had anything 
remarkable they always made the cap to fit." 

Darwin, no doubt, gave the true explanation of a great 
many of the alleged cases, When the child is born with any 
peculiarities the mother, guided by tradition, hunts for some 
experience in the preceding months that may explain them, 
If she finds coincidence, then it is popularly accepted that 
she has also found the cause, and so a typical case of prenatal 
influence becomes established, A lover of art wills that her 
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child shall excel in art and her assiduous practice during 
pregnany seems rewarded when to her great joy it is 
demonstrated that the child has artistic talent. She decides 
naturally enough that the effects of prenatal culture have 
been demonstrated. But even though she had not devoted 
many hours of the day to practice and of the night to 
dreams, even had she spent this time in cultivating thoughts 
of hatred towards everything artistic, would her child not 
have been born equally well endowed with the artistic 
talent? The geneticist thinks so, holding that the course 
of the expression of hereditary factors cannot be controlled 
in any definite way by any act or attitude of the mother. 
This does not imply that in the case of the human, 
the social inheritance-the environment in its broadest 
sense-cannot and does not condition the expression of 
the genotype in which there may be factors for mental 
characters. Turning to the alleged influence of maternal 
impression in the case of the domesticated animals, it can 
be stated with confidence that a fuller knowledge of the 
pedigree of the biblical herdsman's stock would provide a 
truer explanation of his results. Possibly he knew the 
history of the herd, had observed the variations which were 
frequent, and took advantage of the credulous and unobserv
ant in order to add to his reputation. The occasional birth 
of a red calf in a black herd is to be taken as evidence that 
among the black some are heterozygous and that red was 
used during the formative stages in the history of the herd. 

The practice of allowing for maternal impression at the 
time of service is rather a different matter, for in the cases 
so far dealt with the effect is supposed to occur fairly. late 
in pregnancy, which rather increases the difficulty of taking 
the suggestion of maternal impression seriously, for the 
experience is encountered at a time when the development 
of all the main parts of the fcetus is already completed. It 
is known that most errors of development such as lead to 
the production of marked physical defects are due to some 
cause within the embryo itself, and that most of them become 
expressed during the first few weeks of intra-uterine life 
when the mother is not aware that she is pregnant But in 
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these cases of alleged maternal impression at the time of 
service it is certain that a full knowledge of the pedigree 
of the beasts concerned would remO\'e the need to con~\dcr 
anything so hypothellcal. 

There is always the difficulty of the mechanism of this 
influence: there is no direct communication twixt the mother 
and fcetus. How then can one strain credulity and imaginl: 
how a mental impression can become accurakly reflected upon 
the embryo offspring? This scepticism is justified. Maternal 
impressions are not facts but superstitions born of an l.ln~ 
scientific attitude on the part of thc popular mind towards 
outstanding isolated instances. Remembrances of stratlgc 
coincidenccs are longest borne in mind, the ordinary is 
unremarkable and is overlooked. 

Reversiofl. 

Reversion is the term used to dcfine the reappearance 
through inheritance of some character or combination of 
characters which was not exhibited by the generatir,ns 
immediately preceding, but which had been borne by a 
more remote though not hypothetical ancestor. An instance 
of what would be popularly regarded as reversion is the 
result of mating the miniature and vestigial forms of 
Drosophila. Miniature wing is a single-factor recessive 
mutation which arose in a normal long-winged culture: 
vestigial wing is another. When a vestigial-winged female 
is mated to a miniature-winged male the progellY all 
bave long wings, the form characteristic of the ancestral 
stock. The explanation is that in the miniature-winged 
fiy a mutation had occurred in the locus M which cbange 
in no way affected the locus V; in the vestigial race a 
mutation had occurred in the locus V without affecting the 
locus M. The vestigial fly has the constitution vvMM, the 
miniature the constitution VVmm, and when the two are 
mated the resulting constitution is VvMm, so that the 
characters of the original wild form are reproduced. This 
is the principle on which reversion in hybridisation depends, 
and other cases differ from the above only in the number 
of factor differences involved_ 

