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PREFACE 
THERE is probably no teacher of medicine who does not stress 
the importance of hereditary constitution as one of the factors . 

to be considered in discussions on the causation of disease, and 
for nearly forty years now the science of genetics has been 
advancing with smooth and rapid strides. Yet it is to be 
feared that many medical men and many senior students are 
acquainted with vague generalities only, or are equipped with 
a somewhat uncertain knowledge of Mendelian laws which 
they would find it difficult to apply with confidence. 

The medical student, during his pre -clinical work, receives 
instruction on elementary genetics. It is not at this stage that 
the trouble arises (except, to express a personal view, that it is 
very difficult, if the traditional and historical approach is 
adopted, to expound the subject adequately in the limited 
time available). What is so often, lacking, during the clinical 
and post- graduate years, is guidance in the application of what 
was initially learned to the practical problems of the causation of 
abnormality and disease. This book is an attempt to remedy 
the deficiency. It is addressed primarily to the senior student 
and the clinician, but it is hoped that it may also be of interest 
to some of those who are concerned with other aspects of human 
biology. And it would be a source of particular satisfaction if 
any research worker were to decide, as the result of reading it, 
to incorporate a genetic inquiry in his investigations. 

This book follows the accepted plan of clinical teaching. A 
recollection of what was previously learned is not taken for 
granted. Basic principles are restated fully and on this founda- 
tion is built up, not a recapitulation of the science of genetics, 
but an exposition of the applied science of medical genetics, 
dealing with the human subject as observed in the community, 
in medical practice, and in hospital. It is my belief that it 
is the neglect of established principles of medical teaching 
which has been largely responsible for much of the failure to 
assimilate and utilize genetic advances in the past. For a text- 
book of genetics is no more a substitute for one on medical 
genetics than is a text -book of physiology a substitute for one 
on medicine. 
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The historical approach has been entirely abandoned. In my 
experience it is highly unsuitable for imparting the essentials of 
the subject with a reasonable economy of time. An historical 
approach is rarely adopted in books on applied science, and 
after forty years a book on applied genetics need not be made an 
exception. 

The basic principles of the subject, the alphabet of heredity, 
simple Mendelism, must be thoroughly and firmly grasped. 
Unless this is achieved any subsequent discussion is valueless. 
The attempt has been made to reduce these essentials to their 
simplest form by grounding them firmly upon chromosome 
behaviour, and then appealing to first principles in every 
instance. The attempt has also been made, by treating each 
topic in turn from the point of view of the phenomena presented 
in a human population, not only to stress and re- stress these 
basic principles, but at the same time to unfold the first part of 
the story of medical genetics. 

Plant and animal examples have been completely excluded. 
This may seem an unduly rigid limitation. But the expounders 
of genetics to medical men have gone so far to the opposite 
.extreme that it seemed wiser to deny oneself the luxury of an 
occasional plant or animal example, if only to show that the 
subject can be explained without any of them. A medical 
friend remarked recently: `At the first mention of Drosophila 
I close the book.' It is to be feared that this ungrateful senti- 
ment is widely shared. And undoubtedly no one could acquire 
a reputation as a brilliant teacher in the wards if he could 
hardly ever be induced to talk of anything but rats or guinea- 
pigs. 

It has, of course, been unnecessary to include numerous 
genetic topics which have no present human application. The 
subject- matter is accordingly confined to the medical genetics 
of the present day, with a few references to what appear to be 
the probable advances of the near future. Certain sections, 
however, have been printed in smaller type, together with the 
whole of Chapter VI on genetic linkage. These sections include 
some further explanations, and also topics which are theoretically 
important but which have at present no wide practical appli- 
cation, topics a knowledge of which is not vital to an under - 
standing of the essentials of the subject. It is hoped that the 
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book, without these portions, will present, for those who desire 
it, another and a simpler unity. 

A general text -book of genetics includes far more than is 
required by the medical man, but it also includes far less. A 
human population differs in a number of important respects 
from a laboratory population, and any presentation which 
omitted to take this circumstance into account would remain 
academic. There does exist a science, an applied science, of 
human and medical genetics, presenting special features of its 
own and requiring the use of special methods. This science 
has made striking progress in recent years. But many of the 
methods of human genetics are the reverse of simple and a 
considerable mathematical knowledge is required if they are to 
be completely understood. The difficulty of explaining the 
subject in non -mathematical, or almost non -mathematical, 
terms has, however, to be faced. By the use of analogies and 
convenient approximations, by explanations of the nature of 
some problems, by occasional indications as to the methods of 
solution, above all by pointing out the practical consequences, 
I have tried to give the non -mathematical medical reader a 
picture of the present state of medical genetics. Naturally, the 
research worker in this field needs to know much more, but I 
believe it is easily possible for any medical man to learn enough 
to acquire what might be termed genetic intuition, just as he 
acquires clinical intuition ; he will then be enabled to draw 
sensible conclusions from what he observes, and to appreciate 
the possibilities and probabilities in regard to the problems 
before him. 

Many of the conditions used as examples, though fascinating, 
are rare, and the student or clinician would be fortunate if he 
personally encountered more than a small proportion of them. 
Few of us care to think entirely in terms of abstract symbols, 
and it is dull work tracing the transmission of something which 
is little more than a name. Accordingly, in the case of rare 
conditions, descriptions are included, with illustrations where 
appropriate. These descriptions do not pretend to be either 
complete or systematic, but it is hoped that they will provide 
some substitute for the vivid impression which would be made 
by the leading features of each condition, if it were studied in 
the wards or the out -patient department. 
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I have to admit that as a student of genetics from the time 
when the chromosome theory was being finally and triumphantly 
established, I could not entirely avoid some feelings of remorse 
as this book took shape. For it seemed sinful to omit all reference 
to the beginnings of the science and to the stages through which 
it has grown. And although in a book on an applied science it 
is not necessary to explain, as an exercise in scientific method, 
the steps by which conclusions are reached, it seemed revolu- 
tionary that I should describe linkage relations and chromo- 
some maps as a simple consequence of a postulated linear order 
of the genes, instead of establishing that linear order with a 
flourish on the basis of observed ratios. But this is not a text- 
book of genetics and to such text -books the reader must be 
referred for a complete exposition of genetics as an integral part 
of biological science. Text -books of genetics, however, are 
weighty volumes and the time of the medical student and 
clinician limited; accordingly, it was with great pleasure that 
I read a very small book which appeared while this book 
was being written. This is E. B. Ford's Study of Heredity 
(Thornton Butterworth. Home University Library of Modern 
Knowledge, 1938). Any reader of my book who feels that he 
would like to have a short, straightforward account of the 
present position of the science of genetics, particularly in 
relation to biology as a whole, cannot do better than read this 
concise and lucid essay. 

It will, of course, be realized that no attempt has been made to 
write an encyclopaedia. Examples have been chosen from the 
point of view of their suitability as illustrations of particular 
topics. Many important inherited abnormalities, and many 
important diseases in whose causation heredity plays a signifi- 
cant part, are not mentioned. I believe that the time has now 
passed when it was possible to present in a single volume, 
system by system, an adequate account of even the chief 
inherited human abnormalities. This book deals with principles 
and is intended to be an introduction to those works which 
give long lists of inherited conditions and expound the role of 
heredity in the production of numerous diseases. Many of these 
books of the present day are good, but progress is so rapid that 
the encyclopaedias of the near future will greatly surpass them. 
In the not distant future the medical man, having learned the 
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principles, of the subject from a book somewhat like this one 
(but doubtless greatly improved), will be able to look up in the 
appropriate specialist volume any condition in which he is 
interested and there find a crisp, clear, and adequate summary 
of what is then known in that particular instance. I should 
have liked, however, had it been possible, to have included more 
examples of inherited abnormalities ; in this connexion may I 
advise the reader to glance through (not read, for it is primarily 
a work of reference) E. A. Cockayne's Inherited Abnormalities 
of the Skin (Oxford University Press, 1933). I know of no 
other work in English which gives so good an impression of the 
immense number and endless variety of inherited conditions. 

In view of its primary purpose every effort has been made to 
simplify the text by the avoidance of footnotes and details of 
the source of work quoted, apart, of course, from the names 
attached to borrowed illustrations and reproductions of pedi- 
grees. It is desired, however, to associate authors' names with 
their work, and it is realized also that some readers may wish to 
have references to the sources of the material used. In the 
section `Sources of Material' (page xix) will be found full details 
of the source of illustrations, pedigrees, quotations, and of state- 
ments and results given in the text. They are arranged in order 
opposite the appropriate page number. The reader who wishes 
to discover the source of any material has only to turn to this 
section and look up the number of the page he is reading. 
The references are intended to serve as a starting -point to the 
literature and have been limited as far as possible. Consequently 
in most cases only one is given for each topic ; this is usually the 
most recent and is not necessarily the one principally consulted ; 
actually a few very recent ones were substituted after the 
manuscript was written. Where possible, comprehensive reviews 
have been chosen. 

No attempt has been made to include references for the 
general background of the book. Of course my indebtedness to 
such writers as R. A. Fisher and J. B. S. Haldane, to mention 
two of the most eminent in this country, will be sufficiently 
obvious to every student of the subject. But apart from the 
difficulty of giving specific references for general statements, I 
have refrained for another reason. It may well be that owing to 
a failure in comprehension on my part, or because of unwise 
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attempts to draw further deductions, or to attain undue simpli- 
fication, I have on occasion misinterpreted those distinguished 
authorities, and, were I to quote their names in connexion with 
general statements, I might appear to attribute to them opinions 
of which they would not approve, and for which I alone am 
responsible. 

It is a pleasure to acknowledge my indebtedness to those who 
have helped me in the preparation of this book. My friend Dr. 
A. L. Taylor was good enough to read through the manuscript 
and I owe far more to his keenly critical and helpful suggestions 
than I can persuade him to admit. Three friends contributed 
certain admirable illustrations, hitherto unpublished ; Dr. H. G. 
Garland provided Fig. 14, illustrating Osler's disease (together 
with some observations quoted on page 32, also unpublished 
hitherto) Dr. J. T. Ingram Figs. 67 and 68, illustrating epider- 
molysis bullosa ; and Dr. R. M. Norman those of Fig. 32, illustrat- 
ing juvenile amaurotic idiocy. I am indebted to Dr. R. J. A. 
Berry for many helpful suggestions, and to Miss Joan Nethercot 
for her careful work throughout all stages of the preparation 
of the book. The form of the pedigrees is, with certain differences, 
essentially that suggested by the Eugenics Society, and pub- 
lished by them under the title of How to Prepare a Family 
Pedigree; for permission to use their scheme in this way I am 
much indebted to the President and Council of the Society. 
Finally, I owe a special debt of gratitude to Mr. G. T. Hollis, 
Medical Editor to the Oxford University Press, for resolving 
many problems and for doing so much to make the production 
of this book a pleasant task. 
BRISTOL, January J. A. F. R. 
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CHAPTER I 

THE BASIS OF ORGANIC INHERITANCE 

Chromosomes and genes. 
A HUMAN being originates in the union of two sex -cells or 
gametes, the ovum and the spermatozoon. To the fertilized 
ovum is brought by the gametes all that the new individual 
inherits organically from his or her parents. The hereditary 
potentialities present in this single cell are unfolded, as cell- 
divisions succeed each other, in an environment first prenatal 
and then postnatal, free to vary at all stages within narrow or 
wide limits. The child, and finally the adult, is what he is at 
any time during his existence because of the hereditary consti- 
tution which he originally received and the nature of the en- 
vironment in which he has existed up to that time. 

The fertilized human ovum contains in its nucleus forty -eight 
filaments called chromosomes, arranged in twenty -four pairs, 
which can be made visible at certain stages by appropriate 
staining methods. The hereditary constitution of the individual 
depends upon hereditary elements called genes, arranged in a 
linear manner along the length of the chromosomes. Fig. 1 

shows the chromosomes in the nucleus of a human cell. 
The fertilized ovum divides, giving rise to two daughter - 

cells, and, as the result of repeated cell -division, the new indi- 
vidual grows and develops. Cell -division is an intricate process, 
but for our purposes in this book it is sufficient to remember 
only a few simple facts. What concerns us is the behaviour of 
the chromosomes and of the genes they carry ; the features of 
this mechanism which it is necessary to recall in order to under- 
stand hereditary transmission can readily be represented in 
diagrammatic form. 

When the fertilized ovum divides, each of the forty -eight 
chromosomes divides too, splitting longitudinally, one -half of 
each chromosome passing to each daughter -cell. The genes 
carried on the chromosomes split also, so that the two daughter - 
cells both contain the very same forty -eight chromosomes, and 
carried upon them in both cases is the very same complement of 
genes. By the time the next division takes place the chromosomes 

E 
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have regained their original thickness, and once again the same 
longitudinal splitting takes place, so that the grand-daughter- 
cells also contain the same forty -eight chromosomes and the 

(<eJL r.%cfIt1' 
fjfl)) »ia««ii I!. 

FIG. 1. Above: The chromosomes in a human cell. x 3000 (Koller). Below: The 
twenty -four pairs of human chromosomes ; a drawing based upon thirteen 

male nuclei. (From Evans and Swezy's Chromosomes of Man.) 
These drawings show the chromosomes as relatively short, thick bodies, which 
is characteristic of the stage just preceding cell- division, during which they can 
be counted and their individual appearance discerned. At an earlier stage 

they are long, thin filaments. 

same genes. Fig. 2 illustrates the behaviour of a single chromo- 
some pair during successive cell -divisions. The other twenty - 
three pairs are, of course, behaving in just the same way. We 
see, therefore, that all ordinary human body -cells contain in 
their nuclei the same forty -eight chromosomes. We see also 
that the chromosomes preserve their individuality as the cell - 
generations succeed each other ; in fact particular chromosomes 
may be recognized by their size and shape. 

The chromosomes in the reduction division and fertilization 
-the basis of genetics. 
When the gametes, the ovum and the spermatozoon, are 

formed, cell -division of .a special type takes place ; this is called 
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the reduction division. Instead of the forty -eight chromosomes 
splitting longitudinally, as in ordinary division, each pair 
separates into two individuals, one of these passing to each of . 

the two daughter -cells produced. An ovum or spermatozoon, 
therefore, contains in its nucleus one member from each pair, 
that is, twenty -four single chromosomes. 

When the ovum is fertilized by the spermatozoon, each 
chromosome from the spermatozoon finds and pairs up with its 
corresponding partner from the ovum ; and so we reach again 
the fertilized ovum with its full somatic number of forty -eight 
chromosomes, of which twenty -four have been contributed by 
the mother and twenty -four by the father. This will remain 
the number in the cells of the new individual until he or she in 
turn forms gametes and the whole process is repeated over again. 
Fig. 3 illustrates the behaviour of a single chromosome pair in 
the reduction division and fertilization. The same is, of course, 
true of the other twenty -three pairs. 

The behaviour of one particular pair of chromosomes, called 
sex -chromosomes, requires, however, a fuller description ; this 
will be found at the beginning of Chapter IV, which deals with 
sex -linked inheritance. 

In order to understand genetics this is all that need be 
recalled about the complex processes of cell -division, the forma- 
tion of the gametes and fertilization. The facts which must be 
remembered are very few and very simple, but it is quite impos- 
sible to emphasize too strongly their fundamental importance, 
for upon them depends the whole hereditary mechanism. It is 
inadvisable and quite unnecessary for the student to memorize 
Mendelian ratios as mechanical things ; if he will recall the few 
facts given above, he need not remember a single ratio. If he 
will place the hereditary factors appropriately upon the chromo- 
somes, either on paper or in imagination, he can work out the 
results of any mating with the utmost simplicity from first 
principles. Simple Mendelism, the alphabet of heredity, is the 
fundamental basis of genetics, and unless it is thoroughly under- 
stood it is impossible to obtain any useful understanding of 
the role of heredity in the production of defects and diseases. 
It is a subject in which rule -of -thumb methods are entirely 
out of place, for it can be thoroughly grasped by reference to 
these very few first principles. In the next few chapters the 
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consequences of chromosome behaviour are illustrated in the 
human being, and the practical results as we observe them in 
a human population are shown as direct deductions. 

Heredity and environment. 
In the study of genetics it is necessary at the outset to have 

a clear idea of what is meant by such phrases as `the roles of 

Fertilized ovum 

Daughter cells 

Grand - 
daughter 
cells 

Fia. 2. Diagram illustrating the behaviour of a smgle 
chromosome pair at successive somatic cell -divisions. 

heredity and environment' or `heredity as a factor in aetiology'. 
A living thing without an heredity is as unthinkable as one with- 
out an environment ; it is upon the complex interactions of both 
that the result depends. In medicine; however, as in human 
biology more generally, what often concern us practically are 
the differences between individuals: the difference between tall 
and short people ; between colour -blind people and those with 
normal vision; between those who are haemophiliacs and those 
who are not ; between those who contract pneumonia and those 
who escape it. Just as in the case of the human being as a whole, 
such a difference must be the end -result of a long process of 
interaction between heredity and environment, of the unfolding 
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of hereditary potentialities under the impact of environmental 
stimuli. Nevertheless, for practical purposes, distinctions can 

FEMALE MALE 

H H 
Somatic division I 

H H H L 

Reduction division 

\ \ 
Gametes 

[1 [1\ 

/ 
[1 

Fertilization 

New Individual 

Somatic division \ 
[I [1H 

Fm. 3. Diagram illustrating the behaviour of a single chromosome 
pair during the reduction division and fertilization. 

be drawn; the blood group to which a person belongs, the 
colour of his eyes and whether he is an albino or not, all effec- 
tively depend upon his hereditary constitution alone. What is 
meant by this is that no environmental variations compatible 
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with life, and discovered up to the present time, have any effect 
upon the end -result, which was decided without possibility of 
recall at the moment of conception; the hereditary constitution 
in these instances can be expressed in only one way, and death 
alone can prevent it. 

In other instances heredity and environment can both be 
seen to be contributing effectively to the result. A person who 
succumbs to an infective disease does so because there has been 
a sufficiently massive infection by the causal organism, and also 
no doubt because other associated circumstances happened to be 
favourable to the attack. Individuals, however, show different 
degrees of resistance or susceptibility, and this often depends 
in some measure upon their hereditary constitution. In the 
case of many common diseases not generally regarded as in- 
fective, such as cancer, or arteriosclerosis, or gastric ulcer, or 
many common mental diseases, heredity is undoubtedly an 
underlying factor in their production, though they certainly 
are not to be ascribed solely, or sometimes even principally, to 
this cause. 

It is more difficult to find an example, short of crude trauma, of 
a condition that can with confidence be ascribed solely to environ- 
mental differences. Possibly some infections may behave in this 
way and individuals may succumb quite irrespective of their 
genetic constitution ; environmental influences would then be 
the sole effective cause. It is probable, however, that in the 
case of most infections heredity does play some part, though 
sometimes it may be, for practical purposes, a minor one. 

The above distinctions may be expressed in a slightly differ- 
ent way. An abnormality may occur: 

1. In persons of a certain genetic constitution (or any one of 
several genetic constitutions), always occurring in those 
persons and in those persons only. This is the first case 
described above. 

2. In persons of certain genetic constitutions only, but not 
in all such persons, the co- operation of environmental 
influences being necessary for the exhibition of the trait. 

3. In persons of several different genetic constitutions, but 
with different frequencies in persons of the various genetic 
constitutions : that is, in different proportions of persons 
of the several genetic groups. 
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4. In persons of any genetic constitution, but with different 
frequencies in the case of different constitutions. 

5. In persons of any genetic constitution and with the same 
frequency in any genetic constitution. This is the case 
in which environmental influences are alone effectively 
responsible for the appearance of an abnormality. 

This classification could be elaborated further, but it will serve 
to indicate the picture which may be formed of the ways in 
which hereditary and environmental influences may operate 
together to produce differences from the normal state recog- 
nized as abnormality or disease. 

We shall naturally obtain the clearest picture of the here- 
ditary mechanism if we study, in the first place, those instances 
in which the result is to be ascribed wholly to heredity and in 
which environmental influences play no effective part ; accord- 
ingly, the first part of this book deals with such examples. 
Having secured this clear picture, it then becomes possible to 
consider more complex cases, in which the simple precise working 
of the hereditary mechanism is obscured by environmental 
interactions. 



CHAPTER II 

DOMINANT AND INTERMEDIATE INHERITANCE 

Brachydactyly and the gene responsible for it -with some 
definitions. 

BRACHYDACTYLY is a skeletal malformation in which the hands 
and feet, and particularly the fingers and toes, are shortened. 

FIG}. 4. A brachydactylous hand. (Lewis, after Drinkwater.) 

It is illustrated in Fig. 4. The essential feature of the deformity 
is an incomplete development of the middle phalanx of the 
digits other than the thumb and big toe, this phalanx being repre- 
sented by a shortened and malformed bone which is more or 
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less fused with the base of the terminal phalanx, or which may 
be absent altogether. The bones of the thumb and big toe may 
be shortened, as are the metacarpals, but the metatarsals are 

Fm. 5. Skiagram of a brachydactylous hand, showing the incomplete 
development of the middle phalanx of the digits other than the thumb. 

(Lewis, after Drinkwater.) 

practically normal. In most cases the long bones of the limbs 
are also shortened, leading to a deficiency in stature. A skia- 
gram of a typical brachydactylous hand is reproduced in Fig. 5. 
In the middle finger the middle phalanx is present but much 
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shortened; in the index and ring fingers it is fused with the base 
of the terminal phalanx ; while in the little finger it is hardly 
represented at all. The thumb also is shortened, but both 
phalanges are present. 

Brachydactyly is due to a genetic factor, or gene, carried 
upon one particular chromosome pair out . of the twenty -four. 
As far as is known, no one can suffer from the condition unless 
he possesses the gene ; also, as far as is known, every one 
who possesses the gene suffers from the condition. Brachy- 
dactyly, therefore, falls into that group of abnormalities pre- 
viously mentioned as being due solely to heredity, for no 
environmental variations yet observed are of any significance 
in determining whether a person is affected or not. 

It was pointed out, in the previous chapter that the chromo- 
somes are paired in the fertilized ovum and in the body cells to 
which it gives rise. Therefore the genes carried on the chromo- 
somes are paired too. At a particular and corresponding 
point, or locus, on both chromosomes of the pair involved 
there will be present either the gene for brachydactyly or else 
the far more common normal gene, possessed by normal people, 
which is alternative, or allelomorphic, to it. There are three 
possibilities : 

1. Both chromosomes of the pair concerned may carry the 
gene for brachydactyly. 

2. Both chromosomes may carry the normal gene. 
3. One chromosome may carry the gene for brachydactyly 

and the other the normal gene. 

In cases 1 and 2 the chromosomes are alike, for both carry the 
same gene, and the individual is called homozygous for the factor 
concerned. In case 3 the chromosomes are unlike in this 
respect, and the individual is called heterozygous. 

It is necessary to consider one more pair of terms used in 
genetics before proceeding to study the hereditary transmission 
of brachydactyly. These are dominant and recessive. When a 
gene produces its effect whether it is present either upon one 
or upon both chromosomes of the pair concerned, it is called 
dominant. If it produces its effect only when present upon both 
chromosomes, it is called recessive. Clearly, if a gene is dominant 
its allelomorph must be recessive, and vice versa. The hetero- 
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zygous individual, the heterozygote, is.just the same in appear- 
ance as the homozygote carrying two dominant genes. 

There is, however, another possibility. Sometimes neither 
gene is dominant ; that is, the heterozygote is intermediate in 
appearance between the two homozygotes. In this case there 
is no dominance and recessiveness. In the case of an abnormal 
condition one gene produces an abnormality, while the presence 
of two in the same individual produces a greater degree of ab- 
normality. As will be explained in the next section, persons 
homozygous for a rare gene will necessarily be very few, and 
only the heterozygotes will ordinarily be encountered in 
practice ; for the present, therefore, it is unnecessary to distin- 
guish between dominant and intermediate . inheritance. Con- 
ditions which appear when the gene responsible is present upon 
one chromosome only of the pair concerned are commonly 
called dominant, and the description may be followed in the 
transmission of brachydactyly and the other examples given, 
without for the moment considering whether the effect might 
not be greater if two genes for the abnormality were present. 
This subject is dealt with in the last section of this chapter; till 
then it will be sufficient to consider the conditions described as 
dominant. 

How brachydactyly is transmitted. 
The hereditary transmission of brachydactyly can now easily 

be deduced from the behaviour of the chromosomes as described 
in the first chapter. This is illustrated in Fig. 6. It need hardly 
be pointed out that the chromosomes and genes in Fig. 6 and 
subsequent similar illustrations are diagrammatic ; a chromo- 
some may have very many loci and carry very many genes 
along its length. 

An affected person will always (or practically always) carry 
the abnormal factor upon one chromosome only of the pair con- 
cerned, i.e. will be heterozygous. This is true for a very obvious 
reason. A homozygous affected person carries the abnormal 
gene upon both chromosomes of the pair, one of which has been 
received from each parent. Therefore the abnormal gene must 
have been present in both parents, and as it is dominant it 
follows that both parents must have been affected. Thus the 
affected homozygote can arise only by the mating of two 
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affected people. Brachydactyly is a rare condition and the 
chance of this happening is very small indeed. In the case of 
rare dominant defects therefore, we can conclude that all, or 
nearly all, the affected persons encountered are heterozygous; 
if we observe their parents we shall find that this must be so, 

P arents 

Reduction 
division 

Gametes 

Fertilization 

Offspring 

Affected Normal 

v I 

Affected Normal 

FIG. 6. Chromosome diagram showing the transmission 
of the genes in the mating to a normal of a person 

heterozygous for a dominant trait. 

for almost invariably one parent will be normal and one parent 
affected. 

When the reduction division occurs and the affected person 
forms his or her gametes, the two members of the chromosome 
pair concerned separate, so that, as shown in. Fig. 6, each 
gamete will contain either the chromosome bearing the ab- 
normal factor or the chromosome bearing the normal factor, 
and the two sorts of gametes will be formed in equal numbers. 
Owing to the rarity of the condition, the affected person will 
almost certainly marry some one who does not suffer from this 



DOMINANT AND INTERMEDIATE INHERITANCE 13 

particular abnormality, and who therefore cannot carry the 
gene for brachydactyly: this normal partner must produce 
gametes all of which contain the normal gene. 

When fertilization takes place there are two possibilities : 

1. A gamete contributed by the affected partner, and which 
contains the chromosome bearing the gene for brachy- 
dactyly, may unite with a gamete contributed by the 
normal partner and which necessarily contains a chromo- 
some bearing the normal allelomorph. The result will be 
an individual bearing the abnormal gene upon one member 
of the chromosome pair, i.e. an affected heterozygote just 
like the affected parent. 

2. A gamete contributed by the affected partner and which 
contains the chromosome bearing the normal gene may 
unite with a gamete contributed by the normal partner 
and which also contains a chromosome bearing the 
normal gene. The result will be an individual bearing 
the normal factor upon both members of the chromo- 
some pair, i.e. a homozygous normal just like the normal 
parent. 

As the affected partner produces the two sorts of gametes in 
equal proportions, the expectation from matings of this kind is 
brachydactylous and normal offspring in equal proportions. 
This is one criterion of simple dominant inheritance. 

At the birth of each child from matings of this kind the odds 
are one to one, but affected and normals will seldom appear in 
exactly equal proportions. If we were to toss a coin eight times 
we should not expect to get four heads and four tails at every 
trial. We should not be surprised to obtain quite frequently 
five of one kind and three of the other ; less frequently the dis- 
crepancy would be even greater. If, then, a person with brachy- 
dactyly marries a normal person and has eight children, we 
might find three, four, or five affected, and not very infrequently 
a greater departure from equality. If, however, we observed a 
large number of such families and counted all the affected child- 
ren and all the normals, we should find that the proportion of 
50 per cent. was approached more and more closely as the total 
number increased. 

The genetic constitution of the affected offspring will be just 
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the same as that of the affected parent ; that is, all will be 
heterozygous, carrying the gene for brachydactyly upon one 
chromosome of the pair concerned ; they in turn, when married 
to normals, will give the same result. 

The normal offspring cannot carry the abnormal factor at 
all, and so their children will all be normal ; for if a factor is 
dominant no one can carry it without being himself affected, 
and it cannot be transmitted by a normal person. This 
gives us two more characteristics of simple dominant inheri- 
tance : every affected person has an affected parent, and the 
normal offspring of affected persons have exclusively normal 
descendants. 

A family tree showing brachydactyly -an example of simple 
dominant inheritance. 
Fig. 7 shows a pedigree of a family group in which many 

persons suffered from brachydactyly. The symbols used are 
explained beneath the figure. In this family group little is 
known about the earliest generations, I to III. It is known that 
there were thirteen children in one sibship in generation III 
and that they had an affected father and an affected grand- 
mother. (Sib, or sibling, means either a brother or a sister, and 
a sibship is, a family of brothers and sisters.) The sibship in 
generation III included three affected males and one normal 
male, but it is not known whether the other nine sibs were 
brachydactylous or not. One of the males in generation III, 
III. 2, had six children, and from this time onwards complete 
information is available. 

It was deduced from chromosome behaviour in the preceding 
section that one of the criteria of simple dominant inheritance 
is that affected persons married to normals (as almost invariably 
happens) have affected and normal children in approximately 
equal proportions. Let us see whether this criterion is realized. 
III. 2, who was affected, had six children, four of whom were 
affected. In the next generation three affected persons had 
children ; IV. 1, had one affected child ; IV. 4, had one affected 
child and two normals. IV. 5, had five affected children and six 
normals ; four others were stillborn and the condition of the 
hands was unknown, as it had not been recorded. So far, then, 
the first criterion is being fulfilled. If we make a table showing 
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the offspring of all the affected parents shown in the pedigree, 
the result is as follows : 

Affected parent 
No. of affected 

children 
No. of normal 

children 

III. 2 4 2 
IV. 1 1 

IV. 4 1 2 
IV. 5 5 6 

V. 6 6 5 
V. 8 6 3 
V. 13 2 1 

V. 19 5 5 
VI. 7 3 6 
VI. 14 2 .. 
VI. 15 2 .. 
VI. 17 2 2 

Total 39 32 

The four stillborn children of IV. 5 have been omitted, as it was 
not known whether they were affected or not. 

It would be generally conceded that 39 to 32 is reasonably 
near equality and that a divergence from strict equality of this 
amount would often be encountered when the odds were one to 
one. A more precise examination of this point is made in a 
later section. 

We have seen that a further criterion of simple dominant 
inheritance is that each affected person has an affected parent. 
This, of course, followed directly from the behaviour of the genes 
and chromosomes, for the affected person must have received 
the abnormal gene either from his father or from his mother, 
and, as it is dominant, whichever of them carried it must also 
have been brachydactylous. The above pedigree fulfils this 
requirement, all the affected persons having an affected parent 
as far as the family has been traced, that is, right back to I. 1, 

from whom they are all descended. 
Another criterion is that the normal children of affected 

persons, when they themselves marry normals, have exclusively 
normal offspring. Again this followed directly from the chromo- 
some and gene mechanism ; for the gene is dominant, and a 
Iiormal person cannot carry it upon either chromosome, what- 
ever his ancestry may have been. In the pedigree the normal 
offspring of normal individuals are represented all together by 
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a diamond so as to save space ; the number of normal indivi- 
duals represented by each diamond is written below it. Take 
IV. 2 as an example : she was the daughter of III. 2, an affected 
male, but was herself normal. She had 14 children, all normal, 
and all her grandchildren and great -grandchildren, 21 and 7 

respectively at the time the pedigree was compiled, were normal 
too. In the whole pedigree there are 10 normals, themselves 
children of affected persons, who had children. All the 52 
children were normal, and so were all 29 further descendants. 
This criterion, therefore, is also fulfilled. 

Inheritance from one parent only. 
One further point may be noted in Fig. 7. V. 6 was married 

twice, both times, as would be expected, to normal men. By 
her first husband she had five children, two of whom were 
affected, and by her second husband six, four of whom were 
affected. This emphasizes the fact that in simple dominant 
inheritance, with its almost inevitable mating of heterozygote 
and normal, we are dealing, as far as the particular defect is 
concerned, with inheritance from one parent only. It does not 
matter whom the affected person marries, the result will be the 
same. This is the fundamental distinction between this type 
of inheritance and recessive inheritance, which is considered in 
the next chapter. 

Inheritance from one parent only is tacitly assumed in the 
pedigree of brachydactyly and in the other pedigrees given in 
this chapter, for only one parent is shown in practically every 
case. This, obviously, is because the partners not shown were 
all normal and there was no point in complicating the charts 
with them. In the inheritance of a simple dominant defect any 
normal person is equivalent to any other normal person. 

How to estimate whether a divergence from an expected ratio 
of one to one is of real significance or not. 
It was pointed out that one criterion of simple dominant 

inheritance is that affected persons have affected and normal 
offspring in approximately equal proportions. In the case of the 
family group of Fig. 7, there were amongst the children of brachy- 
dactylous persons thirty -nine affected and thirty -two normals. 
It was concluded that a discrepancy of this amount might 

c 
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easily occur by pure chance. It is possible, however, without 
introducing statistical elaborations, to give this general impres- 
sion a more concrete form. It is a type of problem often en- 
countered in medicine, particularly in regard to the sex- ratio. 
An excess of males, it is claimed, ' or of females, has been 
observed. Is it possible to lay down a simple rule for determin- 
ing whether a deviation from an expected ratio of one to one is 
so small that it might have occurred purely by chance, or is so 
great that the assumption of a 1 1 ratio is unreasonable ? This 
can be done quite easily.' 

If the expected result is one to one, the difference between 
the two figures, less one, is squared and divided by the number 
of observations : then, if the answer is less than four, the result 
could easily have arisen by chance ; but if the answer exceeds 
four, the chances are in favour of the discrepancy being a real 
one. In the case of the figures .just quoted 

{(39- 32) -1 }2 (7 -1)2 36 
39+32 71 71 0 51, 

so that the general impression is confirmed that the difference 
is quite trivial and does not indicate a real departure from 
equality. 

When the answer to the calculation is exactly 4, the odds are 
rather less than 1 in 22 that the discrepancy might have arisen 
by chance ; in other words, if repeated trials were made by 
tossing a coin, a discrepancy equal to, or greater than, that 
observed would be obtained once in a little more than 22 trials. 
A smaller discrepancy would arise so often by pure chance that 
we can safely draw an arbitrary line at this level and ignore 
anything less ; but if the answer to the calculation is as great as 
4, it is becoming likely that the divergence is a real one. Suppose 
that we had obtained, instead of the figures 39 and 32 for the 
offspring of brachydactylous parents, 45 and 26, then 

{(45.- 26) -1 }2 182 324 - 4.56, 
71 71 71 

and we should be justified in stating that it is unlikely that 
the ratio could really be one to one and that the observed 
divergence was purely a chance effect, for a discrepancy equal 

I owe this simple and direct method to Professor R. A. Fisher. 
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to, or greater than, this would arise by chance only once in 
about 31 times. 

If we had obtained 48 and 23, 

{(48- 23) -1 }2 242 576 
71 71 71 - 8.11. 

This is a divergence so great that it would arise by chance less 
often than once in 230 trials, and we should therefore be justified 
in concluding that the hypothesis of a 1 : 1 ratio was almost 
untenable. 

The odds corresponding to various numbers for the answer 
to the calculation are approximately as follows : 

(Difference -1)2 
No. of observations 

4 

Once in 
22 trials 

5 39 
6 70 
7 123 
8 214 
9 370 

The figures in the second column are not quite exact ; they are 
a little too small, the discrepancy becoming less as the total 
number of observations increases. They will serve, however, to 
give a sufficient indication of the chances for practical purposes. 

It will, of course, be realized that a big discrepancy might 
arise by chance, but the likelihood is so remote that some other 
hypothesis is to be preferred. Similarly, the proportions 
observed might happen to fit the hypothesis although it was 
incorrect. In the absence of information from other sources, 
however, this could not be detected : there would be nothing to 
discuss. Any one who experiments with the formula cannot 
fail to appreciate how often energy and space are wasted in 
discussing entirely non -significant discrepancies. 

If the chance of an event occurring is p and the chance that it does 
not occur is (1 -p) = q, and the number of observations is n, then the 
result of repeated trials will be given by the expansion of the binominal 
(p+q)". The variance of np, the expected number, is given by pqn, 
and its standard deviation by Vpqn. It will be recognized that the simple 
rule given above is a direct deduction for the case ( ¡+)"b, the standard 
deviation being .4.1-.n or 1-/n. Yates's correction for continuity leads 
to the deduction of one unit from the observed difference. The answer 
to the calculation gives (dev. /cr)z, so that four corresponds to twice the 
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standard deviation, odds of 1 in 22. Yates's correction over -corrects 
very slightly, so the chances given in the little table above are slightly 
too low, especially with small total numbers. In working with small 
numbers, and especially in the case of ratios other than 1 :1, it is prefer- 
able to use exact methods. This may be done very conveniently by 
using tables prepared for the purpose by B. L. Warwick for 9 different 
ratios and up to 50 observations (Bulletin No. 463 of the Texas Agricul- 
tural Experiment Station, 1932). 

A warning should be given here: a significant discrepancy in the 
pooled data of a number of observers of the transmission of a defect 
may indicate nothing more than bias in the selection of families for 
recording ; for example, those containing many affected being more 
frequently chosen for description. Unless the mode of ascertainment is 
understood, the other criteria of dominant inheritance, together with 
the simple observation that affected persons may have affected or normal 
offspring, are likely to be more reliable guides. 

A pedigree showing that the transmission of a simple 
dominant defect is highly characteristic. 
Dominant inheritance might be called manifest inheritance, 

for whenever the gene is present its effect is produced. A 
pedigree showing the transmission of a dominant defect is a 
picture of actual chromosome behaviour just as if we could 
have observed the chromosomes themselves at each reduction 
division and at each fertilization. Such a pedigree is therefore 
a highly characteristic thing ; provided it is sufficiently extensive, 
there is no doubt as to the nature of the transmission, even 
though the observer does not know of any similar instance. 

Fig. 8. shows a pedigree of alkaptonuria. This is a metabolic 
defect in which the body is unable to break down completely 
tyrosine and phenylalanine, with the result that an inter- 
mediate product, homogentisic acid, appears . in the urine, 
which darkens on standing. There is usually no disability, but 
there may be blackening of the cartilages and ligaments, and 
a chronic arthritis. The condition practically always shows 
recessive transmission, as described in the next chapter, but in 
the one instance, shown in Fig. 8, the gene responsible is 
a different one and is clearly transmitted as a dominant. 
Although this is the only example known of dominant trans- 
mission of alkaptonuria, it can confidently be asserted that this 
one family is different from all the others hitherto described. 

In this respect dominant inheritance differs very markedly 
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from recessive inheritance, for it would be almost impossible to 
deduce recessive inheritance with certainty from a single family 
group, however large. It may be stated here, and will be 
elaborated later, that the direct transmission through three 
generations of an inherited defect (in the absence of the marriage 

I 

n 

III I 2 3 4 5 6 7 8 9` 1011 

1. a 3 4 5 6 7 8 9 W 

V I 2 3 
Fia. 8. Pedigree illustrating the charac- 
teristic nature of dominant transmission. 
The only case in which alkaptonuria was due 

to a dominant gene. (Pieter.) 
(Symbols explained on p. 15.) 

of blood -relatives) is practically diagnostic of dominant in- 
heritance. 

Examples of direct transmission through many generations. 
In the examples so far considered each affected person has an 

affected parent as far back as the pedigree extends. Some- 
times, when full records are available, it is possible to trace a 
defect through many generations. Congenital stationary night - 
blindness provides an example. This is a condition in which 
twilight vision is grossly defective, and, in these cases, the 
defect is present from birth and is not progressive. This serves 
to distinguish it from other conditions in which night -blindness 
is a feature, but in which the abnormality appears later in life 
and becomes progressively more severe. There is no visible 
change in the fundus. 

The following description, written by a man who suffered 
from the defect, gives a vivid picture of the helplessness of those 
affected when daylight has gone and there is no artificial source 
of light. 
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`I have a hand moving in front when in any doubt as to surroundings, 

and when out alone at night I invariably look up to catch the outline of 
trees, &c., against the sky unless the latter to me is absolutely black. 
In what is to me complete darkness I can, without a stick, get along 
fairly well by feeling the contour of the road or the junction of the road- 
way and grass. Naturally I have often come to grief when out alone at 

I 

3 

Ib 26 36 46 56 66 71i 8 

V 
1 2i 3i 41 56 66 76 

SLl 16 26 3 4i 56 

I 211 3® 41i 5 6 ®7 80 911106 116 126136 

i 

l á 1 6 2 6 3 6 416 

FIG. 9. Pedigree illustrating the direct transmission of a 
dominant trait through many generations. A small part 
of the Nougaret pedigree of congenital stationary night - 

blindness. (Bell, after 'Cuvier and Usher.) 
[Symbols explained on p. 

e.g. I three times walked into the canal near my father's house, 
twice in consequence of thinking a certain light was from one lamp when 
it was from another, and the third time because I had gone a little 
farther than I thought. Again, I have walked over a wall and fallen 
six feet into a sunk road ; once when walking fast through a village at 
twilight I cut my face open against a lamp -post, and as a boy I have 
run into many wheelbarrows and iron railings, and even a horse and 
cart standing still. At the same time I have never run into a wall or a 
tree of any size ; I always detect the proximity of such a large solid 
object, sometimes by heat radiating from it, sometimes by a change 
in the air currents, but much more often by sound -the echo of my own 
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footsteps. I can see very few of the stars, I think only the first magni- 
tude, and though I can manage to get about in gas -lit streets I do not 
like doing so unless the ground is wet, and I can then see the reflection 
of the people and vehicles I meet.... I remember once, when I was a boy, 
being out with friends near the sea, in the daytime, when a thick fog 
came on, and as we hurried along through a grass field I suddenly 
stopped and called out ; we all listened, and heard the sea breaking 
below us, the edge of a cliff which we thought a quarter of a mile off 
being a yard in front of us ; I think it was an air current I felt as the sea 
was very calm.' 

Fig. 9 gives an extract from the famous Nougaret pedigree 
of congenital stationary night- blindness. Starting with the 
sibship IX. 1 -4, in which IX. 4 was , affected, the affected 
mother, grandfather, &c., are shown as far as I. 1, covering 
altogether nine generations of direct transmission. The sibs of 
the affected persons in this direct line of descent are also shown. 
The whole pedigree is a very extensive one, all the individuals in 
it being descended from I. 1, Jean Nougaret, who was born 
about 1637. Amongst his descendants who have been traced 
there are no fewer than 134 affected individuals. 

Transmission through an even greater number of generations 
occurred in the case of a family exhibiting phalangeal synostosis 
(synphalangy), a minor abnormality of the fingers and toes. In 
this condition some or all of the fingers and toes exhibit complete 
or partial fusion of the proximal and middle phalanges. Fig. 10 
shows a skiagram of the hands of an affected individual: the 
thumbs and e index fingers are normal, but the ring and little 
fingers show complete fusion, while in the middle fingers there 
is partial fusion. Only very slight movement was possible at 
the affected joint in the middle fingers and none at all in the 
ring and little fingers. Externally there was a slight enlarge- 
ment at the affected , joints and the usual skin creases were 
absent. It was impossible to make the three affected fingers 
touch the palm of the hand. All the toes except the big toes 
were affected. The disability is not a serious one except that 
fine manipulations are rendered more difficult, and some 
affected persons find that a special effort is required in learning 
to write. 