y 
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It is necessary to distinguish between cases of reversion 
and certain conditions which resemble it. If the normal 
development is arrested during embryonic life the individual 
may not be perfect in all its parts. A child is born with 
a harelip, for example, but this does not mean that here is 
a case of reversion: there has been no harelipped type in 
the human ancestry. The case is one of arrested dC"elop
ment, of failure of certain embryonic stages that are essential 
to the proper development of the human lip. Then there 
are certain vestigial structures, such as the gill-clefts of 
mammals, the remains of the pelvis and hind limbs in the 
cetaceans which have not yet disappeared phylogcnetically. 
They may be alacking for many generations and then 
appear but they arc not instances of reversion, their appear
ance is still quite normal. According to the definition 
given, the ancestor must be real and not hypothetical. 
Polydactylism, for example, does not indicate that there 
has been in the lineage of the individual an ancestor with 
more than five digits: there are simpler explanations of 
digital abnormality than this. A man's great-great-grand
father may have been a noted drunkard, but though the 
man himself drinks unwisely it does not necessarily follow 
that this is a case of reversion. A man may become a 
drunkard through his own initiative, he may acquire a 
habit just as did his ancestor in somewhat similar 
circumstances. 

Atavism is the term used to define the phenomenon in 
which by skipping a generation a particular character in the 
offspring is unlike the corresponding character in the parents 
but, instead, resembles the character in one of the grand
parents. A study of any P l' F

" 
and F2 examples will 

supply the factorial interpretation of this. Reversion is 
most commonly illustrated in the F, of a cross, but instances 
are known in which it does not appear until F 2• Such a 
case is that of the single comb in the Pea and Rose comb 
experiment in which the single comb resulted from the 
bringing together of two complementary factors which had 
become separated during the evolution of the different 
breeds. 
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Tilt, Transmissi(l}l I!l A Ivuiuti L '/Itlr(ldrrs. 

An acquired character is a new specific mmlification of 
the soma impressed llPon the organism by a known agt'nc)' 
in the environment or in the cxcrci~~ of bodily functioll. 
The possibility of its transmis.sion implies tbat this character 
acquired by the lJarent reappears in the offspring in the 
absence of the action of the agency which determined its 
production in the preceding generations. The notion of 
the inheritance of acquired characters grew up lOl1g before 
the cellular structure of organisms was recognised, dating 
back to the time of Aristotle at least, and whell it was first 
recognised that the germ-cells arc sq)aratcci from those 
which give rise to the body tissue at a very early stage of 
development the discovery naturally proved a shock to the 
minds of a generation which vaguely thought of the re
productive elements as an offshoot from the parcnt body. 
The precise question at issue is whether a structural change 
in the body induced by some change in use or disuse or 
by some change in the environment can so affect the germ
cells in a specific or representative way that the offspring 
will, through inheritance, exhibit even in some slight degree 
the modification which the parent acquired. 

That the influence of the somatic metabolism on the 
germ-cells is of a very restricted character is readily seen 
from a series of experiments by Castle and Phillips (Fig. 
67). On 6th January 1909, the left ovary was removed 
from an albino guinea-pig, then about five months old, and 
an ovary of a pure black guinea-pig about one month old 
was fastened near the tip of the uterine horn, distant a 
centimetre or more from the site of the ovary removed. 
One week later, 13th January, a second operation was 
performed in which the right ovary of the albino was 
removed, and in its place was ingrafted an ovary of a 
second black guinea-pig of the same age as the first but of 
a different ancestry. After the albino had fully recovered 
from the second operation, she was placed· with an albino 
male with which she remained until her death about a year 
later. On the 23rd of July, 198 days after the operation, 
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she gave birth to two female young. One was black but 
bore a few red hairs, the other one was likewise black but 
had some red upon it and its right foot. was whit.e. On 
15th October 1909, the grafted albino ' bore a third young 
one, a male which like those previously born, had a few 
red hairs interspersed with black. On 1 Ith January 1910, 
the grafted albino was observed to be pregnant for the third 
time and this time she was very large. Unfortunate1y, on 
2nd February, she died of pneumonia with three full-grown 
male young ill IItero. The skins of these animals were 
saved: like the other three they were black but with a few 

• ~ .. ..• , , ..... 
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• FJG. 67. (After Castle.) 