The hands in Fig. 10 are those of `A. H. T.', who was a lineal 
descendant, through fourteen generations, of John Talbot, first 
Earl of Shrewsbury. The first Earl of Shrewsbury, who was 
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born in 1390, was a notable hero of the French wars of the 
fifteenth -century, and figures prominently in Shakespeare's 
Henry VI. He did not, however, meet his death at the time or 
in the manner described with such spirit in the play ; actually 

FIG. 10. Skiagram of hands exhibiting phalangeal synostosis (synphalangy). 
Note complete fusion at the proximal interphalangeal joints in the ring and 

little fingers, and partial fusion in the middle fingers. (Drinkwater.) 

he was captured on that - occasion and lived on for more than 
twenty years, dying in battle at _ Chastillon near Bordeaux in 
1453 while leading his troops against a greatly superior force of 
French. The manner of his death was chronicled in detail: his 
thigh was broken by a cannon ball and he was then killed by a 
blow on the head with a battle -axe. 

In 1874 his tomb at Whitchurch, shown in Fig. 11, was being re- 
paired. A friend of A. H. T., knowing his digital peculiarity, and 
that it was hereditary, made a special examination of the skeleton. 
The truth of the tradition as to the death of John Talbot was 
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confirmed by a broken right femur and a cleft in the upper right 
occipital region of the skull. The finger bones showed precisely 
the same fusion at the proximal joints as that exhibited by his 
remote descendant. Moreover, the sculptor who had carved 

Fm. 11. The tomb at Whitchurch, in the County of Salop, of John 
7th Lord Talbot and 1st Earl of Shrewsbury, a notable hero of the 
French wars of the 15th century. He transmitted to a remote 
descendant, through fourteen generations, the minor defect of pha- 
langeal synostosis. The case was described by Harold Drinkwater, 
physician, of Wrexham, one of the earliest discoverers of Mendelian 

heredity in man. ( Drinkwater.) 

the contemporary effigy had faithfully shown the slight thicken- 
ing at the affected joints. 

The accompanying pedigree traces the descent of A. H. T. from 
John Talbot. As regards other affected persons all that was 
known to A. H. T. with certainty was that his father, his grand- 
father, and one of his half -brothers exhibited the condition. 
His uncle, the eighteenth Earl, was not affected and so, of 
course, could not transmit the condition to his descendants. 
The abnormality is a somewhat trivial one and would probably 
be referred to simply as `stiff fingers,' and occasionally the toes 
only are affected ; accordingly it is not surprising that there 
should be no record, or no record easily available to A. H. T., as 
to whether it was present in the earlier generations. But 
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phalangeal synostosis is very regularly transmitted as a simple 
dominant trait, so not only was it handed down through all 
those centuries, but it is probable that it was exhibited by all 
the twelve individuals between John Talbot and A. H. T. 

John Talbot, 1st Earl of Shrewsbury 
(1390 -1453) 

John Talbot, 2nd Earl of Shrewsbury 
(1413 -60) 

John Talbot, 3rd Earl of Shrewsbury Sir Gilbert Talbot, of Grafton 
(1448 -73) (d. 1518) 

4th to 8th Earls, of Shrewsbury Sir John Talbot, of Albrighton 
(d. 1549) 

Sir John Talbot, of Grafton 
(d. 1555) 

Sir John Talbot, of Salwarp 
(d. 1581) 

9th to 17th Earls of Shrewsbury Sherrington Talbot, of Salwarp 
(d. 1642) 

William Talbot, of Whittington 
(d. 1686) 

William Talbot, Bishop of Durham 
(1658 -1730) 

Charles Talbot, 1st Lord Talbot 
of Hensol 

(1685 -1737) 

John Talbot 
(d. 1756) 'I 

John Chetwynd- Talbot, 3rd Lord 
Talbot of Hensol and 1st Earl Talbot 

(1749 -93) 

Charles Chetwynd- Talbot, 
2nd Earl Talbot 

(1777 -1849) 

Henry Chetwynd- Talbot, 3rd Earl 
Talbot and 18th Earl of Shrewsbury 

(1803 -68) 

19th to 21st Earls of Shrewsbury 

Arthur Chetwynd- Talbot 
(1805 -84) 

A. H. T. 
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Mutation -how new genes arise. 

At this point the question may well be asked whether simple 
dominant defects always extend backwards indefinitely in a 
direct line through the generations, or whether the abnormal 
gene has not arisen as a new entity at some time in the past. 
Genes do occasionally change their character, giving rise to new 
genes, and the process is called mutation. A gene is a stable 
thing in the ordinary way and is handed on quite unchanged 
from generation to generation ; but very rarely, once in a hun- 
dred thousand times, or once in a million, or ten million, times, 
it suddenly changes its character, and thereafter the new and 
equally stable gene is transmitted in just the same manner. 
Naturally the new gene occupies the same locus upon the same 
chromosome as the old one, and so the new and the old genes 
are allelomorphic. Very little is known about the causes of 
mutation ; X -rays and radium, however, greatly increase the 
frequency with which it takes place. 

Inherited defects of the type under consideration are due to 
genes which have arisen by mutation. In the case of brachy- 
dactyly, for example, very rarely indeed the corresponding nor- 
mal gene mutates giving the gene that results in brachydactyly. 
A brachydactylous person appears, and thereafter the defect is 
transmitted in a regular fashion to approximately half the off- 
spring of affected persons. 

In a particular family group a mutation giving rise to a 
dominant abnormality may have occurred in the remote past, 
or it may have occurred quite recently. Fig. 12 shows a pie- 
bald negro. Piebalding in human beings is a rare abnormality 
which is very regularly transmitted as a simple dominant trait. 
II. 4, in the pedigree reproduced in Fig. 13, was the grandmother 
of the man, IV. 1, shown in Fig. 12. She was born in Louisiana 
in 1853 and was still alive a few years ago. Her father and 
mother were normal ás were her eight brothers and sisters, and, 
in fact, nothing of the kind had ever been seen or heard of in the 
whole of that country -side. She had fifteen children, of whom 
eight were piebalds and seven were normal. At the time the 
pedigree was compiled five of the affected children had trans- 
mitted the gene to one or two more generations, while five of the 
normals had had only normal offspring. 
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It will be noted that amongst the offspring of affected persons 
there are twenty -four affected and only eleven normals. A 
deviation from a .1 : 1 ratio as large as this would be expected to 
arise by chance only once in twenty -five times ; it is not difficult, 

FIG. 12. A piebald negro; the grandson of a piebald 
woman who, as the result of a mutation, was the first 
person to be affected in her family group. This abnor- 
mality should not be confused with leucodermia, or 
vitiligo, a m uch commoner, non -congenital, progressive 

condition. (Keeler.) 4, 

however, to explain. Many of these people joined circuses and 
freak shows, appearing under such names as `The Striped 
Graces', `The Tiger Lilies', and so forth, and became scattered 
over Europe and America. They attracted much attention and 
scientific accounts were published by a number of observers ; it 
was obviously, however, a matter of great difficulty for any 
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observer to secure a full and reliable history of other members 
of such a widely dispersed group. It has been pointed out by 
those principally' responsible for obtaining the data upon which 
the pedigree is based that it was easier to obtain information 
about piebald than about normal persons. There is thus little 
doubt that some of the sibships in generation IV included some 
undiscovered normals. It is noteworthy that the children of the 
original piebald woman, a sibship about which full information 
could be obtained, showed no excess of affected persons. 

It is clear that a mutation occurred affecting the germ -cells 
of one of the parents of the original piebald woman. The new 
gene was dominant to its normal allelomorph and was thereafter 
handed on in a perfectly regular fashion. It therefore becomes 
plain that the simple criteria for recognizing dominant inheri- 
tance'adopted hitherto in this 'chapter must be qualified to this 
extent : it is true that every affected person has an affected 
parent, but only until we reach the point at which mutation 
occurred; farther back than this all ancestors are found to be 
normal. 

It should be mentioned here that the `abnormal' mutant gene may 
change back again into the `normal' gene. This process is called reverse 
mutation (or return mutation). It is a phenomenon of great scientific 
importance, but need not detain us in connexion with the transmission 
of rare human abnormalities. It is rarely enough that the almost univer- 
sal normal allelomorph mutates giving the gene for brachydactyly, and 
the chance of observing a reverse mutation affecting one of the few 
genes for brachydactyly in existence is almost inconceivably small. 
Moreover, if such a reverse mutation did take place, it probably could 
not be detected. 

Another example of mutation. 
Osler's disease, multiple telangiectasia, is an inherited abnor- 

mality of the skin and mucous membranes which is well illus- 
trated in Fig. 14. The disease may commence in childhood or 
in early adult life and the first indication is usually epistaxis. 
This becomes more frequent and more severe, and after some 
months or years the telangiectases appear. The telangiectases 
are areas of dilated capillaries, or capillaries and small veins, 
which become more frequent in later life, taking the form of red 
or purple spots. These are commonest around the- nose and 
mouth and the spots may be seen on the palate, tongue, con- 
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junctiva, &c. ; they may occur, however, on other parts of the 
body, for example on the fingers. They may be numerous or 

Fia. 14. Osler's disease (multiple telangiectasia). Note the characteristic 
spots and spider -markings, including those on the tongue. This patient 

suffered greatly from epistaxis. 

very few, or occasionally none may be found at all. In one of 
the series of thirteen cases mentioned below the attacks of 
epistaxis and the family history were typical, but a careful 
examination revealed only one single spot, which was upon the 
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palate. The haemorrhage from the nose may wt times be copious 
enough to lead to a severe secondary anaemia, and may even, 
though perhaps rarely, cause death ; bleeding may also occur 
from the tongue, finger -tips, &c., or, much more rarely, from the 
lung, stomach, intestine, or kidney. Osler's disease is very 
regularly inherited as a simple dominant condition. 

During the course of eight years thirteen new cases were 
collected by one observer, all unrelated to each other as far as 
could be discovered. In twelve instances a family history was 
obtained which showed simple dominant inheritance without 
any departure from the criteria deduced from first principles in 
this chapter. In one case, however, there were no affected 
relatives. The father and mother had died at an advanced age 
without suffering from epistaxis or showing any other indication 
of the disease. The patient had four sibs, all of whom were 
normal, and they had had between them twenty -four children, 
also all normal. The patient herself was 58 years old, and was 
unmarried, so that, unfortunately, it could not be discovered 
whether she would have transmitted the condition ; in view, 
however, of the regularity of the inheritance of Osler's disease, 
it must be held to be very probable that a mutation had 
occurred. 

The relation between the frequency of mutation and the 
severity of the condition. 
It will be noticed that neither of the defects given as examples 

of transmission through many generations, night- blindness and 
phalangeal synostosis, is disfiguring, and that neither is parti- 
cularly disabling. Persons suffering from either of them might 
well, on the average, marry as frequently, or almost as frequently, 
as normal people, and have as many, or almost as many, 
children. 

Osler's disease is a more serious condition ; it is not parti- 
cularly disfiguring, but quite often it causes serious disability, 
for affected persons may have long periods of ill -health due to 
haemorrhage, and sometimes it may even be fatal. The piebald 
condition in the negro, though it may not be associated with 
any lack of vitality, would probably be held to be most dis- 
figuring, and affected persons would usually have some diffi- 
culty in securing mates. We must except the relatively short 
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period of human history (now perhaps drawing to its close) 
during which freaks were sought out for public exhibition and 
their propagation encouraged for financial reasons. In primi- 
tive societies, indeed, freaks such as piebalds or albinos were no 
doubt often subjected to a process of selection both drastic and 
immediate, fathers in particular being apt to take a gloomy 
view of the appearance of such offspring. We may read, for 
instance, the account of Jean Mocquet, written in 1645. He 
met, in Africa, the white son of an Ethiopian king. This albino 
had made a long journey to see the white men who, he had 
heard, were like himself. His mother `had had two other 
children white like himself ; but his father seeing them thus had 
killed them, saying they must be by somebody else and not by 
him. When this one was also born of the same colour, the 
father still wished to put an end to him, but a friend prevented 
him, saying that it had happened through divine permission 
and thus his life was saved'. 

The association between the frequency of mutation and the 
severity of the condition is not accidental. Let us suppose that 
a defect is sufficiently serious to lead to relatively early death, 
or is so disabling or disfiguring that marriage is not as likely to 
take place as in the case of normal persons, then the number of 
children born to affected persons will be less than that born to 
normals. The result will inevitably be that the defect will tend 
to die out, slowly or rapidly according to the severity of this 
process of selection. Now there are good reasons for believing 
that in the proportion of persons exhibiting an hereditary 
defect the population is more or less in equilibrium : that is, the 
proportion of affected persons in the population does not vary 
greatly in successive generations. If, however, natural selection 
is operating strongly against a trait, and so automatically wiping 
out of existence the genes responsible, it is inevitable that the 
loss must be made good by new mutations. On the other hand, 
persons who suffer from a trivial defect, causing little or no 
disability or disfigurement, will probably have, on the average, 
almost as many children as normal people. The loss of genes 
per generation is very small, and so the number of mutations 
to replace them is small also. 

In the case, then, of a severe defect, we shall expect to find a 
high proportion of families which can be traced back to a 

D 
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mutation in comparatively recent times ; similarly, the propor- 
tion of affected who owe their abnormality to mutation in the 
preceding generation will be greater than in the case of a trivial 
defect. 

It will be realized that the statements made above about 
genes dying out, and the equilibrium which must be postulated, 
refer to relative, not absolute, numbers. For example, at a time 
of very rapid increase in population the number of persons 
carrying a gene producing a not too serious effect might actually 
increase without any mutation ; but the rest of the population 
would be increasing even faster, so that the gene would be 
becoming relatively less frequent. It is this relative loss that 
is made up by fresh mutations. There is no need therefore to 
be surprised by the many pedigrees showing affected persons 
with enormous numbers of descendants. In all probability even 
more normal people of the same period would be found to have 
even more enormous numbers. Also, as pedigrees are traced 
backwards and not forwards, the persons óf earlier generations 
who appear in them tend to be those who happened to have 
many descendants. 

A high proportion of cases may be directly due to mutation. 
If a condition due to a dominant gene is so severe that many 

of the affected persons ,die young or do not have children, it 
follows that the genes responsible are rapidly wiped out very 
soon after they appear. The loss can only be made good by 
fresh mutations, and, in such a case, the proportion of affected 
persons who owe their abnormality directly to a mutation may 
be quite large in comparison with those who have inherited it 
from a parent, and thus many affected persons will have no 
affected ancestors or relatives. 

A good example is provided by epiloia (tuberose sclerosis), 
illustrated in Fig. 15. Affected persons display typically 
adenoma sebaceum : red or yellow papules on the skin of the 
face, especially in the region of the nasolabial folds, composed 
of hypertrophied sebaceous glands. There are numerous other 
abnormalities, including pigmented naevi on the skin, nodules 
of neuroglial overgrowth in the brain, and tumour formation in 
other organs, especially the heart and kidneys. Actually, the 
majority of recorded rhabdomyomata have occurred in the 
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heart muscle of persons suffering from this condition. In most 
cases there is severe mental deficiency, and epilepsy is a very 
constant feature. In its typical form the condition is a very 

FIG. 15. Epiloia (tuberose sclerosis) in a child of 9. The nature 
and distribution of the spots on the face (adenoma sebaceum) 
are characteristic. This patient was an imbecile and epileptic, 

typical features of the syndrome. (Brushfield and Wyatt.) 

severe one, and the sufferers frequently die young, and are often 
incapable of reproduction. Sometimes, however, milder cases 
occur in which a few only of the above features are present, and 
mentality may be normal or not grossly defective ; in such cases 
reproduction can and does occur. 
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In this usually very severe condition it has been calculated 
that something from a quarter to a half of all the cases en- 
countered are directly due to mutation, and thus have normal 
parents ; transmission through two generations is not infrequent, 
but transmission through three is distinctly rare. It has also 
been calculated that the gene for epiloia arises by mutation 
about once in every 60,000 to 120,000 life- cycles ; that is, 1 person 
in 60,000 to .120,000 suffers from epiloia as the result of a 
mutation in one or other parent. 

Another example of relatively frequent mutation is provided 
by Darier's disease, keratosis follicularis, described on page 117. 
In this skin condition the effect of the . gene may sometimes be 
severe, small stature and associated mental deficiency being 
common. An appreciable proportion of cases are sporadic, being 
doubtless due to mutation, while .transmission through more 
than two or three generations is rare. 

The extreme case would be a dominant gene producing so 
gross an effect that individuals bearing it could never have any 
children. There is no reason why such cases should not occur, 
but it would be difficult or impossible to identify the genetic 
nature of the defect. Every affected person would necessarily 
be the direct result of a fresh mutation, and so the occurrence 
of cases would be sporadic. It is possible that some foetal 
monstrosities may be due to dominant genes, each monster 
appearing as the result of a fresh mutation. 

The perpetuation of severe dominant defects which are not 
manifested till late in life. 
The usual dominant defects may be handed on through many 

generations and are, as a rule, not of a very serious character. 
Severe dominant defects show a frequency of mutation that is 
considerable in comparison with the frequency of the abnor- 
mality, while in the extreme case of a dominant defect so 
serious as to be incompatible with reproduction, no transmis- 
sion can occur at all. There is, however, one way in which very 
severe dominant defects may be transmitted through many 
generations. Transmission can take place if the defect does not 
manifest itself till comparatively late in life, after the affected 
person has already had children. 

A good example of a very serious condition which is readily 
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transmitted through many generations in this way is Hunting- 
ton's chorea, a disease sufficiently common to provide probably 
two or three cases at any one time at the average large mental 
hospital. The disease is characterized by disordered and in- 
voluntary muscular movements and progressive mental de- 
terioration ; pathologically, degenerative changes are found in 
the frontal cerebral cortex and in the corpus striatum. The 
average age at onset is about 35 Years, but there is considerable 
variation, as is shown by the following table based on 460 
cases. 

Age at onset of disease Percentage of cases 
Below 20 10.4 

20-9 20.7 
30-9 35.4 
40-9 21.5 

Above 49 12.0 

Although Huntington's chorea is usually a very serious con- 
dition, it is clear that the majority of affected persons can 
produce a family of ordinary size before the disease appears at 
all. On the average, half their children will carry the gene and 
those who do so will in turn have the opportunity of producing 
families before they also succumb. Ili this way, in spite of its 
severity, the condition can be, and is, transmitted through 
many generations. Unfortunately there is at present no way of 
distinguishing between the normal and affected offspring of 
affected persons until the first signs and symptoms appear ; as 
will be clear on examining the table showing ages at onset, it 
would be impossible to hold out reasonable chances of immunity 
until the child of an affected parent was 50 years old, and 
even after that age there is still a small chance of the disease 
appearing. 

These points are well illustrated in the pedigree shown in 
Fig. 16. The figures below the squares and circles indicate the 
age at the time the pedigree was compiled. Where there is also 
a D underneath the symbol the person represented was dead 
and the figure gives the age at which death occurred. The age 
at the onset of the disease of the six affected persons was as 
follows : I: 1, 50 ; II. 2, 61; III. 1, 42 ; III. 3, 40 ; IV. 9, 14 ; 

IV. 11, 20. 
If II. I and III. 5 had been affected, and had some of the 

children of II. 2 and III. 1 also been affected, the pedigree 
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would have been a straightforward example of dominant trans- 
mission. Actually IV. 9 and IV. 11 inherit the condition from 
their great- grandmother, I. 1, through a normal father and a 
normal grandmother. The normal father, however, III. 5, was 
killed at the age of 25, and the normal grandmother, II. 1, died 
in childbirth at the age of 35, so that there can be little doubt 
that it was only their early death that prevented them being 
affected. A dominant condition appearing relatively late in life 
may thus seem to skip a generation ; that is, seem to be trans- 
mitted from affected to affected through a normal person, if 
that normal person has died young. 

It is also clear that a number of the persons shown in the 
pedigree chart may develop the condition later. For example, 
all the four living children of II. 2, who range in age from 42 to 
18, are still young enough to become affected, so it is quite 
possible that the disease may appear in this branch of the 
family. Similarly, the children of III. 1, who themselves already 
have eleven living children between them, have not even passed 
the most likely period for the appearance of the disease ; the 
chances are that some of them will develop and transmit it. 

Thus it is easy to see how Huntington's chorea can be freely 
transmitted from.generation to generation, in spite of its serious- 
ness, simply because of its late onset. In the great majority of 
published pedigrees the disease extends back as far as it was pos- 
sible to trace the ancestors. In only very few instances is this 
not so. For example, in one case a normal father and mother, 
who died at the ages of 80. and 73, had one affected daughter 
out of nine children ; thereafter the disease had been regularly 
transmitted through three more generations up to the time the 
pedigree was compiled. But such instances are rare, and the 
mutation rate must be very small compared with the number 
of individuals who have inherited the condition through a long 
line of ancestors. 

Some pedigrees have been traced back for very long periods, as 
for instance in the case of some of the American families upon 
which was based the classical account that gave the disease its 
name; in these families it was `an heirloom from generations 
away back in the dim past'. The first immigrants to carry with 
them the latent gene are believed to have come to Boston Bay 
in 1630 from the village of Bures in Suffolk, sailing in the fleet of 
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the Puritan leader John Winthrop. When they and their chil- 
dren subsequently developed the disease they provided numerous 
victims for the fury of the witch- burners. But it was a time and 
a place of rapid population increase the gene multiplied, and 
there were many affected descendants when a boy, George 
Huntington, driving through a wooded lane in Long Island 
while accompanying his father on professional rounds, `suddenly 
came upon two women, mother and daughter, both tall, thin, 
almost cadaverous ; both bowing, twisting, grimacing', so that 
he `stared in wonderment, almost in fear'. The memory was as 
vivid more than fifty years later, long after he had translated 
into fact the youthful resolve, born that day, to make chorea 
the subject of his first contribution to medical science : a resolve 
which led him into many a home where the bearers of the gene 
waited with stern Calvinistic stoicism for the dreadful fate that 
Providence had meted out to them. 

What happens if two affected persons marry. 
So far we have considered only one type of mating involving 

an affected person, namely, that of a heterozygous affected 
person and a normal. Practically all the pedigrees of dominant 
defects in the literature show this type of mating only, and it is 
the only one that will be encountered in practice in the vast 
majority of cases. It is easy to see why this should be so, for a 
person suffering from a rare condition is extremely unlikely to 
marry some one suffering from the same rare condition. More- 
over, a homozygous affected person, carrying the . abnormal 
gene upon both members of the chromosome pair, can only 
arise by the mating of two affected persons, for each parent 
contributes a chromosome to the pair concerned. Nevertheless, 
very occasionally, matings of two affected persons do occur and, 
as will be seen later in this chapter, a point of some practical 
importance is raised if such a union is projected. In addition, 
a study of the results of all the possible matings involving a 
dominant gene will take us a good deal farther in the comprehen- 
sion of the working of the hereditary mechanism. 

If two affected persons marry it 'will almost invariably be 
found that both are heterozygous, as will be shown by the fact 
that each has one affected and one normal parent. Reference 
to the chromosomes and their behaviour immediately reveals 
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what will happen, and this is illustrated in Fig. 17. Both 
parents form two sorts of gametes at the reduction division - 
half containing the chromosome bearing the abnormal gene, 
and half containing the chromosome bearing the normal allelo- 
morph. Clearly there are four possibilities : 

1. A spermatozoon bearing the abnormal gene may fertilize 
an ovum also bearing the abnormal gene, giving an in- 
dividual carrying the abnormal gene on both members of 
the chromosome pair, i.e. a homozygous affected person. 

2. A spermatozoon bearing the abnormal gene may fertilize 
an ovum bearing the normal gene, giving a heterozygous 
affected person just like the parents. 

3. A spermatozoon bearing the normal gene may fertilize an 
ovum bearing the abnormal gene, giving an affected 
heterozygous person just as in the previous case. 

4. A spermatozoon bearing the normal gene may fertilize an 
ovum also bearing the normal gene, giving a normal 
individual. 

The result then is, on the average : one homozygous affected, 
two heterozygous affected, and one normal. As the condition 
is dominant, i.e. the recessive normal gene is producing no 
effect, the result we should observe is the familiar Mendelian 
3 : 1 ratio of the text -books : three affected to one normal. The 
possible outward distinction between homozygous and hetero- 
zygous affected persons is discussed in a later section in this 
chapter in connexion with intermediate inheritance. 

Should such a mating take place there is another significant 
possibility. On the average one - quarter of the offspring will 
carry the abnormal gene upon both members of the chromo- 
some pair concerned ; that is, they will be homozygous affected 
individuals Such an individual would almost certainly marry 
a normal person, and once again a reference to chromosome 
behaviour immediately tells us what the result of this further 
mating will be ; it is illustrated in Fig. 18. The homozygous 
affected person can only produce one sort of gamete, for all the 
gametes must contain a chromosome bearing the abnormal 
gene. The normal partner will produce gametes all of which 
contain the normal gene. There is only a single possibility: the 
union óf a gamete bearing the abnormal gene and a gamete 
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bearing the normal gene. All the offspring will carry the ab- 
normal gene upon one chromosome, and therefore all will be 
affected, all being heterozygous. 

An example showing the results of the mating of two affected 
persons. 
Congenital cataract is an eye defect not especially rare, and 

many families have been described in which the condition is due 

II 

III 

117 

4 5 6 

V 10 2 3 4 5 6 7. 8 9 10 H 12 13 

5 

FIG. 19. Pedigree illustrating what may happen when two 
persons marry who suffer from the same dominant abnormality, 
and also the consequences of the marriage of their children to 

normals. Congenital cataract. (Komai. ) 

to the action of a dominant gene. In the family shown in Fig. 19 
two affected persons married and had children.. It will be noted 
that the affected husband and wife were first cousins, their fathers, 
II. 1 and II. 2, both being sons of I. 1. It is quite certain, there- 
fore, that the abnormal gene was the same in both cases, for both 
husband and wife inherited it from the same individual, their 
grandfather ; it is here possible to dismiss the hypothesis that the 
congenital cataract in husband and wife might have been due to 
different genes having a very similar or indistinguishable effect. 

The result of the marriage of III. 1 and III. 3 was four 
affected children and one normal.- This might well indicate an 
approximation to the 3 : 1 ratio, though naturally with such 
small numbers we should not be .able to distinguish between a 
3.: 1 and, say, a 1 : 1 ratio. Some further evidence is provided 
by the offspring of these children. IV. 1, had five children, all 
normal, so she must have been heterozygous ; similarly the 
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children of IV. 4 included a normal, so he, too, must have been 
heterozygous. IV. 2 and IV. 3, however, had exclusively 
affected children, four and three respectively, which, as we have 
seen, is exactly what would be expected if they were homozy- 
gous for the abnormal gene. The numbers are not sufficient for 
the definite statement to be made that either IV. 2 or IV. 3 was 
homozygous, because it is possible that both were heterozygous 
and just happened to have affected children only ; nevertheless, 
the probability is that orie or other was actually homozygous, 
and the whole pedigree illustrates very well what happens when 
two affected persons marry, and when their children in turn 
marry normal persons and themselves have children. 

The affected husband and wife in this case were cousins, and 
this illustrates the point that marriages between blood -relatives, 
consanguineous marriages, increase somewhat the chances of 
persons suffering from very rare defects marrying other persons 
similarly affected. Marriages between two affected persons will 
still be very rare, but not quite as rare as if mating took place 
purely at random. Thus in a proportion of cases it will be found 
that, especially in somewhat isolated communities, the affected 
persons who marry inherit . their abnormality from the same 
ancestor. 

The other possible matings involving a dominant gene. 
Two other kinds of mating are theoretically possible homo- 

zygous affected by heterozygous affected, and homozygous 
affected by homozygous affected. 

The first is shown in Fig. 20. The homozygous parent can 
produce only one sort of gamete, all containing the abnormal 
gene. The heterozygous parent will produce two sorts in 
approximately equal numbers : those bearing the abnormal gene 
and those bearing the normal gene. There are two possibilities : 

1. The union of two gametes both of which bear the abnormal 
gene, giving a homozygous affected individual. 

2. The union of a gamete bearing the abnormal gene with a 
gamete bearing the normal gene, giving a heterozygous 
affected individual. 

The result, therefore, is offspring all of whom are affected, half 
being homozygous and half heterozygous. 

The last possibility is shown in Fig. 21. Homozygous affected 
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individuals can form one sort of gamete only, all bearing the 
abnormal gene ; and the only possible result of the marriage 
of two homozygotes is offspring all of whom are affected and 
homozygous. 

These two types of mating, while theoretically possible, would 
be so inconceivably rare in the case of dominant abnormalities 
that it may be accepted that they never occur at all. Instances 
may easily be found, however, in the case of common genes, for 
example those responsible for the ordinary blood groups, dis- 
cussed in Chapter V, and all the possible results deduced from 
chromosome behaviour may then be observed. 

All possible types of mating have now been considered, and 
it is hoped that it will have been fully realized how very simply 
the results of any mating can be worked out directly from 
a knowledge of a few facts, concerning the behaviour of the 
chromosomes. 

Intermediate inheritance. 
It was pointed out on page 11 that a gene might produce 

no greater an effect when present upon both members of the 
chromosome pair than when present upon one only, in which 
case such gene is truly dominant. It is possible, however, for 
two abnormal genes to produce a greater effect than one alone, 
or, in other words, the heterozygote may be intermediate be- 
tween the two homozygotes. Human abnormalities depending 
upon a gene which produces its effect when present upon one 
member only of a chromosome pair are commonly called domi- 
nant, although the affected homozygote must usually be quite 
unknown, as it can only appear by the mating of two affected, 
persons : 'an event that may never have been observed. It will 
have been realized, however, that the distinction is not impor- 
tant in regard to most of the topics so far discussed, for the 
common case involves only the mating and birth of heterozy- 
gotes. It is now necessary to consider intermediate inheritance 
in a little more detail. 

In animals, in which of course the crucial matings, that are so 
rare in human beings, can be made freely in the laboratory or on 
the farm, it is found that genes producing an abnormality when 
present on one chromosome only, i.e. in the simplex state, may 
sometimes produce an abnormality that is no more severe when 
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present upon both, i.e. in the duplex state. Sometimes, how- 
ever, it is found that the effect of the two abnormal genes in the 
same individual is much greater than the effect of one alone. 
In fact the duplex state may be, incompatible with life. The 
three possibilities are : 

1. That the duplex state is no more severe than the simplex. 
2. That the duplex state is more severe than the simplex. 
3. That the duplex state is incompatible with life. The homo- 

zygotes may perish at a very early stage of development 
and simply not appear at all. In this event all the affected 
born as the result of the mating of two affected persons are 
heterozygous ; and, if the numbers are sufficient, it is found 
that the ratio amongst the offspring is 2 : 1 instead of 3 : 1. 

In other instances the death of the homozygote may take 
place later, leading to miscarriages, or stillborn monsters, 
or to neonatal death. 

The mating of two persons suffering from congenital cataract 
described on page 43 tended to show that in the case of that 
condition the affected homozygotes were not more severely 
affected. A much less extensive form of brachydactyly than 
the one previously described, in which the middle phalanges are 
shortened in the index fingers and second toes only, provides an 
example of another possibility. Fig. 22 shows the hands of an 
affected person, and Fig. 23 gives an extract from a pedigree of 
a family group. III. 5, whose hands are shown in Fig. 22, was 
affected. He married his first cousin, III. 6. She was a daughter 
of an affected man, but she was dead when the history was 
obtained and it could not be definitely established whether her 
hands were abnormal or not. III. 5 and III. 6 had two children. 
IV. 1 showed the same deformity as the other affected members 
of the family, and clearly must have been heterozygous as she 
had one affected and two normal children. IV. 2, however, was 
grossly crippled ; her `whole osseous system was in disorder', 
and she had no fingers or toes. She was quite unable to develop 
and died at the age of 1 year. This in all probability was the 
homozygote. 

A liability to develop multiple sebaceous cysts is some- 
times due to a dominant gene. An affected man and an affected 
woman married ; both came from families in which this type of 
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transmission occurred. There was in this instance no blood - 
relationship. There were, ten. children, of whom five were 
affected and two were normal, while three others died in infancy, 
being known to have'béen abnormal'. These three children may 
have been the more severely affected homozygotes ; if so, the 
ratio of 1 : 2 : 1 was almost perfectly realized. 

Fia. 22. A minor form of brachydactyly in which the index fingers 
and second toes only are affected. (Mohr and Wriedt.) 

Very recently evidence has been accumulated pointing to the 
fact that genes which in the simplex state produce a tendency 
towards some forms of mental disease -the co- operation of 
environmental factors being probably necessary for the full 
development of the condition -may, in the duplex state, cause 
gross idiocy. The evidence, however, is as yet suggestive rather 
than conclusive. 

It will be appreciated that even the marriage of affected 
individuals may not yield decisive evidence, unless a number of 
such marriages has been observed. In the instance given of 
congenital cataract, it is more than possible that the homo- 
zygotes appeared and were not more severely affected, but a 
definite statement cannot be made, for it may be that both 
individuals who had affected offspring only were really hetero- 
zygotes, and that homozygotes just did not happen to appear, 
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or perhaps were non -viable and could not appear. Similarly, in 
the case of the minor form of brachydactyly, the grossly abnormal 
child was in all probability the homozygote, but it is conceivable 
that she owed her condition to some other cause unconnected 
with the gene in question. The same argument could be ad- 
vanced in the case of the hereditary sebaceous cysts. 

Fm. 23. Pedigree illustrating the results of the 
marriage of two persons heterozygous for a dominant 
trait, indicating the possibility that the homozygote 
may be more severely affected than the heterozygote. 
A minor form of brachydactyly. (Mohr and Wriedt.) 

The examples of abnormalities used in this chapter to illus- 
trate simple dominant inheritance have been chosen from a 
very large number observed in man, a number to be reckoned 
in many hundreds, but, for the reasons that have been given, it 
is not surprising to find that in all probability in not a single 
instance can a perfectly definite statement yet be made as to 
what the homozygote would be like. Two points arise, one 
practical and one more theoretical. The practical point is that 
if a union is projected between two persons suffering from the 
same dominant abnormality there is the possibility of much 
more seriously affected children appearing. The relatively trivial 
nature' of the defect in the heterozygous individual is little 
guide ; if the instance given in the brachydactylous family is 
accepted, one gene produced a very minor deformity, but two 
produced a monstrosity. As has been said, similar cases have 
been encountered in animals. How great this extra risk might 
be in a particular case it is impossible to estimate. 

E 
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The more theoretical point is that all those abnormalities in 
man commonly called dominant may be truly dominant or may 
be intermediate. It would be possible to emphasize this un- 
certainty by using a special term, but the word dominant has 
been employed for so long in this connexion that it seems 
pedantic to do so. The word dominant should not mislead any 
one, for it will be realized that all that is implied in the case 
of rare conditions is the appearance of a definite abnormality 
when the gene is present upon one member of the chromosome 
pair concerned, and that nothing is implied as to the possible 
appearance of the unknown homozygote. 



CHAPTER III 

RECESSIVE INHERITANCE 

Albinism -a recessive abnormality. 
PROBABLY every one has seen albinos, if only casually in the 
street, for it is not a very uncommon condition and the appear- 

Fra. 24. Albino children (From Pearson, Nettleship, and 
Usher's Monograph on Albinism in Man. After Magnus). 

ance of an albino is striking. At first sight the observer might 
be tempted to define albinism as a condition in which the hair, 
the skin, and the eyes are devoid of pigment, giving a com- 
bination of white hair, pink eyes, and a very fair skin. Closer 
examination, however, shows that there are probably no cases 
in which the deficiency of pigment is complete, and there is a 
good deal of variation in this respect. Sometimes the hair may 
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be straw- coloured and the iris pale blue ; this is the usual type 
in the dark races ; and, in addition, in the albinos of those races 
pigmented spots are usually found on the skin. 

There are associated defects of the eyes, nystagmus, serious 
errors of refraction, and photophobia. The gene frequently 
produces more widespread constitutional effects, for associated 
with albinism are often small stature, reduced fertility, and a 
diminished expectation of life. Furthermore, mental deficiency 
is somewhat commoner amongst albinos : than in the general 
population. 

Piebalding, shown in Fig. 12, is sometimes called partial 
albinism, but should be sharply distinguished ; it shows domi- 
nant inheritance. 

Recessive inheritance is inheritance from both parents. 
We saw in the previous chapter that a recessive gene only 

expresses itself if it is carried upon both members of the 
chromosome pair concerned. One abnormal gene alone produces 
no effect, for the normal allelomorphic gene is dominant. This 
is the only difference between a recessive and a dominant condi- 
tion: a very simple, difference, and of course the chromosome 
mechanism is functioning in precisely the same way ; neverthe- 
less, the effect, as it is observed in actual hereditary transmission 
in a human population, is totally different. 

Clearly the important point about recessive inheritance is 
that the affected person must have received the gene for the 
condition from both parents, for both members of the chromo- 
some pair concerned must carry it, and each parent has con- 
tributed one chromosome to that pair. We have seen that in 
dominant inheritance the almost invariable mating is hetero- 
zygote and normal, and in nearly all the pedigrees only one 
parent was shown in each case, for, as was emphasized, in 
dominant inheritance one normal person is equivalent - to any 
other normal person, and the result is the same whoever the 
affected person marries. Recessive inheritance is quite different. 
Two persons marry who are normal in appearance, but actually 
each carries the gene for, say, albinism upon a single chromosome 
and albinos appear amongst their offspring. If, however, those 
two people had married other persons, the chances are greatly 
in favour of all the offspring of both unions being normal. In 
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recessive inheritance the result depends upon both parents in 
their relationship to each other. 

The recessive inheritance of abnormal traits, therefore, may 
be thought of as inheritance from both parents, as contrasted 
with inheritance from one parent only in the case of dominant 
abnormalities. For the sake of completeness intermediate in- 
heritance may be considered to be inheritance from one parent 
only in the case of the heterozygote, and inheritance from both 
parents in the case of the rare homozygote. 

The great majority of albinos are the offspring of parents who 
are normal in appearance. 
Let us assume that 1 person in 10,000 of the population is an 

albino ; this is probably too high an estimate, but the figure is a 
convenient one, and, as will be seen, it is a figure that will be 
employed several times in this chapter. 

It is not difficult to see that heterozygotes must be far more 
common than homozygotes, the albinos themselves. Let us 
suppose that genes for albinism and the normal dominant allelo- 
morphs are being handed out at random to the population in 
the proportion of 1 gene for albinism to 99 normal allelomorphs ; 

actually this is a perfectly reasonable picture of what happens. 
Then a given individual stands a 1 in 100 chance of receiving 
the abnormal gene upon one chromosome of the pair concerned 
and a 1 in 100 chance of receiving it upon the other. The chance 
of receiving it upon either one or the other of the two chromo- 
somes is 2 X 100, i.e. 1 in 50 (this is only approximately true 
because no allowance is being made for the rare case in which 
a person receives the abnormal gene upon both chromosomes). 
Therefore 1 person in 50, approximately, will be heterozygous 
for albinism. Equally clearly the chance of any one being 
unlucky enough to be the recipient of two abnormal genes, one 
upon each chromosome, that is, of being an albino, is 1óo X IL, 
i.e. 1 in 10,000. 

These two chances are similar to those involved in backing 
horses at 99 to 1 (i.e. 1 in 100). If two horses are backed in 
different races at these odds the chances of a win with either 
the one or the other is practically 1 in 50. If, however, the two 
horses are backed as a `double' the odds would be TM X 1óö; or 
9,999 to 1, against bringing off so happy an event. 
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We see, therefore, that if there is 1 albino in every 10,000 per- 
sons in the population, the corresponding proportion of hetero- 
zygotes is about 1 in 50 ; thus for every albino encountered there 
must exist no less than, 200 heterozygotes. 

It follows from the argument of the preceding paragraphs 
that the great majority of albinos will result from the inter- 
marriage of heterozygotes. With only rare exceptions, there- 
fore, albinos will have parents who are perfectly normal to all 
outward appearance. This is the first criterion of simple reces- 
sive inheritance: if the trait is at all rare, the great majority of 
affected persons will have normal parents. 

If the frequency of a recessive gene in the population is p and the 
frequency of the normal allelomorph is (1-p) - q, then the frequency, 
assuming random mating, of affected homozygotes is given by p2; of 
heterozygotes by 2pq; and of normal homozygotes by q2. 

The rarer the gene the greater the proportion of heterozygotes com- 
pared to affected homozygotes. If a recessive trait has a frequency in 
the population of 1 in 1,000,000, the corresponding frequency of hetero- 
zygotes is nearly 1 in 500; that is, for every homozygote there will be 
nearly 2,000 heterozygotes. If a trait were as common as 1 in 100, 
heterozygotes would be only 18 times more numerous than homozygotes. 

Abnormal recessive genes may be handed on unseen for many 
generations. 
The gene for a recessive abnormality may be handed on 

through many generations of heterozygotes and its existence 
wotild of course be quite unsuspected. Only when a heterozy- 
gote happened to marry another heterozygote could the homo- 
zygote appear. Fig. 25 shows the behaviour of the chromosomes 
in the mating of homozygous normal and heterozygote. There 
are two possibilities : 

L The union of two gametes both of which bear the normal 
allelomorph, giving a homozygous normal. 

2. The union of a gamete bearing the normal allelomorph 
and one bearing the gene for albinism, giving a hetero- 
zygote who would not differ in appearance from the homo- 
zygous normal. 

This mating might be repeated indefinitely, the heterozygotes 
always happening to marry homozygous normals, and giving 
normals and heterozygotes in equal proportions, but of course 
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the whole process would be hidden under the cloak of the 
recessiveness of the trait. 

The mating of heterozygote and heterozygote. 
As we have seen, this must be the mating from which nearly 

all albinos are produced, because the heterozygotes are so very 

Normal Heterozygote 

Parents 

I 

Reduction I 

division 

Gametes 

Fertilization 

Offspring 

Normal Heterozygote 

Fia. 25. Chromosome diagram showing the transmission 
of the genes in the mating to a normal of a person 

heterozygous for a recessive trait. . 

much more common than the homozygotes, the albinos them - 
selves. Fig. 26 shows the behaviour of the chromosomes. Both 
parents produce two sorts of gametes in equal proportions, 
those with the chromosome bearing the normal allelomorph, 
and those with the chromosome bearing the gene for albinism. 
There are four possibilities : 

1. A spermatozoon carrying the normal gene may fertilize 
an ovum also carrying the normal gene, the result being 
a homozygous normal. 
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2. A spermatozoon carrying the normal gene may fertilize 
an ovum carrying the gene for albinism, the result being a 
heterozygote like the two parents, but, of course, normal 
to all outward appearance. 

3. A spermatozoon carrying the abnormal gene may fertilize 
an ovum carrying the normal gene, the result being a 
heterozygote just as in the last case. 

Heterozygote Heterozygote 

Parents 

Reduction 
division 

Gametes 

Fertilization 

Offspring 

i 

1 

lue 

Normal 

1 

Heterozygotes 

Fm. 26. Chromosome diagram showing the transmission of 
the genes in the mating of two persons heterozygous for a 
recessive trait: the mating from which the great majority 

of affected persons are born. 

Albino 

4. A spermatozoon carrying the abnormal gene may fertilize 
an ovum also carrying the abnormal gene, the result being 
the abnormal homozygote, the albino. 