red hairs among the black ones; they bore no white hairs. 
A daughter of the grafted albino was mated with the albino 
male, her father, and bore three young, two of which were 
albinos and one black with some few red hairs. If she had 
been the daughter of a pure black mother instead of a grafted 
albino, she would have been expected to have produced black 
and albino offspring in equal numbers. The observed result 
was the nearest possible agreement with this expectation, A 
control mating of the male albino was made with a female 
of pure black stock. As a result there were produced two 
litters of young, including five individuals, all black with 
red hairs interspersed. This result shows that the red hair 
found on the six young of the grafted albino was due not 
to the Ioster mother infiuence of the grafted albino but to 
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the influence of the male pan'n!. The young of the r,rafted 
mother were in colour exactly what the bl;lck guinea~pig 
which furnished the graft might ha.ve been cxpcctc(l ttl bear 
herself, had she been mated with the male instead of being 
sacrificed to furnish the graft; the white foot borne by one 
of the young is no exception to thi~ statement. Spotting 
characterised the race of guinea.pigs from which the father 
came; he was himself born in a litter which contained 
spotted young, whereas neither the pure· bred black race 
that furnished the graft nor the albino race that received 
it was characterised by spotting, Inasmuch as the off.spring 
of albino parents are invariably albinos, it is certain that the 
six pigmented offspring of the grafted albino female were 
all derived from ova furnished by the introduced ovarian 
tissue taken from a black guinea~pig. This tissue was 
introduced while the contained ova were still quite immature 
and it persisted in its new environment for nearly a year 
before the eggs were liberated which produced the last litter 
of three young. These young, like the earlier progeny, gave 
indication of foster-mother influence in their coloration. 

Other experimental work with more favourable material 
has shown however that it is possible to induce permanent 
adaptive modifications. Jollos (1920) exposed Parama;cium 
to heat and to various poisons. Thousands of individuals 
of pedigreed stock were placed in high temperatures and in 
solutions of arsenious acid or of calcium salts. .Each stock 
started with a sharply marked upper limit of resistance 
which differed for different stocks. By exposing stocks in 
temperatures or solutions above the permanently lethal 
limit but for sublethal periods, Jollos obtained strains the 
resistance of which was markedly raised. High resistance 
was induced by passing through a series of tests of 
gradually increasing severity, This raised resistance was 
never permanent, it was lost by steps-by the same steps 
as those in which it had been acquired. This work of Jollos 
shows clearly that adaptive changes lasting over many genera· 
tions may be induced i that these changes· may be or may 
not be hereditary and that they result when the inducing 
agent is applied when the germ-plasm is in a special state. 



342 DISPUTED BELIEFS 

Embryologists for many years now have been familiar 
with the injurious effccb of alcohol, radium, and of X-rays 
on the chromosomes} causing irregularities in their dis· 
tribution which are reflected in the characterisation of the 
individual. There is no doubt whatsoever that the germ-cell 
can be injured, and that the individual arising from it will be 
abnormal. I t is difficult yet to define how far these injuries 
arc specific and how far general, but the experimental work 
of Stockard (1914) and others show that the organs affected 
as a result of such treatment are just those that are most 
subject to injury, being the most delicate parts of the 
organism. This being so, it is probable that the effects 
of sllch treatment are general and nut specific in their 
action but that those parts which in development require 
the most perfect adjustments are the parts to show the 
effects first. 

By the inheritance of acquired characters it is implied 
that the inhibition or destruction of a character is accom
panied wholly or partially by the destruction of its material 
antecedent in the germ-plasm; and on the other hand, if 
a stimulus of given magnitude is required to call forth the 
production of a given character, the application of that 
stimulus to the parent implies the possibility of evoking 
the corresponding character in the offspring with a stimulus 
of smaller intensity. Concerning the first proposition no 
general affirmative can be seriously put forward. However, 
in view of Guyer and Smith's experiments it would be an act 
of some temerity to adopt a wholly negative attitude to the 
question. Guyer and Smith (1920) took the lenses of rabbits' 
eyes, pulped them in Ringer's physiological salt solution and 
injected small amOUl)ts of the resulting fluid into domestic 
fowl. After the lapse of some weeks the serum of the fowl's 
blood became "lens-seusitised," ,:e., it now possessed the 
power of destroying the lens of rabbits' eyes (and nothing 
else). Small quantities of this serum were then injected into 
pregnant rabbits. The mothers were unaffected, for in the 
adult the lens has practically no blood-vessels by which the 
serum could reach it, but in the case of the developing 
fretuses the lenses were affected and the young were born 
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with diminished or completely aborted lcJ"es and rei ina'. 
Some of these survived and were mated to give rbc to 
young some of which showed the dtfect. \\'ithout any 
further exhibition (..f lcns~sellsjthcd serum the deff-xt was 
transmitted through ~ix ~cncrations. In tW(1 cases. an 
affected male mated with a normal doe pruduccd young 
with the defect, Guyer and Smith .suggest that <I the 
degenerating eyes are th('m~elv("." directly or indirectly 
originating antibodies in the bl<)od~scrum of their bearers 
which at times affect the germ-cells. As the transmission 
was equally potent in the male and the female side in 
crosses with normal individuals, there is no reason to doubt 
that a genuine germinal change had been produced." 