The result of the mating will be, therefore, on the average, one 
homozygous normal, two heterozygotes, and one homozygous 
affected. As the condition is recessive, this will appear as three 
normals to one albino : once again the familiar 3 : 1 ratio. 

Human families are small, so that we cannot expect more 
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than a small proportion of sibships to show an exact ratio of 
three normals to one affected. What we should observe, without 
going into any detail at all, is a familial incidence, that is, we 
should frequently find that more than one child in a sibship was 
affected. A familial incidence is thus another, and a very im- 
portant, criterion of recessive inheritance. In the days before 
the rediscovery of the work of Mendel and the birth of the 
science of genetics, what we now know as simple dominant 
transmission was often called `hereditary', and what we now 
know as recessive transmission was called, in contrast, `familial'. 
In these days, with a full knowledge of the behaviour of the 
chromosomes and of the genes they, bear, it is quite unnecessary 
to use the terms in this sense. Their use in the past, however, 
does serve to emphasize a salient feature of the results of each 
type of transmission. 

The three -to -one ratio amongst the offspring of heterozy- 
gotes. 
If human families were indefinitely large, the mating of 

heterozygote to heterozygote would yield normal and affected 
offspring in the proportion of three to one ; and this would be 
a more precise criterion of recessive inheritance than merely 
noting that more than one child in a sibship was often affected. 
Human families, however, are very far from being indefinitely 
large, and we must now consider how far the numerical criterion 
is complicated by this circumstance. 

Suppose that we had a large number of families of four sibs 
each, all the sibships being the result of the mating of two 
heterozygotes. There is a one -in -four chance that any particular 
child will be affected. The problem is exactly the same as the 
number of spades we might expect to find in successive lots of 
four cards (it being supposed that after each card is dealt and 
noted it is replaced and the pack shuffled, so that each card is . 

dealt from an intact pack of fifty-two). Some lots would con- 
tain no spade at all, some one spade, some two, some three, 
and occasionally, though rarely, all four cards would be spades. 
If, however, we dealt out 100 such lots of four and added up the 
total number of spades it would not be far from the theoretical 
figure. of 100, an average of one spade in each lot. 

Here are the percentages of sibships of four that we should 
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expect to contain none, one, two, &c., albinos (or the per- 
centages of lots of four cards that would contain none, one, &c., 
spades) :I 

None affected . 

One affected . 

Two affected . 

Three affected . 

All affected . 

Per cent. 
31.6 
42.2 
21.1 
4.7 
0.4 

100.0 

X 0 = 00 
X 1 = 42.2 
X 2 = 42.2 
X3=14.1 
X 4 = 1.6 

100.1 

The total number of affected adds up to 100, that is, 1 in 4. 
The little table shows that in quite a high proportion, actually 

31.6 per cent., of suitable coatings resulting in four children, 
there will be no affected at all. In practice we should not know 
that the parents in those cases were heterozygotes, because the 
birth of an affected child is the only indication of that fact. 
Naturally if we add up the number of normals and affected in 
the only sibships we know about, those containing at least one 
affected child, we shall obtain a proportion of affected which is 
higher than 1 in 4, because a number of normals who should 
have been counted have been omitted. 

This can be allowed for by suitable methods and a test made 
to see whether a pool of sibships, each containing one or more 
affected children, is in fact yielding the expected 3 : 1 ratio. A 
large, and not very easy, mathematical literature is in existence 
dealing with this apparently simple point. The root of the 
difficulty is that any given method is only appropriate to data 
collected in a particular and defined way ; and, up to the 
present, such restraint in making the collection has hardly ever 
been practised, or, in fact, the need for it at all widely realized. 
It is impossible in this book to present an adequate discussion, 
and anything less would certainly be misleading. Those who 
wish to test a pool of sibships to see whether the 3 : 1 ratio is 
being realized must be referred to more advanced sources, and 
will be well advised to make their study a careful one. If they 
do so, the whitening bones of their more unwary predecessors, 
picked clean by scientific adversaries, can hardly fail to warn 
them against undertaking the adventure in an unduly light- 
hearted spirit. 

1 The binominal expansion of 100 (t -ß-i)4 
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Leaving on one side the question of making precise tests as 
being a task more suited to the research worker, one or two 
approximate criteria may be noted. As we have seen, the 
observed ratio in sibships containing at least one affected 
homozygote will be greater than one to three. If, however, 
one affected person is omitted from each sibship and the ratio 
calculated amongst the remainder, the answer should not be 
far from the expected proportion. In one large collection of 
sibships, each containing at least one albino, the parents all 
being normal in appearance, the proportion of normals to 
affected was 1.6 to 1; but if one affected is omitted from each 
sibship the proportion becomes 3.3 to 1, much closer to the 
theoretical figure. 

This is equivalent to testing the ratio amongst the sibs of the affected 
persons through whom attention was directed to those families ; and the 
procedure will be exact if each sibship was ascertained once only. It 
is in general exact if each sibship is counted as many times as it was 
independently ascertained through the recognition of different affected 
members. It will of course not be exact if sibships with many affected 
have been preferentially selected for recording. 

Another point is that the ratio will obviously approach 3 : 1 

more and more closely as the size of the sibships increases. If 
the numbers are sufficient this may be tried for sibships of dif- 
ferent sizes. The pool of sibships just mentioned gave altogether 
1.6 normals to 1 albino. But, classifying according to size of 
sibship : those containing 1 to 4 children gave 0.9 to 1; those 
containing 5 to 7 children 1.6 to 1; and those containing 8 or 
more children 2.3 to 1. 

To revert to the table on page 58 showing expectations in sib - 
ships of four children each, it will be noted that 31.6 per cent. con- 
tain no affected, 42.2 per cent. contain one affected, and 26.2 per 
cent. more than one affected. Amongst sibships of four children 
each, therefore, the proportion containing one affected against 
those containing more than one affected is 42.2/26.2, i.e. F6 :.1, 
so that rather more than 60 per cent. of sibships will contain 
a single affected person and less than 40 per cent. more than 
one. The proportion of apparently isolated cases obviously de- 
creases as the number in the sibship increases. With sibships 
of three the proportion of single cases is 73 per cent. ; with 
sibships of five, 52 per cent. ; with sibships of ten, 20 per cent. 
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The proportion of isolated cases to cases with more than one 
affected could be turned into a precise criterion of a 3 : 1 ratio, 
but the practical difficulties are even greater than in the case 
of the direct test mentioned above. It is important to note, 
however, that in recessive inheritance, with sibships of ordinary 
size, the proportion of isolated cases is considerable. If many 
such apparently sporadic cases are encountered it does not 
necessarily follow that the condition is sometimes hereditary 
and sometimes not. 

The results of the marriage of blood -relatives -an important 
criterion of recessive inheritance. 
In the previous chapter three examples were given of mar- 

riage between affected heterozygotes. It so happened, and with- 
out any deliberate choice, that two of the examples chosen as 
suitable showed the marriage of heterozygotes who were first 
cousins. The point is a very simple one ; a person who suffers 
from a very rare dominant defect is more likely to encounter 
a similarly affected person who is a blood -relative, and who has 
inherited the defect from the same source, than he is to en- 
counter that particular rare defect in a stranger. 

In dominant inheritance a cousin marriage can only be of 
significance in the case of the marriage of two affected persons, 
an exceedingly rare event, while in the common mating of 
heterozygote and normal it is of no significance at all, for we 
have seen that in dominant inheritance one normal person is 
equivalent to any other normal person, cousin or no cousin. 
The case is quite different in recessive inheritance, for here the 
important mating that yields the great majority of affected 
persons is the mating of two heterozygotes. A heterozygote 
who marries a cousin is more likely to marry another heterozy- 
gote than if he marries some random unrelated person. We are 
dealing with inheritance from both parents, and blood -relatives 
share more of the same genes than do unrelated people. 

This criterion may be given, very simply, a more concrete. 
form. Fig. 27 shows a marriage between first cousins, III. 1 

and III. 2, the father of the woman and the mother of the man 
being brother and sister. Let us suppose that III. 1 is hetero- 
zygous for albinism ; she must have received the gene either 
from her father or from her mother, so that the chance that her 
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father, II. 2, is also heterozygous is one to one, i.e. . If II. 2, 
is heterozygous, the chance that his sister, II. 3, is also hetero- 
zygous is again one to one, i.e. I, so the combined chance that 
II. 3 is heterozygous is 2 X - = 1. If II. 3 is heterozygous the 
chance that her son, III. 2, is also heterozygous is again 1, so 
that altogether, if III. 1 is heterozygous, the chance that her 
first cousin is also heterozygous is x x If, therefore, a 
person heterozygous for a recessive trait marries a first cousin, 
the chance is 1 in 8 that the cousin 
will also carry the same gene. 

Let us again take the con- 
venient, if somewhat exaggerated, 
figure of 1 in 10,000 as the fre- 
quency of albinism in the general 
population ; this, as we have seen, 
means that 1 person in 50 must 
be heterozygous for the condition. 
The chance of a given person being 
heterozygous is bo, and if he mar- 
ries a random unrelated person 
the chance of that person being heterozygous is also 60. The 
frequency of marriages between heterozygotes is therefore bs X 

só = E . One marriage in 2,500 is capable of yielding albinos, 
and as the expectation amongst the offspring is 1 in 4, this pre- 
serves the number of albinos in the population at 1 in 10,000. 

The chance of a given individual being heterozygous is -o, 

but if he marries a first cousin the chance that she is also hetero- 
zygous is ¡g, and bo X = 400, so that one marriage in 400 
between first cousins is capable of yielding albinos. 

In this country perhaps 0.6 or 0.8 per cent. of marriages are 
first - cousin marriages, but for purposes of illustration we will 
take the more convenient figure of 1 per cent. Out of 40,000 
marriages 400 would be between first cousins, and one of these 
would be between persons heterozygous for albinism. The 
chance amongst the remainder is z5óo, so that roughly 16 
marriages between unrelated people would be between hetero- 
zygotes. One in seventeen is about 6 per cent., so we should 
expect to find that amongst the parents of albinos there were 
6 per cent. of first - cousin marriages instead of 1 per cent. as 
in the general population. 

FIG. 27. 
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An excess of consanguineous marriages amongst the parents 
of persons suffering from rare recessive traits is a most impor- 
tant criterion of recessive inheritance. Actually, with large 
numbers, a measurable excess may be expected if the trait is 
not commoner than, say, about 1 in 2,000- 3,000. Obviously 
the rarer the trait the more frequent will be consanguineous 
marriages amongst the parents of affected offspring, for if a 
trait is extremely rare the chance of a heterozygote happening 
to marry another heterozygote is very small, but it remains 
1 in 8 if that heterozygote marries a cousin. For example, if 
the frequency of a defect in the population were 1 in 1,000,000, 
the frequency of heterozygotes would be about 31-,6 and the 
chance of an unrelated marriage yielding affected children 
would be Au x 5óó, while 5óo x s first -cousin marriages would do 
so. The proportion of cousin marriages amongst parents of 
affected offspring would thus be about 38 per cent.' 

Actually it is found that the parents of albinos are first 
cousins in about 20 per cent. of cases; this is much higher than 
the figure expected on the basis of the approximate calculation 
above. The explanation of the discrepancy probably is that 
there is more than one gene producing albinism, the effects of 
the different genes being indistinguishable. 

Later in this chapter infantile amaurotic idiocy is mentioned 
as a condition due to a simple recessive gene. The percentage 
of first- cousin marriages amongst the parents is about 15. 
Alkaptonuria was mentioned on page 20 as a condition almost 
always transmitted as a simple recessive. It is an exceedingly 
rare abnormality, and the proportion of affected persons whose 
parents are first cousins is no less than something between 30 
and 40 per cent. 

It should hardly be necessary to stress one point. Obviously 
the only consanguinity that matters is the actual blood - 
relationship of the parents ; related marriages amongst the 
ancestors of either partner are irrelevant as regards the appear- 
ance of recessive traits amongst their offspring unless husband 

If the incidence of first- cousin marriages in the population is a, and the 
incidence of a recessive defect is p2 (the gene frequency being p), the proportion 
of cousin marriages amongst the parents is given by 

a 
a+16p 

(Lenz and Dahlberg's formula). 
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and wife share thereby in a common inheritance. All that mat- 
ters is the extent to which husband and wife tend to have the 
same genes, and this depends only upon their relationship to 
each other. 

The full value of this criterion will be better appreciated later 
when some complications have been discussed. In simple cases, 
such as most of those described in the first four chapters of this 
book, it is not difficult to distinguish between the different 
modes of transmission. But many cases are not simple. For 
example, a condition may be due to the action of any one of 
several different genes, and in some instances other genes or 
environmental influences may blur the clear -cut picture. Some- 
times there might be doubt as to whether a rare abnormality 
was due to a recessive gene or whether it was non -hereditary, 
for a family group tends to share the same environment as well 
as the same genes. In the presence of such difficulties this 
criterion becomes one of the most valuable of all. 

To give a single example, epiloia was described on page 34 
as a serious dominant condition with a high proportion of cases 
directly attributable to fresh mutations. Might not inheritance 
be recessive in some cases ? But there is no excess of con- 
sanguineous marriages amongst the parents, so this hypothesis 
can be dismissed, because the condition is quite rare enough to 
show a high rate of consanguineous unions if it were indeed 
recessive. 

Cousin marriage in general. 
The advisability or otherwise of the marriage of blood - 

relatives is a question that is often referred to the medical 
practitioner, so it is desirable at this point to say something 
about consanguineous marriage in general. A marriage between 
blood -relatives differs from a marriage between unrelated 
persons simply because blood -relatives tend to possess in com- 
mon more of the same genes. This is the sole difference, and 
there is nothing in the least mysterious about the results of 
consanguineous or incestuous unions. 

Mutation is apparently a random process, and, as any change 
in a delicately balanced mechanism is more likely to do harm 
than good, it is not surprising to find that most mutations are 
undesirable. Early in the history of a species when a mutation 
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appears the gene is probably intermediate in its expression. 
The dominance of the gene can, however, be modified by the 
action of other genes, and as time goes on and the unfavourable 
gene keeps on cropping up at its own characteristic mutation 
rate, the operation of natural selection will ensure that the 
heterozygote becomes more and more like the normal homo- 
zygote as more and more modifying genes accumulate producing 
this result. In other words, as time goes on, an unfavourable 
gene tends to become more and more recessive in its expression. 
In the human species, therefore', there exist many unfavourable 
genes which have become recessive. There are even more in 
which the homozygous state is very disadvantageous but the 
heterozygous state is not seriously abnormal ; that is, there are.. 
even more genes which have not yet become quite recessive. 
All this will apply, not only to genes producing definite and 
striking results such as those with which we have dealt so far, 
but also to genes producing much less startling effects ; genes 
that may, after much research, be identified in convenient ex- 
perimental animals and plants, but whose individual existence 
can hardly be demonstrated in man. 

In the case of beneficial mutations the processes are reversed ; 

these genes tend to become dominant. On the average, there- 
fore, good genes tend to be dominant, or intermediate with a 
marked effect when in the heterozygous state, while bad genes 
tend to be recessive, or intermediate with a relatively small 
effect when in the heterozygous state. 

It must be emphasized here that a change in the dominance 
of a gene does not indicate any change in the gene itself. The 
dominance or recessiveness of a gene is affected by other - 
modifying- genes, and it is this background that has changed 
as the result of the operation of natural selection. 

The breeding of farm live stock provides a useful analogy. 
In very early days the breeder was probably content to mate 
good animals together in order to secure better progeny. This 
simple rule of `mating the best to the best' is perfectly appli- 
cable to man. In general the mating together of superior 
individuals will _ tend to produce better offspring. The breeder 
of live stock found out, however, that as time went on further 
improvement became slower and slower. The disappointing 
feature was that when he had happened to produce a really 
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fine animal, that animal hardly ever, or never, yielded offspring 
as good as himself. With a knowledge of genetics it is easy to 
see where the trouble lay. Good qualities tend to be dominant 
and the breeder's fine animal was heterozygous for most of his 
valuable genes. Thus to some of his offspring he would hand on 
a few good ones, to others some other good ones, but to none, 
or practically none, would he hand on all the genes that gave 
him his particular superiority. As the good genes were dominant 
the breeder had no direct method of distinguishing between 
the duplex and simplex states, and the results proved that 
although he could sometimes produce an animal of great merit, 
he could not easily perpetuate so desirable a strain. 

The breeder's next step was systematically to practise in- 
breeding, the mating together of related animals. This tends to 
produce animals homozygous for more genes, good or bad, as 
may easily be demonstrated. Let us consider the mating of 
numbers of individuals all heterozygous for a particular gene. 
The result will be, on the average, one homozygote of one kind, 
one of the other kind, and two heterozygotes. Heterozygosity 
as regards this gene has thus been reduced to half. In a system 
of close inbreeding the first sort of homozygote will be mated 
to similar homozygotes, giving homozygotes only. The other 
kind of homozygotes will give the same result. In the case of 
the heterozygotes, mated to heterozygotes like themselves, the 
result will be once more homozygotes, heterozygotes, and 
homozygotes in the proportion 1 : 2 : 1, so that the proportion 
of heterozygotes in the population is again reduced, and the 
process will be continued in further generations. It is easy to 
see, therefore, that inbreeding increases the number of homozy- 
gotes in the population at the expense of the number of hetero- 
zygotes ; in other words, the genes tend to be sorted out and 
more and more individuals tend to receive, at the various loci, 
two of the same kind, rather than two different ones. 

In this way the undesirable genes in a strain were unmasked 
and the individuals bearing them could be eliminated. In- 
breeding combined with selection thus tended to produce 
animals, not merely good to look at, but homozygous for their 
good qualities. If the undesirable genes were very numerous 
the breeder had to work carefully and not try to get his results 
too quickly, otherwise there was a danger of his losing the 

F 
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strain altogether. This was where skill and judgement were 
needed, and when the effort was successful the result was the 
production of a few very good true -breeding animals at the 
expense of the elimination pf many bad ones who carried 
away with them the undesirable recessives. In the breeding of 
live stock the process has sometimes been carried very far. 
For example, any two Shorthorns of to -day, taken at random, 
would look more like one another than would the average 
father and son in that breed 150 years ago. The genes of out- 
standing animals have sometimes been so concentrated by the 
interbreeding of their descendants that it is found that one sire 
of years ago may have contributed a quarter of the genes of the 
breed, or even a half, and so be, genetically, the grandfather of 
an entire breed, or even its father. 

Does it follow that it would be desirable to encourage the 
same expedient amongst human beings, and that, so far from 
regarding the marriage of blood- relatives with some doubt or 
suspicion, the practice should be advocated in order to improve 
the human race ? A moment's reflection will show that human 
conditions are totally different, at least as regards any type of 
civilization capable of being visualized at present. The stock- 
breeder can practise ruthless selection ; he does not mind 
eliminating a hundred failures if he can produce one champion ; 

and he need use for breeding, say, only one male in fifty. A 
slightly less obvious point is that his methods lead to great 
uniformity, and a change to quite different environmental 
conditions might mean the disappearance of a breed, for its 
specialization might have gone so far that a sufficient reversal 
could not be accomplished to enable it to cope with changed 
conditions. Few people, if any, would regard such extreme 
uniformity as a desirable thing in the human race, and the hit - 
and -miss method of random mating, while it may be responsible 
for many poor results, yet does preserve a variety in the species 
and a flexibility that enables it successfully to adapt itself to 
very different kinds of environment. 

It will probably be universally accepted, for the present at 
least, that no attempt will be made to improve the human race 
by the heroic method of dragging undesirable recessives out 
into the daylight and eliminating them, together, necessarily, 
with the individuals carrying them. And another and much 
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less important argument can probably be dismissed almost as 
easily : that such half -hearted and minor degrees and amounts 
of inbreeding as are at present permitted and practised should 
be encouraged because of a very small effect in unmasking un- 
desirable features, which might then tend to eliminate them- 
selves, and because of the equally small effect in the attaining 
of homozygosity in desirable traits. These tendencies are in all 
probability so slight that they can be ignored. 

We may, then, accept man as an outbreeding animal, recog- 
nizing that the good dominant genes of one partner will often 
mask the less desirable recessive allelomorphs of the other, and 
vice versa. The average human being will be better for it, but 
the results of marriage will be so much the more incalculable 
and various, and a large stock of really undesirable recessives 
will lurk unseen for the most part, but making a brief un- 
welcome appearance from time to time. 

We are left with the practical problem of how cousin marriages 
may affect the offspring of the individual, or rather of the indi- 
viduals, contemplating it. There is no doubt that recessive 
abnormalities of the striking kind dealt with in the first part of 
this book are sufficiently numerous in man to make it likely 
that many of us are heterozygous for at least one or two of them. 
In an unrelated marriage the chance is relatively small that 
the partners will happen to be heterozygous for the very same 
genes, but, as we have seen, the chance is greatly increased if 
the heterozygote marries a cousin. The appearance of a rare 
undesirable recessive trait is one of the inevitable risks of mar- 
riage, and that risk is definitely increased in a marriage between 
blood -relatives. 

What is of practical importance in this connexion is not so 
much the amount by which the risk is increased but how great 
the total risk may be ; and, unfortunately, this is more difficult 
to estimate. Supposing the risk of an unpleasing event were 
one in a million, and then was increased to one in a hundred 
thousand. It is true that the risk has been increased tenfold, 
but the average man might well decide that even at the higher 
rate it was still so small that he was prepared to ignore it. It 
must be frankly admitted that at present we have not sufficient 
information to give a useful estimate of this risk in a cousin 
marriage. All that can be said is that it is definitely increased. 
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Naturally there would be a contra- indication if abnormalities 
known to be due to recessive genes, or physical or mental weak- 
nesses which might be due, or partly due, to recessive genes, 
have occurred in the family. 