Whether the change was first produced in the soma of 
the embryo and, secondarily, impressed on the germin,1 
constitution or produced concurrently in both is not clear. 
It is pointed out that the mothers which were injected 
during pregnancy on subsequent matings produced br<}od, 
without eye defects. J\nd it might be argued from this that 
if the lysin acted on the germ-cell., of the embryo and upon 
its eye rudiments concurrently, it would be expected to act 
equally on the germ-cells of the muther, which in fact it docs 
not do. But then if the lysin injected into the mother 
circulates freely in the embryo, why do not the chemical 
substances set free by the destruction of the lens on the 
alternate view equally affect the germ-cells of the mother 
and embryo? The failure of the destruction of the lens of 
the embryo to influence the germ_cells of the mother on the 
Lamarckian view is as difficult to interpret as the failure 
of the lysin to act on the germ-cells of the mother on the 
Weismannian view, unless a not inherently repugnant 
assumption is made in the case of the female, that the 
germ-cells are more susceptible in the embryo than in the 
adult. But if such an assumption is made the critical value 
of the experiment is at once invalidated. It is to be noted 
that the test which Guyer and Smith made to see if the 
germ-cells of the mother were affected, the mating of the 
mother to an unrelated and un infected male was not a 
proper test. The Fl contained no defective individuals. 
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But this is not remarkable if the eye defect character was, 
as it appears to be, a recessive. 

Similar experimental work has been carried out more 
recently ill this country by Huxley 'and Carr Saunders 
(1924). They obtained purely negative results. Guyer and 
Smith, however, have published further data (1924) con
firming their earlier conclusions. For the present it must 
be understood that these results of Guyer and Smith, 
suggestive as they are, must not be used as the jumping
off place for generalisations concerning the inheritance 
o( acquired characters. General principles must needs rest 
on a larger body of ascertained fact. The explanation 
offered by Guyer and Smith requires that there shall either 
be identity or a great degree of resemblance between the 
protein of the lens and the protein of the genes upon which 
lens {ormation is based. The lens protein must resemble 
the "lens formation" gene protein more than the protein 
of any other gene. This may be so, but it is difficult to 
imagine the chemical correspondence between many of 
the characters of Drosopbila, for example, and their corre
sponding genes. And in any case this conception implies 
a considerable degree of preformation and preformation 
itself is no longer a safe foundation upon which to build 
a theory. 

In any case, it must be conceded to Guyer and Smith 
that there are indications of "some constitutional identity 
between the substance of the mature organ in question 
and its material antecedent in the germ." It is of interest 
to note that the germinal change which Guyer and Smith 
were apparently able to establish behaved as a Mendelian 
factor. 

Exact unequivocal experiments to test the question of 
the transmissibility of somatic modification are exceedingly 
difficult to devise and their results unfortunately are always 
capable of interpretation in more than one sense, since 
interpretation so often depends upon the point of view. 
Cunningham carried out certain work with flatfish. The 
young flatfish is pigmented on both sides of the body, but 
later when it settles on one side the pigment on that side 
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disappe«rs. Cunningham (1904) kept young fish in an 
aquarium lighted from below, and found that although the 
pigment disappearerl from the underneath surface of the 
fish it later began to return. The disappearance of th,' 
pigment although exposed to light proves that the loss is 
hereditary; its rdurn on continued exposure to light is 
interpreted by Cunningham as indicating that its disappear
ance was due to absence of light and had become hered
itary since the process could be reversed. The evidence, 
is presumptive and does not amount to absolute proof. 
The asymmetry of the flatfish is the result of the habits 
acquired by its ancestors, according to the Lamarckian view. 
Since these ancestors lay on their sides one eye became 
useless, but as the result of the muscles pulling it, in time 
the eye came to be situated on the side of the head that 
is uppermost, otherwise it would have become degenerate. 
So runs the argument, but anything approaching conclusive 
experimental proof is lacking. 