It has been mentioned that there are probably many recessive 
genes producing much smaller but still undesirable effects, genes 
which might, in their aggregate, have an effect on general 
fitness. If so, there will tend to be these vaguer indications of 
impaired well-being amongst the offspring of consanguineous 
unions. Unfortunately, however, our knowledge in regard to 
this is even more scanty than it is in regard to genes producing 
notable and easily observable effects. 

Probably all that can be said at present is that the risks 
inherent in any marriage are definitely increased in a con- 
sanguineous marriage but, in the absence of clear indications in 
the family history, are not so great that the wise man must 
decide that this overrides all other considerations. Actually 
it is quite possible that the, total risk in the average case is not 
really a very serious one. But it can also be said that the hope 
of conserving the good qualities of á stock by the marriage of 
blood -relatives is not a very well- founded hope, at least in the 
sense that equally good qualities in an unrelated person would 
probably lead on the average to an equally good result. It 
should be said, . however, that our ignorance of the actual 
magnitude of these effects, which is the point of real practical 
importance, is not likely to continue for long. There is every 
hope that within a few years the results of research work will 
enable much more concrete statements to be made. 

One final point should perhaps be mentioned. Those who 
have seen some of the unhappier results of incestuous unions 
might feel that these surely could not be attributed simply to 
the possession of more genes in common than is usual: in- 
cestuous unions, in fact, being nothing more, in essentials, than 
a closer kind of cousin marriage. The answer is that many of 
those who defy such a universally accepted criterion of social 
behaviour are mentally abnormal, and their offspring, even 
from an . ordinary marriage, would often be abnormal too. 
There is also the possibility that sometimes they owe their 
mental abnormality to recessive (or intermediate) genes which 
would then often be present in the other partner also. 
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It will be recalled that during some periods brother -sister 
marriages were common amongst the Pharaohs. The reasons 
for the practice were probably often dynastic, as it was held 
that the wife of a royal race transmitted the right of kingship 
to her children, and princes had an unquestionable right to 
the crown only if they were born of a father and mother who 
themselves had equal rights. Nevertheless, it is recorded that 
brother -sister marriages were sometimes common amongst the 
general population also. 

Some of the children of these marriages were persons of great 
ability. For example, at the beginning of the 18th Dynasty 
(about 1580 -1350 B.c.), when the practice had become an es- 
tablished custom, there appeared a succession of highly gifted 
rulers, the period being one of the most brilliant, if not the 
most brilliant, in the long history of Egypt. The following 
pedigree chart, upon which the great majority of Egyptologists 
appear to agree, shows a few of these individuals and illustrates 
how close was the inbreeding practised : 

Sequenenra III T Aahotep I 

Aahmes I -= Aahmes- Nefertari 

Senseneb Amenhotep I -r Aahhotep II 

Thothmes I 
T 

Aahmes 

Hatshepsut 

The originators of a brilliant line were Aahmes I, who expelled 
the Hyksos and founded the 18th Dynasty, and his sister, 
Aahmes -Nefertari, who was deified in later times, and impressed 
the imagination of the people to an extent unequalled by any 
other queen. Of their descendants shown above, Queen Hat- 
shepsut was the most gifted, being a woman of outstanding 
ability ; her father and mother were half - brother and sister, and 
her mother, Aahmes, was the result of two successive marriages 
of full brothers and sisters. 

But, as has been stated, probably few human stocks would 
not contain at least some deleterious recessives, and close in- 
breeding would soon bring them to light. One of the first 
weaknesses to appear, and one of the commonest, is infertility, 
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which does in fact seem to have affected some of the highly 
inbred strains of the Pharaohs. 

What happens when an affected person marries. 
When an albino marries an unrelated normal person the 

chance of the normal partner being a heterozygote is h, if we use 
the figures so far employed in this chapter. It has alréady been 
pointed out, however, that the figure of 1 in 10,000 for the 
incidence of albinism was selected for the sake of simplicity, 
and is too high; the real chance is probably more like moo. Thus 
it is seen at once that the great majority of albinos will marry 
homozygous normals and have children who are all normal 
in appearance. The behaviour of the chromosomes when an 
albino marries a homozygous normal is shown in Fig. 28. The 
albino produces gametes all of which contain the gene for 
albinism, and the normal partner produces gametes all of which 
contain the normal allelomorph, so all the offspring must have 
the same genetic constitution: all will be heterozygotes, but, of 
course, normal in appearance. This gives us another criterion 
for recognizing recessive inheritance : if the trait is at all rare 
(and if inbreeding is not taking place), affected persons married 
to normals nearly always have exclusively normal offspring. 

It was stated on page 21 that direct transmission through . 
at least three generations, in the absence of consanguineous 
marriages, is practically diagnostic of dominant inheritance. It 
will easily be realized that in the case of recessive transmission 
the chance of an affected person happening to marry an un- 
related heterozygote, combined with the chance of an affected 
child of that marriage also happening to marry an unrelated 
heterozygote, provides altogether an excessively remote con- 
tingency. Direct inheritance from parent to child through 
several generations is the sign of dominant inheritance and can 
hardly ever be imitated by recessive transmission. 

Occasionally, once in 50 times (or less), the albino will happen 
to marry a heterozygote. The behaviour of the chromosomes 
is shown in Fig. 29. The heterozygote produces two sorts of 
gamete, those with and those without the gene for albinism. 
The albino 'produces only one kind, all of which contain the 
gene for albinism. There are two possibilities : 

1. A gamete, from the heterozygote, bearing the normal gene 
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unites with a gamete, from the albino, bearing the gene 
for albinism, the result being a heterozygote. 

2. A gamete, from the heterozygote, bearing the gene for 
albinism unites with a gamete, from the albino, also bearing 
the gene for albinism, the result being an albino. 

The result, therefore, is normals and albinos in equal propor- 
tions, and, of course, all the normals are heterozygous. On the 

rare occasions, then, on which 
I I 2 albinos have albino children the 

expected proportion is 1 : 1. 

Naturally, if the albino marries 

HI 

II I 2 4 
a cousin the chance of having 
albino offspring is greatly in- 
creased. This is illustrated in 
Fig. 30. If III. 1 is an albino, 
her father, II. 2, must have been 
heterozygous, and the chance of 

FIG. 30. his sister, II. 3, also being hetero- 
zygous is 2. If she were hetero- 

zygous the chance of her son, III. 2, being heterozygous is 
also z. Taking the chances together, if III. 1 is an albino the 
chance that a cousin is heterozygous is . In a quarter of the 
cases, therefore, albinos who marry their first cousins may expect 
to have albino children. 

Thus a further criterion of recessive inheritance is that when 
affected persons do have affected children the result is normals 
and affected in the proportion 1 : 1 (suitably corrected for the 
small size of the human family as in the case of the expected 
3 : 1 ratio from the mating of heterozygotes). Affected persons 
who marry their first cousins may have affected offspring in 
one -quarter of such marriages, and the proportion of normals 
to affected in that event is also 1 : 1. The practical usefulness of 
this criterion is greatly limited by the rarity with which this 
event occurs. In many cases such marriages will never be 
observed at all. 

The important point observed in practice is that affected 
persons nearly always have normal children. Not only, there- 
fore, may a recessive trait suddenly appear in one sibship of a 
family group in which nothing of the sort has ever been obsérved 
before, but, having manifested itself, it disappears as suddenly 
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as it appeared, to be handed on once again through further 
generations under the mantle of invisibility provided by the 
recéssiveness of the trait. 

Parents 

Reduction 
division 

Gametes 

Fertilization 

OFFspring 

Albino Albino 

Albino 
FIG. 31. Chromosome diagram showing the transmission 
of the genes in the mating of two persons homozygous 

for a recessive trait. 

What happens when two affected persons marry each other. 
The behaviour of the genes and chromosomes is shown in 

Fig. 31. Clearly there is only one possible result, and all the 
offspring will also be affected. 

A reservation must, however, be made. As will be discussed 
later, different genes may sometimes produce an indistinguish- 
able effect, so that if, say, two albinos actually owed their 
abnormality to the effects of two quite separate recessive genes, 
their offspring would be heterozygous for both and all would 
be normal in appearance. 

This criterion for recognizing recessive inheritance is an ob- 
vious and very important one in experimental animals, but in 
man it is not of much value because the mating of affected to 
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affected will be so rare that it may never be observed. Albinism, 
however, is not one of the rarest of abnormalities, and two or 
three instances of the marriage of affected persons have been 
recorded, the result being in each case that only albino children 
were born, so that in these instances the gene involved must 
have been the same in both partners. One example was particu- 
larly striking. Two albinos in a travelling show, and belonging 
to the white and negro races respectively, married and had an 
albino child. The gene therefore was the same. It is likely that 
there exists more than one gene for albinism, but, as has been 
said, in the cases so far observed of the marriage of albinos the 
gene has been the same in both partners. 

The effect of recessive genes may be very severe- lethal 
factors. 
In the case of dominant inheritance we saw that a serious 

abnormality could only be perpetuated by relatively frequent 
mutation unless it so happened that it manifested itself com- 
paratively late in life. A dominant gene producing so severe 
an effect that individuals bearing it could not reproduce at all 
could only appear as the result of a fresh mutation in every 
individual case. There is no such limitation in the case of 
recessive genes. A recessive gene may be transmitted through 
many generations of apparently normal heterozygotes, and only 
when two heterozygotes happen to marry each other can the 
affected person, the homozygote, appear. It is not surprising, 
therefore, to find that as a rule defects due to recessive genes are 
of a more serious character than defects due to dominant ones, 
while some recessive genes produce an effect so serious that it 
may be incompatible with reproduction, or even with life itself. 

Infantile amaurotic idiocy, a condition determined by a reces- 
sive gene, may be taken as an example. The affected infants are 
apparently normal at birth, but soon show signs of mental 
impairment which progresses rapidly to complete idiocy. At 
the same time there is a progressive diminution in visual acuity 
ending in blindness. There is also progressive muscular weak- 
ness and the infant passes into a stage of marasmus. The 
average age at the onset of the first symptoms is about 5 or 6 

months, and the average age at death is about 4 years. All 
the affected children die before the end of their third year. A 
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cherry -red spot in the macula upon ophthalmoscopic examina- 
tion is a diagnostic sign. Pathologically, the nerve -cells show 
degenerative changes, the essential feature being the presence 
of abnormal lipoid substances ; the nerve -cells lose their normal 
pyramidal shape, the lipoid distension causing a characteristic 
ballooning. By the time death occurs there is practically not a 
single normal nerve -cell left in the entire central nervous system. 

In recent years the condition has been recognized as one of a 
group of `lipoidoses'. Another very similar member of the 
group is the juvenile form of amaurotic idiocy, also due to a 
recessive gene, though a different one. In the juvenile form the 
age at onset is later, the average being about 6 years, and the 
fatal issue is delayed, the average age at death being about 16 
years. There is no cherry -red spot in the macula. Pathologically 
the process is essentially the same, but the changes are not so 
pronounced. Fig. 32, from a case of the juvenile form, illus- 
trates the histological changes very well ; in the cerebral cortex 
they are pathognomonic. A section showing normal nerve -cells 
is given for comparison. 

These are instances of recessive traits in which the homozy- 
gotes are entirely incapable of reproduction. The only way in 
which the diseases can be perpetuated is by the mating of 
heterozygotes, and, as we have seen, a gene may be trans- 
mitted indefinitely through many generations of heterozygotes 
until two of them happen to marry each other and then the 
homozygote appears. 

There is no reason at all why recessive genes should not pro- 
duce an even greater effect and lead to a non -viable embryo. 
Many examples are known in animals, and it is possible that 
some instances of early miscarriage are caused in this way. 

Mutation and recessive genes. 
Just as in the case of dominant or intermediate genes, there 

are good reasons for believing that, in the proportion of indi- 
viduals exhibiting a trait, or carrying a gene, the population 
must be more or less in equilibrium. Any loss of genes will be 
made good by an appropriate rate of mutation at that parti- 
cular locus in the chromosomes of the pair concerned. Many 
recessive genes produce severe effects when in the duplex state, 
which may even be incompatible with reproduction. If the 
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homozygotes do not have, on the average, as many children as 
do normal people, or if the homozygotes cannot reproduce at all, 
some or all of the genes they bear are wiped out and the loss 

Fia. 32. Microphotographs showing the characteristic changes in the central 
nervous system in amaurotic idiocy. On the left, normal cortical nerve -cells 
for comparison. On the right, cortical nerve -cells from a case of the juvenile 
form of the disease, showing ballooning. The neurofibrillae are pushed out by 
lipoid distention into a peripheral ring. The largest cell shows a further stage 
of disintegration. The granular substance within the nerve -cells would stain 

with a lipoid stain. Magnification x 600. Bielschowsky's stain. 

will be made good by mutation. But we have seen that hetero- 
zygotes are far more common than homozygotes, and in their 
case the genes are not being extinguished. Thus the actual loss 
of genes per generation is not very great even if no homozygote 
can reproduce. 

When a recessive mutation takes place the first individual 
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carrying the mutant gene will be heterozygous. It will be trans- 
mitted through the generations until a heterozygote happens to 
marry another heterozygote. The first appearance of affected 
individuals may be many generations later than the mutation 
which made their appearance possible. In recessive inheritance 
in man, therefore, we can probably never say that a mutation 
has occurred at a given time. Actually the rate of mutation in 
relation to the rate of the appearance of the trait is not high 
even if no affected persons reproduce, and in the majority of 
cases encountered we can be sure that the gene has been trans- 
mitted from a line of ancestors ; in those cases in which it 
appearance is due to a recent mutation we shall be unable to 
demonstrate the fact. 

A summary of the criteria for recognizing simple recessive 
inheritance. 
We have now considered the results of all the possible 

matings involving a recessive gene, and as the argument was 
spread over a considerable number of sections it may be useful 
to summarize the criteria, so simply deduced from chromosome 
behaviour, for recognizing this type of transmission in man: 

1. The great majority of affected persons are the offspring of 
parents who are normal to all outward appearance. 

2. There is a familial incidence ; that is, sibships frequently 
occur in which more than one child is affected. Taking a 
pool of a large number of sibships, it is possible by suitable 
methods to discover that the proportion of normals to 
affected is really 3 : 1. Human families being small, a 
considerable number of sibships will contain one affected 
child only. 

3. If the abnormality is at all rare, say rarer than 1 in 
2,000 -3,000 of the population, an undue proportion of 
related marriages will be found amongst the parents 
of affected persons. The rarer the defect the higher the 
proportion of consanguineous marriages. 

4. Affected persons who marry normals will have normal 
offspring only in the great majority of cases. The rare 
exceptions will often be due to consanguineous marriage. 

5. When affected persons married to normals have affected 
children, i.e. when they have happened to marry heterozy- 
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gotes, the proportion of normals to affected is 1 : 1; again 
suitable allowance must be made for the small size of the 
human family. 

6. Affected persons who marry affected persons will have 
affected offspring only, provided that the defect is really 
due to the same gene in both cases. 

It will be noted that the last three criteria can only be 
applied if affected persons have children. In the case of lethal 
or semi- lethal effects, which, as we have seen, are not infre- 
quently produced by recessive genes, only the first three criteria 
are available. Further, in the case of rare conditions, the last 
two criteria may not be applicable, for the appropriate matings 
may not be observed. 

It is not intended to imply that it is particularly difficult, given a 
sufficient number of families, to recognize in man the transmission of 
recessive genes responsible for rare, or moderately rare, traits ; in fact the 
reverse is true. It should also be pointed out that in practice, with 
records of the usual type now available, the value of the precise fitting 
of a 3:1 ratio should not be over -estimated, on account of its appear- 
ance of greater complexity and precision. The fitting would be of great 
importance if the records were such that the methods used led to un- 
equivocal tests of significance ; it might then be discovered that there 
were sometimes additional complications of the kind discussed in Chap- 
ter VII. But available records are not, as a rule, suitable for such 
refinements ; only too often the observer, having demonstrated what 
appears to be a definite and significant departure from the expected 
3:1 ratio, proceeds to explain it away on the score of bias and lack of 
uniformity in the material, because he is already convinced, from a 
study of the other criteria, and by an approximate agreement, that the 
mode of transmission is in any case that of a recessive gene. 

The pedigree, the individual family, in the recognition of 
recessive inheritance. 
It will probably have been noticed that the previous chapter 

was plentifully illustrated with pedigrees, as is also the next one 
on sex -linked inheritance, but, so far, not a single pedigree has 
been given to illustrate recessive inheritance. This is because 
the individual pedigree is not the characteristic thing that it is 
in the case of the other types of transmission ; or, to put the 
same statement into different words, an individual case of 
recessive inheritance, even in conjunction with a very full 
family history, will rarely, if ever, provide crucial information 
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as to the inheritance of the trait and the mode of transmission 
of the gene. 

An observer who had obtained a family history like that 
given in Fig. 7 for the family group exhibiting brachydactyly 
could assert that he was dealing with a dominant gene even if 
he were the only person in the whole world to have made such 
an observation. A sufficiently extensive family history of 
dominant or sex -linked inheritance may be diagnostic of the 
mode of transmission ; but even a most extensive family history 
in the case of a recessive trait can by itself hardly ever be con- 
clusive. 

In the previous section a summary was given of the criteria 
we have established in this chapter for the recognition of reces- 
sive inheritance. It will be noted that not a single criterion 
necessarily applies to an individual case ; they are only applicable 
to a number of cases taken all together. For example, the first 
criterion specified that the great majority of affected persons 
are the offspring of normal parents : a negative criterion at best, 
and, in the single instance before us it might not be fulfilled. 
The second criterion specified that a familial incidence is 
characteristic ; but our example might be the only affected 
child in his sibship. The third criterion, a high rate of con- 
sanguinity amongst the parents, was stressed as a most valuable 
guide ; but true though it is for an aggregate of cases, the 
chances are against it being true for our single abnormal child. 
Even if it is true, the consanguineous marriage in a single case 
might be a coincidence and not have anything to do with the 
transmission of the defect we are investigating. 

These are all the criteria we have if the affected person is 
incapable of reproduction, but, even if he is, the fourth criterion 
merely states that the great majority of affected persons mar- 
ried to normals have normal offspring only : another negative 
criterion, and our present case might be one of the exceptions. 
The fifth criterion, that when affected persons married to 
normals do have affected children, the ratio is 1 : 1, can only 
apply to a small minority of examples ; and our abnormal 
patient will probably not be one of them. The last criterion 
alone remains, that if our .affected person marries another 
similarly affected person all the children will be affected ; and 
our affected person is very unlikely indeed to be so obliging. 
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Even if our individual case does fit, in with a few of the criteria, 
some of these are of a negative character, and in the case of 
others we should not be certain, in the absence of a knowledge 
of other cases, that this was not a coincidence. And even if our 
patient brings to our notice some other affected persons in his 
family group, they too may fail to give us the crucial informa- 
tion for which we are searching. 

Recessive inheritance, if it is uncomplicated, is not difficult 
to recognize, but a number of cases are required, so it is quite 
clear that the individual family history, that is, the individual 
pedigree, valuable though it is as one of a pool of similar his- 
tories, may by itself demonstrate nothing. 

It would be easy to give quite a typical pedigree showing one 
albino in a sibship of three or four, but with parents, children, 
and a profusion of ancestors and collateral relatives who are 
nothing but a wilderness of normality ; but it is not proposed 
to waste space by providing such an obvious illustration. In 
practice, however, it is found not infrequently that, if a family 
history is sufficiently extensive, at least one other sibship may 
be encountered which contains albinos, for though the chance 
of a heterozygote marrying another heterozygote is small, it is 
not inconceivably small. The chance is greatly increased if a 
heterozygote marries a cousin, and a pedigree containing con- 
sanguineous marriages may be a useful illustration, if not a 
demonstration, of the transmission of a recessive gene. 

Fig. 33 shows a very extensive pedigree indeed of a family 
in which some albinos occurred. This family group was first 
investigated in 1849 -50 and then reinvestigated in 1907 -9, 
hence the completeness of the information for earlier and for 
later generations. As before, many normals are represented 
collectively by a diamond, the number of individuals repre- 
sented being written beneath the symbol. This compression 
has necessitated the omission of some normal persons, chiefly 
husbands and wives of persons in the main lines of descent ; but, 
even as it is reproduced, the pedigree includes no less than 389 
individuals. This large number includes only three sibships 
containing albinos ; these are shown in full as IV. 2 -4, IV. 6 -11, 
and V. 7 -18. 

This instructive pedigree demonstrates several points in 
the transmission of a recessive gene. The first has just been 
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mentioned: that in a large family group only a very few sibships 
will usually contain the recessive homozygotes. Had an investi- 
gator come across IV. 2 in the first place, he might well have 
given up the attempt to find any related albinos, for the rela- 
tionship to the affected persons in the other sibships is remote. 
It might well have been concluded that here was a sporadic 
case, the only one in the sibship, and with no affected relatives 
traceable. Actually a very extensive search has revealed other 
affected persons ; thus, sooner or later, a related heterozygote 
may be found who has happened to marry another heterozy- 
gote. We saw that consanguineous marriages may greatly in- 
crease the number of recessives appearing. In this pedigree 
one sibship containing albinos is the result of the marriage of 
second _cousins, III. 8 and IV. 13. 

The lines of descent of the gene for albinism cannot be 
identified with certainty because there is more than one possi- 
bility. The persons who are certainly heterozygous, because 
they had albino children, are 

III. 2, III. 3, III. 5, III. 11, IV. 13, III. 8. 

IV. 13 might, however, have obtained the gene either from his 
father, III. 6, who was the brother of a known heterozygote, or 
from his mother, III. 10, who was the sister of a known hetero- 
zygote. Looking at the right -hand side of the pedigree, it 
appears likely that III. 5, III. 8, and IV. 13 all inherited 
the gene from one of their common ancestors, I. 3 or I. 4. 
But, looking at the left -hand side of the pedigree, it seems 
equally likely that III. 5 and III. 2 inherited the gene from one 
of their common ancestors, I. 1 or I. 2. There is no way of 
deciding which in fact happened. Even with such full evidence 
before us the exact path óf a recessive gene may remain obscure. 