Kellogg (1908) starved silk-worm caterpillars for two 
generations, and found that the third generation even if well 
fed were below the size of the normal stock. But the results 
may have been due to insufficient embryonic nourishment 
and not to a specific alteration of the germ-cells. 

Griffith and Detlefsen carried out an extensive experi
ment with rats which were rotated for several months in 
cages. Some of the young born outside the cage showed 
irregularities in their gait and when tested gave a different 
and specific response according to whether their parents had 
been rotated to the right or left. But as Detlefsen points out 
it is possible that the stock was exhibiting some vertebral 
disease. 

Kammerer (1923) has more recently carried out a series 
of experiments dealing with this question of the inherit
ance of acquired characters. For example, in one of 
his experiments he used the two European salamanders, 
Salamandra maculosa, yellow and black, inhabiting the 
lowlands, oviparous, producing at birth 30. to 40 gilled 
offspring which live in water for six weeks before losing their 
gills and taking to the land; and Salamandra atm, black, 
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living at high altitudes, viviparous, giving birth to pnly two 
young, which, from their birth onward are land animals. 
But if a pregnant black salamander is dissected a dozen or 
more young will be found ill uttl'O, and of these only two 
situated farther back, nearest to the openings of the oviducts, 
are destined to be born, for all the others during the period 
of the mother's pregnancy degenerate and are devoured by 
the hindermost two; these i1l utero possess long gill~ which 
become absorbed before birth. Kammerer kept S. "tra 
under conditions in which they were gradually accustomed 
to more warmth and moisture, and found that the number 
of off<pring produced at a birth increased from two to three 
and four, and} moreover, that these young were born at an 
earlier stage of their development even before their gills are 
absorbed, and that if these young ones are reared under 
these conditions of warmth and moisture they will produce 
even more than four young at a birth, and that these will be 
provided with gills and will take to the water. S. atra, that 
is, assumes the habits of S. lIlacu/osa, and these habits and 
their morphological and physiological basis are transmitted 
to posterity. This, of course, can be interpreted as a case 
of return to an ancestral racial habit in response to environ
mental conditions equivalent to those of the ancestors. To 
counter this abjection Kammerer then subjected S. maculosa 
to conditions of increasing cold and dryness, and found that 
the young produced were fewer in number and were born 
in a more advanced stage of development. In three genera
tions the young number three or four, and the gills of these 
were the merest stumps, and the gill clefts closed, they could 
take to the land at once. S. maculosa had assumed the 
habits of S. atra, and if S. maculosa has the ancestral habit 
of S. atra, those of S. atm cannot be those of the ancestral 
form of S. maculosa. But Kammerer is critical as to the 
significance of these results. He suspects that they may be 
the result of" parallel induction," that the external conditions 
applied (such as moisture) affected the germ-plasm in a 
"direct physical and not primarily physiological manner." 
As an instance of parallel induction the work of Gage (1908) 
may be quoted. He administered the aniline dye sudan II I 
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to fowls; the bodr-fat took up the stain, so did their eggs, 
and so did the chicken, hatched therefrom. 

Ka.mmerer also expcrimentl~d with the" rnidwife" toad, 
A(1'ks (JbSIt'(rt~·lfllS, \~hich differs from a!1 other toad~ in that 
it pairs on land. and the male has no horny pad upon his 
hands, and also in that the eggs of the female arc much 
larger and fewer than in other toads. As the eggs arc laid, 
the male winds the eg-g-strings around hh~ legs and carries 
them about with him for some weeks until the eggs arc 
about to be hatched; he then go"s to the water and the 
tadpoles with covered gills emerge, it., the tadpoles are in it 

stage of de"elopment equal to that of well-grown tadpoles 
of other toads. Kammerer accustomed Alytes to warm, 
dry conditions, provided a water-tank, and found thilt the 
toads began to pair in the water, that the egg - strings 
became slippery and fell off the male's legs into the water. 
In sterile water some few of the eggs hatch out and the 
resulting tadpoles having attained the mature toad stage 
will readily pair in the water; also the eggs of the female 
are more like those of ordinary toads and the tadpoles 
which emerge from them show a much carlier stage of 
development, actually possessing external gills, though only 
one on each side as compared to the three of ordinary toad 
tadpoles. But if a third generation is raised under these 
conditions the tadpoles do have three pairs of external gills, 
and the males of this generation have horny thumb-pads. 
Kammerer has raised six and se\ren generations and found 
that the pad increased in size and definiteness up to the 
5th generation, after which it remained stationary. 