Perhaps the most important lesson of Fig. 33 is the one 
already stressed: that unless we already know that albinism 
was transmitted as a simple recessive, this single pedigree, 
especially instructive though it is, could only indicate a possi- 
bility. Fine pedigrees like this, taken in conjunction with 
others, demonstrate recessive transmission, but alone can only 
serve to illustrate truths already established on fuller material. 

Families in which consanguineous marriages have taken 
place, resulting in the appearance of recessive homozygotes, 
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may provide pedigrees in which there are a considerable number 
of affected persons. Such a pedigree is shown in Fig. 34. 
Albinism appeared amongst the offspring of II. 2 and II. 3. 
One of the albinos, III. 1, married her father's brother, II. 1; 
he proved to be heterozygous, for they had three affected and 
three normal children, giving exactly, in this case, the expected 
1 : 1 ratio. III. 5, who was himself normal, married his cousin, 
III. 6, and their three children included one albino, so III. 6 

FIG. 34. Pedigree illustrating the fact that consanguineous marriages 
within a family group may increase greatly the frequency of occurrence 
of a recessive trait which happens to be present. Albinism. (Pearson, 

Nettleship, and Usher after Tertsch.) 

was also heterozygous ; thus it is clear that all the three brothers 
in the sibship in generation II must have been heterozygous. 
III. 3, who married an apparently unrelated man, had an 
albino child, so the husband must have happened to be hetero- 
zygous also. 

A pedigree like this, with more than one consanguineous 
marriage, may be a fairly strong indication of recessive inheri- 
tance, but even in such a case a knowledge of other families 
would be necessary before a confident opinion could be given. 
One difficulty in an individual case is that the pedigree might 
look rather like dominant inheritance, modified as discussed 
in Chapter VII, and the consanguineous marriages might be a 
coincidence, occurring, for example, in a family inhabiting an 
isolated district in which such marriages were common. This 
explanation, though unlikely, could often only be dismissed 
after reference to the transmission of the trait in other family 
groups. 

The observer who is confronted by 'a case which he thinks 
might be due to a recessive gene will have to rely for his inter- 
pretation on a knowledge of the literature, making sure at 
least that the family history before him does not contradict the 
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hypothesis, and that as far as it goes it is in harmony with it. 
As will become clear from the discussions in Chapters V and VII. 
the opposite mistake must also be avoided. A knowledge of the 
literature alone is not enough: the individual family history 
must be carefully studied too, for, as we shall see, identical, or 
what appear to be identical, conditions may sometimes be due 
to the action of different genes, differently transmitted. . 



CHAPTER IV 

SEX -LINKED INHERITANCE 

The sex -chromosomes. 
IT was stated in Chapter I that the behaviour of one pair of 
chromosomes, the sex -chromosomes, would require a fuller 
description than the general account then given. This one par- 
ticular pair out of the twenty -four 
is different from the others and has 
a special relation to sex. In the 
female the chromosomes compris- 
ing this special pair are equal in 
size, as in the case of all the other 
pairs: they are termed X- chromo- 
somes. The corresponding pair in 
the male is unequal. There is one 
X- chromosome, which is exactly 
the same as the X- chromosome in 
the female, but the other member 
of the pair is much smaller : it is 
called the Y- chromosome. Thus the 
female somatic cell possesses two 
X- chromosomes, and the male so- 
matic cell one X- chromosome and 
one Y- chromosome. Fig. 35 is a 
microphotograph showing the X- 
and Y- chromosomes, enormously 
magnified, in a human male cell. 
The cell is about to divide and the chromosomes , have arranged 
themselves closely together in the centre of the field, but the 
X- and the Y- chromosomes have lagged behind, and so can be 
seen, unobscured by the others. The length of the X- chromo- 
some is about 4-5h. and of the Y- chromosome about 1 

The behaviour of the sex -chromosomes in the reduction 
division and in fertilization is illustrated in Fig. 36. The female 
can produce only one sort of ovum, for each ovum must con- 
tain an X- chromosome. The male, on the other hand, produced 
two sorts of spermatozoon: those containing an X- chromosome, 

Fm. 35. Microphotograph show- 
ing the X- and Y- chromosomes 
in a human male cell. The other 
chromosomes are bunched to- 
gether in the centre of the field, 
but the sex- chromosomes have 
lagged behind and so can be in- 
dividually distinguished. Magni- 

fication x 3,000. (Koller.) 
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and those containing a Y- chromosome. There are two possi- 
bilities when fertilization takes place : 

1. An ovum bearing, of course, an X- chromosome may be 
fertilized by a spermatozoon also bearing an X- chromo- 
some ; the result will be an individual bearing two X- 
chromosomes : that is, a female. 

Parents 

Reduction 
division 

Gametes 

Fertilization 

O FFsp ri n9 

Female Male 

Female Male 
Fm. 36. Diagram showing the behaviour of the sex - 
chromosomes at the reduction- division and fertilization. 

The mechanism of sex -determination. 

2. An ovum bearing an X- chromosome may be fertilized by 
a spermatozoon bearing a Y- chromosome ; the result will 
be an individual bearing one X- chromosome and one 
Y- chromosome: that is, a male. 

We see, therefore, that thé sex of the future human being is 
decided at the moment of conception. Sex is determined simply 
by the sort of spermatozoon, X- bearing or Y- bearing, which 
happens to fertilize the ovum. The two sorts of sperm are 
produced in approximately equal numbers, so the numbers of 
females and males born are approximately equal. 
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The human sex -ratio is not quite one of equality. About 106 
boys are born to every 100 girls, and the excess of boys is even 
greater at the time of conception, because more boys die in 
utero than do girls. The two sorts of spermatozoon are pro- 
duced in equal numbers, but a Y- bearing sperm has a somewhat 
greater chance of fertilizing the ovum than has an X- bearing 
sperm. This is possibly due to a greater motility, but be that 
as it may, the relative chances of the two sorts of sperm will be 
determined by agencies susceptible to the operation of natural 
selection. Males die at a greater rate than females at practically 
all ages, and it has been pointed out that the relative chances 
of the two kinds of sperm are so adjusted as to produce a sex - 
ratio of equality at the beginning of the natural period of re- 
production, just after adolescence. 

Any chromosome other than the sex - chromosomes is called 
an autosome; all forty -six are referred to collectively as the 
autosomes. 

The genes carried on the sex -chromosomes. 
The sex -chromosomes carry genes just like thé other chromo- 

somes, the autosomes. The genes determining sex will be men- 
tioned a little later ; but, in addition to these, the X- and 
Y- chromosomes carry genes affecting all kinds of bodily 
structures and functions unassociated with sex -differences. It 
is these genes that are called sex-linked; they are just the same 
sort of genes as are carried upon the autosomes, but they must 
obviously have a special relation to the sex of the individuals 
carrying them. Sex -linked genes therefore are simply genes 
carried upon the sex -chromosomes. 

There are three kinds of sex -linked genes ; reference to Fig. 37 
will make the description of the three kinds easy to follow. 

1. X -borne genes. 

Many genes are carried upon the larger portion of the X- 
chromosome, a-b in the diagram. In the case of the female 
there are two X- chromosomes, so there are two loci and two 
allelomorphic genes present in each case. An individual female 
may be homozygous or heterozygous for a particular gene. All 
this is just the same as in the autosomal inheritance of the 
previous chapters. 
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In the case of the male, however, there is only one X-chromo- 
some, and the Y has no portion corresponding to the region a-b 
in the X. The male, therefore, cannot possess two genes corre- 
sponding to a given locus, but one only. The question of domi- 
nance and recessiveness cannot arise in the male in the case of 
X -borne genes ; the single gene at the single locus will be ex- 

pressed, irrespective of whether 
it is dominant or recessive in 
the female, for there is nothing 
to oppose it. 

d 2. Y -borne genes. 
b e 

A small portion of the Y- 

y, 

chromosome, represented by 
F the region d-e in the diagram, 

X-chromosome. Y- chromosome has no corresponding region in 
Fm. 37. Diagram showing the three the X. As the female does not regions at which genes maybe situated 
in the sex -chromosomes, so giving possess a Y- chromosome, genes 
rise to the three kinds of sex -linked carried in this region are exclu- inheritance. 

sive to the male, and, of course, 
are single in him and not paired'. There can be no question of 
dominance or recessiveness ; if a Y -borne gene is present in a 
male it must be expressed. 

3. X -and Y -borne genes -partial sex -linkage. 

The regions in the X- and Y- chromosomes indicated by b -c 
and e-f respectively are homologous: that is, they correspond in 
the X and Y, and are just like the whole of a pair in the case of 
the autosomes, in which the entire chromosomes are homolo- 
gous. Genes carried in these regions may be present on the X- 
or the Y- chromosome or upon both. They always occur in 
pairs just like ordinary autosomal genes, and; like them, may 
be dominant, recessive, or intermediate in their expression. 

Most of this chapter will be devoted to a consideration of the 
transmission of X -borne genes. In fact, until comparatively 
recently this was the only sort of sex -linked inheritance known 
in man. When the term sex -linked inheritance is used without 
qualification it is the transmission of X -borne genes that is 
always implied. The reason why Y -borne genes were not found 
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earlier is simply that this portion of the Y- chromosome is very 
minute and does not contain many loci, so that human genetics 
had been studied for many years before any Y -borne genes 
were discovered. At the present time only a few are known. 

The reason why it was not detected until two or three years 
ago that there were genes residênt upon the homologous (pair- 
ing) portions of the X- and Y- chromosomes is quite different. 
Genes resident upon these portions behave very like ordinary 
dominant and recessive genes, and the relationship to sex is far 
from obvióus. Actually the genes now recognized as being par- 
tially sex -linked had been known for many years, and had been 
thought to be ordinary dominant or recessive genes resident 
upon autosomes. The histological observation having been 
made that there was a homologous portion in the sex- chromo- 
somes, a successful search was made for partial sex- linkage. It 
is unlikely that it would have been noticed, in the absence of a 
definite search, that the ratios yielded by the genes concerned 
were in fact not entirely independent of the sex of the indivi- 
duals carrying them. It is not proposed to deal with partial 
sex -linkage in this chapter ; it can be more conveniently studied 
in connexion with genetic linkage in general, the subject of 
Chapter VI. From the practical point of view no very serious 
error would be made if the genes concerned were treated as auto - 
somal ; as has just been pointed out, they were so described until 
very recently. 

A further note on sex -determination. 
The non -homologous portion of the X- chromosome, shown 

diagrammatically as a -b in Fig. 37, is the portion of the sex - 
chromosomes actually concerned with the determination of sex. 
On this portion are sex - controlling genes. The forty -six auto - 
somes also contain sex -controlling genes. When the sex -con- 
trolling genes of the autosomes are balanced against the sex - 
controlling genes of a single X- chromosome, or rather, of the 
portion a -b, the result is a male. When the sex -controlling 
genes of the autosomes are balanced by two X- chromosomes 
the result is a female. 

The Y- chromosome has nothing to do directly with sex - 
determination. This is shown by the fact that in other animals 
XXY individuals, which have arisen as the result of an anomaly 
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in chromosome behaviour, are just like normal females. An 
instance will be given later showing that in all probability 
women may very occasionally possess a Y- chromosome in addi- 
tion to the two X's. 

The sex- determining genes act by directing the development 
of the early, as it were, neutral, embryo along one or other of 
two possible paths. Either male or female sex- glands appear, 
and subsequent sex -differentiation is largely controlled by the 
hormones they produce. 

It is perfectly true that very occasionally something may go 
wrong with this orderly process, just as it may with any other, 
and so -called intersexes then appear. The pseudo -intersexes, 
which often present a mixture of male and female structures, 
are, however, males or females whose development has been 
incomplete or abnormal. An individual with one X- chromo- 
some is still a male, and an individual with two is still a female, 
even if, very rarely, their sex differentiation has gone wrong. 
Nothing like complete sex -reversal occurs in man ; thus the 
simple statement that the sex of the future human being is 
decided at the moment of conception, in the manner shown in 
Fig. 36, requires no modification. 

Haemophilia -a condition due to an X- borne, sex -linked 
gene. 
Haemophilia is a disease in which the time taken for the 

blood to coagulate is greatly prolonged. No abnormality has 
been detected in the composition of the blood or in the vessel - 
walls and the reason for the prolonged coagulation -time is not 
yet understood. The condition manifests itself in early life, and 
persistent bleeding or huge bruises may result from scratches or 
blows that would be trivial in the normal person. The extrac- 
tion of teeth is a particularly dangerous procedure. Haemor- 
rhage into thè cavities of joints is a characteristic feature and 
may lead to destructive changes. There is much variation in 
the severity of the condition at different times in the same 
individual, and also as between different individuals. A con- 
siderable number of sufferers die before attaining adult life, and 
the proportion surviving to middle -age is relatively small. 

A few particulars about the affected individuals shown in the 
pedigree reproduced on page 98 will serve to illustrate some of 
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the consequences of this anomaly of the blood. Of the nine 
individuals shown, five were dead at the time the pedigree was 
compiled. Four had died of the condition, at the ages of 9 

months, 2 years, 21 years, and `in childhood'. The fifth, I. 1 in 
the pedigree, died at the age of 62, prolonged haemorrhage 
following the extraction of a tooth having probably hastened 
his end. The other four affected males were alive, ranging in 
age from 23 to 38. When the oldest survivor had pneumonia 
at the age of 9 years leeches were incautiously applied behind 
his ears, causing so great a haemorrhage that he was described 
as almost swimming in blood. Later, following the extraction 
of a tooth, he bled for seven weeks and nearly died. An enor- 
mous haemorrhage followed another tooth extraction when he 
was serving as a soldier and led to his discharge from the army. 
Once, while dancing, he had so violent an attack of epistaxis 
`that the blood gushed out of his nose in an unbroken stream 
for two hours and lasted on and off for 14 days'. Another 
surviving male, after many haemorrhages following the minor 
accidents of childhood, was discharged from the army because 
of persistent large swellings at the thigh and knee, the result of 
a fall. The mother of four of the boys `related with shudders 
how every morning these boys had their shirts soaked with 
blood'. The boy who died at the age of 9 months bled to 
death from a blood vesicle formed when one of his teeth was 
being cut. 

The one feature not emphasized in the otherwise characteristic 
history of these sufferers is the haemorrhage into joints, a most 
painful and disabling occurrence, often followed eventually by 
much crippling and permanent disability. But in the family 
shown in Fig. 39 one affected male died at the age of 21 from 
chronic morphine poisoning, the habit having been acquired be- 
cause of the severe joint pains. A brother was also a morphine 
addict for the same reason. 

In these days the risk of minor surgical procedures, such as 
the extraction of teeth, is much diminished by preliminary 
blood transfusion. 

Haemophilia is due to a gene carried upon the unpaired 
portion of the X- chromosome, shown as the region a-b in Fig. 37 : 

that is, it is due to an X -borne, sex -linked gene. Nearly all this 
chapter deals with this typé of sex -linked inheritance and, for 
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reasons already fully explained, it is for practical purposes much 
the most important variety. It will be understood, therefore, 
that wherever in this book the term `sex -linked inheritance' is 
used without qualification, it is this type which is meant. 

Haemophilia is due to a recessive gene : that is, when the gene 
is present upon one X- chromosome only in the case of the female, 
it does not produce any effect. Naturally, if it is present on the 
single X- chromosome of the male, it must be expressed, for in 
the male the gene must be single and not one of a pair. Most of 
the known sex -linked (X- borne) genes are recessive, as in the 
case of haemophilia, the classical instance. Accordingly, recessive 
sex -linked inheritance will be described first ; dominant and 
intermediate sex -linked inheritance will be dealt with later. 

The reason why haemophiliacs are males who have received 
the gene from their mothers. 
Once again we must introduce the notion of the frequency of 

a gene in the population. Let us suppose that genes for haemo- 
philia and normal allelomorphs are being handed out at random 
in the proportion of 1 gene for haemophilia to 9,999 normal 
allelomorphs. The chance that a male will receive the abnormal 
gene upon his one X- chromosome is loóoo, so 1 male in every 
10,000 males will be a haemophiliac. The chance that afemale 
will receive the gene upon one X- chromosome is ioóoo, and the 
chance of receiving it upon the other is also óúóo, so the com- 
bined chance that she will receive it either upon one X- chromo- 
some or the other is s óo (ignoring the excessively minute chance 
of receiving it upon both). Thus one female in every 5,000 
females will be heterozygous. 

The chance of a female receiving the gene for haemophilia 
upon both X- chromosomes is ióoó X ioóóo ; thus the odds against 
bringing off this fantastic `double' are 99,999,999 to 1. Given 
random mating, only 1 female in every 100 million females will 
be a haemophiliac. In other words, male haemophiliacs should 
be 10,000 times commoner than similarly affected females. 

To approach the same point in a slightly different way, as 
female haemophiliacs must carry the abnormal gene upon both 
X- chromosomes, and as both parents contribute one each of 
these, a female haemophiliac could only appear from the mating 
of an affected man and a woman who was at least heterozygous. 
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The chance of an affected male happening to marry a heterozy- 
gous woman is clearly extremely remote. 

The astronomical figure for the chances against the appear- 
ance of female haemophiliacs would be reduced by consan- 
guineous marriages, for the cousin of an affected male would 
not infrequently be heterozygous ; it still, however, remains in 
the millions. And actually, in the case of haemophilia, there is 
another factor which would raise the figure again: the low 
fertility of affected males, who frequently die young and do not 
often have 'children. If a recessive sex -linked condition were so 
serious that affected males could not reproduce at all, affected 
females could never appear. 

The foregoing considerations make it plain that in the case 
of any rare, sex -linked, recessive trait the affected female will 
hardly ever be encountered. But haemophilia has excited great 
interest for several generations and very many families have been 
carefully studied, so that 'appropriate matings for the produc- 
tion of affected females have in fact been observed on a few 
occasions. No female haemophiliacs have appeared as a result, 
so that either the presence of the two genes is lethal and the 
zygote does not develop, or else the condition is not expressed 
in females, perhaps not in the presence of ovarian tissue. 

A rare, recessive, sex -linked trait is exhibited by males in 
almost every instance and the gene has been transmitted to 
them by their mothers, from whom they have received their 
single X- chromosome. At any given time one -third of all the 
genes for haemophilia in existence are situated in the X- chromo- 
somes of affected males (ignoring for a moment the high death - 
rate) ; the remaining two -thirds are in one or other of the two 
X- chromosomes of their female relatives : in all their mothers, 
who transmitted it to them ; in some of their sisters, who re- 
ceived it from the same source ; and in all their daughters, to 
whom they have passed it on. 

If the frequency, amongst males, of affected males possessing a reces- 
sive, sex -linked gene is p, and the frequency of normal males is q, where 
(p q) = 1, then, given random mating, the frequency amongst females 
of the three types of female is: 

Homozygous normals q2 

Heterozygotes . 2pq 
Affected . . p2 
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It will be noticed that the frequency of affected females amongst 

females is given by the square of the frequency of affected males amongst 
males. 

In the case of a rare trait the figure for affected females will be con- 
siderably increased by consanguineous marriages, and it is easy to see 
that affected females will usually be the offspring of blood -relatives. 
The absolute frequency of affected females, however, will still be very 
small. 

The mating from which haemophiliacs are born- heterozy- 
gous female X normal male. 
In the previous section it was shown that this must be the 

mating from which practically all haemophilic sons appear. 
The first criterion of recessive, autosomal inheritance is also true 
of recessive, sex -linked inheritance that if the trait is . at all 
rare, the great majority of affected persons have normal parents. 
Actually, in the case of sex -linked genes, it is not merely the 
great majority, but the vast majority. 

The behaviour of the chromosomes is shown in Fig. 38. Both 
parents form two sorts of gametes, and there are four possibi- 
lities : 

1. A spermatozoon bearing an X- chromosome carrying the 
normal gene may fertilize an ovum bearing an X- chromo- 
some also carrying the normal gene. The result will be a 
female, as there are two X- chromosomes, and both chromo- 
somes will carry the normal gene : that is, the result is a 
normal female. 

2. A spermatozoon bearing the Y- chromosome may fertilize 
an ovum bearing an X- chromosomè carrying the normal 
gene. The result will be a normal male. 

3. A spermatozoon bearing an X- chromosome carrying the 
normal gene may fertilize an ovum bearing an X- chromo- 
some carrying the gene for haemophilia. The result will be 
a heterozygous female, but, as the gene is recessive, she 
will be normal to all outward appearance. 

4. A spermatozoon bearing a Y- chromosome may fertilize an 
ovum bearing an X- chromosome carrying the gene for 
haemophilia. The result will be a haemophilic male. 

The result of this type of mating, therefore, will be, on the 
average, females who are all normal, though half of them will 
actually be heterozygous, and normal and affected males in 
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equal proportions. It is easy to make an approximate test to 
see whether affected and normal males are appearing in the 
expected proportion, 1 : 1; but in making exact tests allowance 
must be made for the small size of human families, as was 

Female Male. 
Heterozygote Normal 

Parents 

Reduction 
division 

Gametes 

Fertilization 

Offspring 

1 

i 
1 

Female 
Normal 

0, 
Male 

Normal 
Female 

Heterozygote 

0 
Male. 

Affected 

FIG. 38. Chromosome diagram showing the transmission of the 
genes in the mating to a normal male of a female heterozygous for 

a recessive, X- borne, sex- linked gene. 

mentioned on page 57. This is because some heterozygous 
females will happen to have only normal sons and these will not 
be counted because often the only indication that a female is 
heterozygous is the birth of an affected son. 