Kammerer himself does not regard his Alytes experi
ment as a critical one, however; he does not look upon 
the result as conclusive proof of the inheritance of acquired 
characters, since it is possible to interpret the pad as the 
result of parallel induction or even as an instance of the 
expression of a character conditioned by external stimuli. 
According to this latter view, Alytes possesses the factorial 
basis for pad-development, but the question as to whether 
the pad will or will not develop is decided by the kind of 
environmental stimuli which play upon the individual-
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warmth encourages the toad to stay in the w2ter, and this 
habit encourages the expression of the pad. 

In one of the specimens exhibited in this country the 
"thumb-pad" was examined by Batesotl (1923), who found 
that it was not at all like the pad of the ordinary toad, and 
moreover that it was situated in the wrong place. Bateson 
points out that the broad dark mark in this specimen ran 
across the palm of the hand, and that the rugosities to be 
effective must be on the backs and radial sides of the digits, 
round the base of the thumb, on the inner sides of the 
forearms, but not on the palms of the hands. Bateson 
maintains that until Kammerer's observations have been 
clearl)" demonstrated and confirmed (hey cannot be accepted 
as experimental proof of the inheritance of acquired char~ 
acters. MacBride (1923), on the other hand, is satisfied 
that Kammerer's experimental results and interpretations 
are critically sound. 

Environmental conditions can modify the development 
of inherited characters, of that there is no doubt. Experi
ments have demonstrated that such environmental factors as 
the kind of light, red or white or blue, for example; the 
temperature, the amount of moisture, and the kind of food, 
definitely ;"fI"Cllee the development of inherited characters. 
It is known that in such cases these agents actually condition 
the development of the inherited characters. For example, 
it is well known that the kind of food supplied to the larva: 
of bees determine whether the females shall be fertile (queens) 
or infertile (workers). The striking differences in structure 
and instincts of the two classes of females are all conditioned 
by the food provided for the larva. Each larva inherited 
the capacity to react in either, according to the stimulus 
supplied. A characterisation may indeed entirely falsify 
the genotype. .. Eyeless" in Drosophila is a case which 
illustrates this. Most individuals in a genetically homo
zygous eyeless stock have no eyes. As the stock gets older 
more and more flies that emerge have eyes, and after a time 
an increased number of flies have both eyes present and of 
nearly (ull size. However, when these are interbred they 
give the same results as do their eyeless relatives. The 
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characterisation IS subject to environmental changes but the 
variations are not transmitted. Reference to Johannsen's 
brmjant analysis in the course of his II pure-line" work of 
the non-inheritance' of individual differences due to differ
ences in the environment will show that whilst much 
individual variability is due to minor genetic factors and is 
inherited, much i~ due to environmental causes and is not 
inherited. 

Not content with any of his previous material, Kammerer 
has chosen in his more recent experiments the Ascidian 
Ciol/a i"testinalis. He cut off the two siphons and found 
that they grew again to become somewhat larger than before, 
and that repeated amputations resulted in very IOllg tubes 
indeed. The offspring of such individuals had siphons longer 
than usual. In order to preclude the criticism that this was 
but another instance of parallel induction, Kammerer cut 
off the hinder end of the body in which the hermaphroditic 
sex-gland is situated at the same time as the siphollS were 
amputated. Regeneration occurred and a new sex-gland 
was formed from somatic tissue, and the offspring of these 
individuals were longer siphoned than usual. Kammerer 
argues that as the new germ-plasm is developed from the 
soma in this case, and as the development of the new 
sex-gland occurs when the disturbance following the amputa
tion of the siphons has ceased, the change in the germ-plasm 
can have come from nowhere but from the changed body. 
This experiment and its results are extremely suggestive, 
but it has to be recognised that the bionomics of the material 
are not thoroughly known. For critical results it is necessary 
to employ pedigree stock in which the ordinary range of 
variation in characterisation is known. 

Munro Fox (1924) has repeated the Ciona experiments 
only to find that in none of the animals operated upon 
was there any further growth of the siphons after the 
original length had been reattained. He points out that 
it is an established fact that abnormally long siphons can 
be grown by keeping t.he animals in suspens~on of abundant 
food. 

Pavlov (1923) has recently reported the results of certain 
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work which bear upon this question. Using mice he has 
studied the possibility of the effects of training in one 
generation being transmitted to the next. The food instinct 
is an inborn association between stimuTations of the senses 
of smell and sight and certain movements and secretions. 
But another kind of stimulation which has no inborn 
relation with the food reaction may be interpolated in 
the instinct-for example, the mouse can be trained to 
associate feeding-time and food with a particular musical 
sound of a gil·en rate of frequency of \·ibration per second. 
After a period of training this sound alone will prod uce the 
same reactions as did the sound plus food. Pavlov calls 
such artificially induced association as this "conditioned" 
instincts as opposed to the inborn unconditioned instincts. 
Pavlov trained white mice to run to their feeding-place 
when they heard an electric bell. Three hundred lessons 
were required to perfect this conditioned instinct. But their 
offspring required only 100 lessons, and the third generation 
only 30, and the fourth only 10, and the fifth only 5. If 
this is so, then soon a generation should be born that will 
run to the feeding-place on hearing the bell for the first 
time. 

This is very suggestive, but more details are necessary 
before its exact value can be assessed. Possibly mice differ 
greatly among themselves in their responsh·eness to any 
given stimulus; perhaps if a thousand mice were trained, 
one or two might learn their lesson after t\l"O lessons, One or 
two really dull Ones after 2000 or more. Perhaps degrees of 
responsiveness are hereditary characters, and are transmitted 
so that mating of selected individuals would yield progeny 
which in this matter showed great advance upon the gen"ral 
level of the whole mouse community. The experiment 
should be repeated by· a geneticist. Pavlov's conclusions 
are directly negatived by the results obtained by Vicari 
and MacDowell (1921), Bagg (1924). These three invest
gators working independently have secured 110 data that 
support the suggestions that the improvement based on 
training is inherited. 

In the goldfish there are many extraordinary characterisa-
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tions) many of them apparently pathological in nature and 
true-breeding. The Cause of these mutations is hotly debated. 
Ryder (I ~93) holds to the opinion that th~}' arc due to 
disturbance;) durinf! the ca.rly stages of develupment. It is 
a fact, however, that as yet similar abnormalities experi
mentally produced have not proved to be inherited, and it 
is difficult to understand how such treatment could influence 
the germ-cells in such a specific manner that the abnormality 
was perpetuated. Tornicr, supported by MacBride (1~24), 

concludes that the abnormalities ".re the inherited results 
of improper environment, such as lack of oxygen and fooo, 
which upsets the normal physiological balance of the incli
vidual. The more recent results of [{ance (1924) do not 
support Tornier's conclusion that the goldfish supplies a 
good case for the inheritance of acquired characters, and the 
abnormalities arc interpreted as mutations. 

The work of Jollos, and of Sturtevant and Morgan (who 
have recently shown that in Drosophila mutation i" in the 
case of the reverse mutation bar to normal, associated with 
crossing-over at or about the locus of the gene which 
mutates) places the question of the inheritance of acquired 
character on another level altogether. The problem is now 
that of the experimental modification of the germ-plasm, and 
it is established that the germ-plasm can he so affected by 
agencies of a general noxious character so that the effects 
of such treatment are transmitted. It should be stated in 
conclusion that nothing would receive a greater welcome 
from every geneticist than a clear-cut demonstration of a 
specific acquisition being inherited intact. There is no 
prejudice against the possibility of the inheritance of an 
acquired character: but it is necessary to recognise that 
the .. will to believe" in the inheritance of acquired char
acters is an understandable feature of human behaviour, 
and one that must be checked. It may be expected that 
soon means will have been devised by which specific altera
tions of the genotype may be produced experimentally. 
When this has been achieved the problem of the inheri
tance of acquired characters will take on a new complexion. 
The work of Mavor (1924) is of particular interest in this 
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connection, for he has shown that treatment of the indivi
dual with X-rays definitely increases the proportion of 
non-disjunctional offspring, and that the linkage relation of 
two genes can be disturbed by the same agency. Refine
ment of technique may be expected to lead to more localised 
control of the chromosome mechanism, and ultimately, 
maybe, to specific mutation. 
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