A pedigree showing the transmission of haemophilia. 
Fig. 39 shows a family group in which haemophilia occurred. 

I. 1 had three children, two affected sons and one daughter. 
Clearly I. 1 must have carried the gene for haemophilia upon 
one of her X- chromosomes, and it so happened that it was this 
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X- chromosome which both sons received. The daughter, II. 3, 
received one X- chromosome each from her father_and mother, 
and, once again, the mother happened to pass on the X- chromo- 
some bearing the gene for haemophilia, because II. 3 in turn 
must have been heterozygous as she had an affected son. The 
path of transmission of the X- chromosome bearing the gene for 
haemophilia is perfectly plain ; III. 2 and III. 4 received it as 
did three. daughters of III. 4, IV. 9, IV. 10, and IV. 12. Three 
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Fia. 39. Pedigree illustratmg the transmission of a recessive, sex- linked trait. 

Haemophilia. (Bulloch and Fildes after Thomson.) 

females did not have any haemophilic sons: they are III. 3, 
IV. 1, and V. 7. As, however, one of them had no sons, and 
the others only one son each, it cannot be stated definitely 
that they were homozygous for the normal gene. Any of them 
might in fact prove heterozygous, and haemophilia might crop 
up amongst their descendants ; it is unlikely, however, that 
both would be heterozygous. 

The results expected from the matings of heterozygous 
females and normal males are realized in this pedigree. Hetero- 
zygous females have affected and normal sons in approximately 
equal proportions ; actually there are thirteen affected and nine 
normals amongst the males in sibships containing at least one 
affected male ; it is true that one or two other females may have 
been heterozygous, the sons happening to be normal, but, even 
so, the ratio would hardly be affected. 

All the females are normal in appearance, but approximately 
half the daughters of heterozygotes, or half the sisters of haemo- 
philiacs, would themselves be heterozygous. The pedigree illus- 
trates this. 
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The offspring of haemophilic males. 
In the case of haemophilia, or of any other recessive, sex - 

linked gene, there can be two sorts of male only : either a normal 
who bears the normal gene upon his one X- chromosome, or a 
haemophiliac who bears upon that chromosome the gene for 
haemophilia. Anormal male cannot carry the gene for haemo- 
philia, and therefore of course cannot transmit it. We must 
now consider what happens when a haemophilic male marries 
and has children. 

Needless to say, in the vast majority of cases the affected male 
will marry a female who carries the normal gene upon both 
X- chromosomes, because the chance of his encountering a 
female heterozygote is, to adopt the figure previously given, 
only about 1 in 5,000. The behaviour of the chromosomes is 
shown in Fig. 40. The normal female produces only one sort of 
ovum, all ova containing an X- chromosome bearing the normal 
gene. The haemophilic male produces two sorts of spermato- 
zoon: half carrying an X- chromosome bearing the gene for 
haemophilia, and half a Y- chromosome. There are two possi- 
bilities : 

1. The ovum, with the normal gene upon its X- chromo- 
some, may be fertilized by a spermatozoon carrying the 
X- chromosome which bears the gene for haemophilia. The 
result will be a heterozygous female. 

2. The ovum may be fertilized by a spermatozoon carrying 
the Y- chromosome. The result will be a normal male. 

Thus a haemophilic man who marries a normal woman will 
have children all of whom are outwardly normal, but, while his 
sons will all be truly normal, his daughters will all be hetero- 
zygous, and so will transmit the gene to the next generation. 
In the case of X -borne genes, a male obviously cannot transmit 
the gene to his sons. 

In the pedigree shown in Fig. 41 the haemophilic man, I. 1, 

had ten children, three sons and seven daughters; all were 
normal. The children of these sons and daughters are shown in 
condensed form, the number of individuals represented by each 
symbol being written below it. The one son who married had 
six children, all, of course, normal ; further descendants, not 
shown in the chart, were also all normal. Five of the daughters 

H 
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Parents 
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FIG. 40. Chromosome diagram showing the transmission 
of the genes in the mating to a normal female of a male 

bearing a recessive, X- borne, sex -linked gene. 

FIG. 41. Pedigree illustrating the results amongst the children and grand- 
children of the marriage of a male suffering from a recessive, sex -linked trait. 

Haemophilia. (Bulloch and Fildes after Fischer.) 
[The individuals in generation III are grouped; the number represented by 

each symbol is indicated below it.] 
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had children, and four of them had at least one haemophilic son, 
showing that their affected father had transmitted to them the 
gene for haemophilia. The four children of one daughter, II. 8, 

included only one son, and he happened to be normal. II. 8 

must, of course, have been heterozygous, and some of her 
daughters were probably heterozygous too and may well have 
transmitted the gene to later generations. 

The transmission of recessive, sex - linked genes through lines 
of normal females. 
An ordinary autosomal recessive gene, as described in the pre- 

vious chapter, may be handed on, almost indefinitely, through 
generations of heterozygotes before two heterozygotes happen 
to marry and the affected persons can then appear. In the case 
of recessive, sex -linked genes, they too may be handed on from 
heterozygous female to heterozygous female. If males are 
born to these females, it may happen that they are all normal, 
especially if the sibships are small. Clearly, however, there is a 
limit to this process ; if the gene is being handed on in a female 
line an affected male will appear sooner or later. In Fig. 42 
(page 100) there is an instance where a woman, who had affected 
brothers, had herself only normal children, two boys and three 
girls. One of the daughters, however, had three affected sons. 
Thus it will not infrequently happen that the sister of a haemo- 
philiac will have normal children only, and it may be, occa- 
sionally, normal grandchildren too, but in the next generation 
affected males may appear. 

We see, therefore, that while a recessive, sex -linked gene may 
be handed on undetected through one generation, or sometimes 
through two, it is unlikely, unless the families are very small, 
to be transmitted through three generations without the appear- 
ance of at least one affected male. A practical point is that it 
cannot be safely deduced that the sister of affected brothers is 
not heterozygous because she has only normal children. Of 
course, the exact chance can easily be worked out in any 
given case. 

Inheritance from one or both parents- consanguineous 
marriages. 
We have seen in previous chapters that dominant transmis- 

sion may be regarded as inheritance from one parent only, while 
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recessive autosomal transmission may be regarded as inheritance 
from both parents. A male exhibiting an X- borne, sex- linked 
trait has received the X- chromosome bearing the abnormal gene 
from his mother. Not only, therefore, is this type of transmis- 
sion, as regards the appearance of affected males, inheritance 
from one parent only, but it is inheritance from the mother only. 
A normal male is, in this respect, equivalent to any other normal 
male. It follows also that as regards the appearance of affected 
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Fin. 42. Pedigree illustrating the characteristic nature of recessive, sex - 
linked transmission. The only known case in which microphthalmia was due to 

a recessive, sex -linked gene. (Roberts.) 

males, consanguineous marriage is of no significance. A normal 
male is equivalent to any other normal male, cousin or no cousin. 

That rare phenomenon, a female exhibiting a recessive, sex - 
linked trait, can only appear, as we shall see shortly, by the 
marriage of an affected male to a heterozygous (or affected) 
female, for an affected female must carry the gene upon both 
X- chromosomes, and each parent has contributed one of these. 
The case of the affected female, therefore, may be regarded as 
inheritance from both parents. And this being so, consan- 
guineous marriages will tend to be frequent amongst the parents 
of such females ; an affected male who marries a cousin is far 
more likely to encounter a person who carries the gene than if 
he marries an unrelated person, and while affected females will 
always be extremely rare (if the trait is rare) a high proportion 
of those that do occur will be offspring of blood -relatives. 

A pedigree of recessive, sex - linked inheritance is highly 
characteristic. 
We have seen that a pedigree, that is, a single family history, 

showing dominant transmission is so characteristic that, if it is 
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sufficiently extensive, this form of inheritance can be deduced 
from a single pedigree alone. Recessive, sex -linked inheritance, 
unlike recessive autosomal inheritance, resembles. dominant 

Fro. 43. Sex -linked microphthalmia; some, though 
not all, of the affected males were mentally defective. 
This patient, aged 10 years, was blind and an idiot. 

transmission in this respect, for the history is highly charac- 
teristic and a single pedigree may be conclusive. 

Fig. 42 shows the pedigree of a family group in which micro - 
phthalmia was of that type in which the smallness of the eye is 
associated with other defects, opacities of the cornea and lens, 
absence of the iris, &c." The affected males were born blind and 
some, though not all, were mentally defective. One of the 
affected individuals, IV. 22, is shown in Fig. 43. The pedigree 
points clearly to recessive, sex -linked inheritance. The gene is 
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transmitted through females and is expressed in males. It will 
be noted that II. 4 had normal children only, but actually she 
was heterozygous because her daughter, III. 7, had affected sons. 

This is the only example known of the transmission of micro - 
phthalmia as a. sex -linked condition, yet so characteristic is the 
pedigree that, apart from the remote possibility mentioned in 
the next paragraph, we can be certain of the mode of transmis- 
sion. It should be noticed also that the definite statement can 
be made in spite of the fact that the pedigree does not show 
any matings of affected males, which did not occur. This would 
have made the pedigree even more characteristic, as would any 
matings of the rare kind to be discussed shortly. 

There is, actually, another possibility. The gene could be autosomal 
but completely limited to the male sex in its expression (or dominant in 
the male and recessive in the female) ; that is, a dominant autosomal 
gene expressing itself in the male only, and producing no effect in the . 

female, would give just the same kind of pedigree. This possibility could 
be dismissed if a sufficient number of marriages of affected males was 
observed to make it certain that affected males could not transmit the 
gene to their sons. But, in the absence of evidence from genetic linkage, 
discussed in Chapter VI, this doubt must always remain in the case of 
any apparently sex - linked and recessive gene whose effect in the male 
is so serious that reproduction does not occur. " Complete sex -limitation, 
apart from secondary sexual characters, is, however, so rare a pheno- 
menon, and ordinary sex- linkage in man is so common, that we should 
be justified in regarding a case such as that of Fig. 42 as demonstrating 
the existence of a sex -linked gene, though the improbable alternative 
may be borne in mind. 

The effect of a sex -linked gene may be very severe -mutation. 
rates. 
Some recessive, sex -linked genes do not produce severe ab- 

normalities : for example, ordinary colour -blindness, which is 
considered at some length later in this chapter. On the other 
hand, the effects may be very severe. In the case of haemophilia 
it was pointed out that many affected males die in childhood, 
and, in fact, the death -rate at any age is always higher than for 
normal people, though it is true that in those who survive, the 
disease becomes less severe in later life. Only a minority, 
probably quite a small minority, of haemophiliacs have children. 
There is no reason why a recessive, sex -linked defect should 
not be so severe as to be incompatible with reproduction, or 
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even with life itself. In that event the gene would be handed 
on solely by heterozygous females. In the family shown in 
Fig. 42 no microphthalmic male had had children, nor in fact 
were the majority capable of doing so. 

We saw earlier in this chapter that for every affected male, 
bearing the abnormal gene upon his one X- chromosome, there 
are two heterozygous females. The figures taken for purposes 
of illustration in the case of haemophilia were.one haemophiliac 
in every 10,000 males and one heterozygous female in every 
5,000 females. While, therefore, two -thirds of the genes for 
haemophilia are, at any given time, sheltering safely in the 
X- chromosomes of females, protected by their recessiveness, 
one -third are in the X- chromosomes of males and are, therefore, 
producing their effect, and exposing their possessors to the full 
blast of natural selection. It is clear that if a third of the genes 
for haemophilia are at any given time being subjected to a high 
rate of elimination, a considerable rate of mutation is necessary 
in order to replace the genes lost, so preserving the population 
in equilibrium. Actually it has been calculated that the muta- 
tion rate must be about 1 in 50,000 X- chromosomes ; and that 
the life of the gene, once it has mutated, is, on the average, only 
about three generations. In the case of a defect so severe that 
affected males did not reproduce at all, the average life of the 
gene after mutation would be even less. 

In view of the foregoing considerations, it is to be expected 
that families will be quite common in which the occurrence of 
haemophilia can be traced back for a certain number of genera- 
tions only, there being no record of its occurrence earlier than 
that. This is actually found, though in practice it is seldom 
easy in an individual case to be sure that a mutation has 
occurred. This uncertainty is due to the fact, already pointed 
out in this chapter, that, if families are small, the gene may be 
handed on through two, or even more, generations of heterozy- 
gous females without an affected male happening to appear. 
Few pedigrees are sufficiently extensive to reduce the chance 
that this may have occurred to negligible proportions. There is 
another consideration also : it is almost inevitable that the 
families chosen for recording should tend to be those containing 
many affected individuals ; while families exhibiting a recent 
mutation, and containing few sufferers, will not tend to be 
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noticed so often, nor will the observer be so strongly tempted 
to place the facts on record. But taking a number of pedigrees 
together, and reading them upwards, the occurrence of affected 
males ceases in too many for this to be due to the concealed 
transmission of the gene in every case. Thus a group of pedigrees 
would show that a recent mutation must have occurred in a 
proportion of cases. 

The pedigree shown in Fig. 44 strongly suggests the occur- 
rence of a recent mutation. Five haemophilic males appeared 
in a sibship. The family group was very well known to the 
physician who described the case, and who made a most careful 
and extensive search amongst the relatives ; no other affected 
persons could, however, be found. Fig. 44 reproduces the por- 
tions of the pedigree relevant to the point under discussion. 

The father of - III. 9 in Fig. 44, II. 1, was normal, so, if no 
mutation occurred, her mother, II. 2, must have been hetero- 
zygous. The father of II. 2, I. 1, was also normal, so in the 
absence of mutation, I. 2 must also .have been heterozygous. 
Given the fact that III. 9 produced haemophilic sons, the chance 
that all the four sons of her mother and grandmother should 
be normal, and that their daughters, other than III. 9, should , 

produce the number of normal sons shown, is about 1 in 230. 
There is strong evidence, therefore, that a mutation occurred 
as the result of which the mother of the haemophilic sons 
carried the gene for haemophilia upon one X- chromosome. 

In connexion with studies on genetic linkage, mentioned in 
Chapter VI, even stronger evidence has been produced of 
mutation in individual cases, resulting in the appearance of the 
haemophilia gene. 

What happens when an affected male marries a heterozygous 
female. 
In the case of a rare defect the chance of an affected male 

happening to marry a heterozygote is remote. Consanguineous 
marriage, however, increases the chance, and, actually, in the 
case of haemophilia, some marriages of this kind have been 
observed. No haemophilic female has arisen as a result, so it is 
likely that two genes for the condition present in the same indi- 
vidual are lethal, the homozygous female haemophiliac being 
non -viable ; or possibly the gene is not expressed in females. 
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There is, however, one very common recessive, sex -linked 
trait, so common that we can find examples of every possible 
type of mating. This is the usual type of colour -blindness in 
which there is difficulty in distinguishing between red and green. 

Female Male 
Heterozygote Affected 

Parents 

Reduction 
division 

Gametes 

Fertilization 

Offspring 

Female 
Heterozygote 

Male 
Normal 

Female 
AFFected 

J O 
Male 

Affected 

Fia. 45. Chromosome diagram showing the transmission of the 
genes in the mating to an affected male of a female heterozygous 

for a recessive, X- borne, sex -linked gene. 

Let us assume that 4 per cent. of all men are colour -blind (the 
actual figure may be higher). If the condition depended upon 
a recessive, sex -linked gene, without any anomaly in its expres- 
sion, the corresponding proportion of affected women would 
be (0.04)2, that is, 0.16 per cent. Actually considerably more 
women than this are colour- blind, the explanation of the excess 
over the expected figure being that in a very small proportion 
of cases the gene is not perfectly recessive, and so the heterozy- 
gous females are occasionally colour -blind. It is in harmony 
with this finding that a number of colour -blind women are 
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very slightly affected, much less so than the great majority, of 
colour -blind men. We saw on page 92 that the proportion of 
women heterozygous for a recessive, sex- linked trait is about 
double the number of affected men. It follows therefore, using 
the figure given above, that 8 per cent. of all women carry the 
gene for colour - blindness upon one X- chromosome. In the case 
of a gene so widely distributed, it is not difficult to find examples 
of those matings that would be extremely rare in the case of the 
rare abnormalities. 

Fig. 45 shows the behaviour of the chromosomes in the 
mating of an affected male to a heterozygous female. The 
female produces two sorts of gametes : those with an X- chromo- 
some containing the normal gene, and those with an X- chromo- 
some containing the gene for colour -blindness. The male also 
produces two sorts of gametes : those with an X- chromosome 
containing the gene for colour -blindness, and those with a Y- 
chromosome. There are four possibilities : 

1. A spermatozoon containing the X- chromosome bearing 
the gene for colour- blindness may fertilize an ovum con- 
taining the X- chromosome bearing the normal gene. The 
result will be a female, normal in outward appearance, but 
heterozygous. 

2. A spermatozoon containing the Y- chromosome may fer- 
tilize an ovum containing the X- chromosome bearing the 
normal gene. The result will be a normal male. 

3. A spermatozoon containing the X- chromosome bearing 
the gene for colour- blindness may fertilize an ovum con- 
taining the X- chromosome also bearing the gene for 
colour- blindness. The result will be a colour -blind female. 

4. A spermatozoon containing the Y- chromosome may ferti- 
lize an ovum containing the X- chromosome bearing the 
gene for colour -blindness. The result will be a colour -blind 
male. 

Thus the result of the mating of an affected male and a hetero- 
zygous female will be, on the average, normal females, affected 
females, normal males, and affected males, all in equal propor- 
tions. It will be noted that all the apparently normal females 
will be heterozygous. 

Fig. 46 shows two pedigrees of colour -blindness in which this 
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mating took place. In the first, (a), a colour -blind man, II. 2, 
married a woman, II. 1, who must have been heterozygous, 
because her father,. I. 1, was colour- blind, and so must have 
carried the gene upon his one X- chromosome.. The result was 
one affected male, one affected female, and two normal females. 
In the second pedigree, (b), in Fig. 46, an affected male, I. 1, 

(a) 

I IT 24) 36 46 50 60 71 86 96 10 

II 16 26 3. 4 5i 66 71i 8(1) 90 1016 116 126 

(b) 

Pia. 46. Pedigrees illustrating the results of the mating to 
affected males of females heterozygous for a recessive, sex- 
linked trait. Colour -blindness. (Bell after Nettleship (a), 

and Nabours (b).) 

married a woman, I. 2, whom the result shows to have been 
heterozygous. Actually she had an affected brother, I. 7, and 
two of her sisters, I. 6 and I. 10, had affected sons. The result 
was one normal female, one affected female, one normal male, 
and one affected male : so that, in this instance, all the four 
possible types appeared. 

The two other possible matings involving a recessive, sex - 
linked gene. 
We have seen that recessive sex- linked transmission in the 

case of the affected female is inheritance from both parents, 
just like recessive autosomal inheritance. The affected female 
must receive an X- chromosome bearing the gene from both 
parents, which means, as the male has only one X- chromosome', 
that an affected female must be the daughter of an affected 
father who has happened to marry a heterozygote (or, incon- 
ceivably rarely in the case of a rare defect, an affected homo- 
zygote). Of course, if the effect of the gene were to be so severe 
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that affected males could not reproduce, affected females could 
never occur at all. 

Very occasionally, however, in the case of rare traits, and 
quite frequently in the case of the very common condition of 
colour -blindness, affected females do appear. We must now 
discover what will happen when the affected females marry and 
produce children. Naturally the chances are greatly in favour 
of the affected woman marrying a normal man ; even in the case 
of colour -blindness normal men are a good deal commoner than 
affected ones. Once again the behaviour of the chromosomes 
tells us what will happen : this is illustrated in Fig. 47. The 
affected female produces only one sort of ovum, for all ova must 
contain an X- chromosome bearing the gene for colour- blindness. 
The normal male produces two sorts of spermatozoon : those 
containing an X- chromosome bearing the normal allelomorph, 
and those bearing a Y- chromosome. There are two possibilities : 

1. An ovum containing the X- chromosome bearing the gene 
for colour- blindness may be fertilized by a spermatozoon 
containing the X- chromosome bearing the normal allelo- 
morph. The result will be a heterozygous female. 

2. An ovum containing the chromosome bearing the gene for 
colour- blindness may be fertilized by a spermatozoon con- 
taining the Y- chromosome. The result will be a colour - 
blind male. 

The mating of an affected female and a normal male will 
yield, therefore, daughters who are all normal and sons who are 
all colour -blind. Of course all the apparently normal daughters 
will actually be heterozygous. The pedigree in Fig. 48 shows a 
mating of this kind. Thus,in sex -linked transmission there is the 
possibility of matings in which the sons resemble the mother 
and daughters resemble the father. Poultry- breeders term the 
phenomenon criss -cross inheritance' and often use their know- 
ledge for determining the sex of chicks at the time of hatching. 

An affected female might marry an affected male, though 
only in the case of a common condition like colour -blindness 
could we expect to encounter an instance. The behaviour of the 
chromosomes is illustrated in Fig. 49. It is easy to see that all 
the offspring, female and male, must be affected. The pedigree 
in Fig. 50 shows the marriage of a colour -blind woman and a 
colour -blind man : all the children were colour -blind. 
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We have now considered all the possible matings involving 
a recessive, sex- linked, X -borne gene, and once again it has 

Female. 

Affected 

I 

Parents 

Male 
Normal 

Reduction 
division I 

1 

i 

Gametes 

Fertilization 

Offspring 

/ 
/ 

/ 

/ 
/ 

/ 
/ 

Female Male 
Heterozygote Affected 

FIG. 47. Chromosome diagram showing the transmission 
of the genes in the mating to a normal male of a female 

homozygous for a recessive, X- borne, sex -linked gene. 

I 

II I 2 3 4O 5 6 

Fia. 48. Pedigree illustrating the results of a 
mating to a normal male of a female homo- 
zygous for a recessive, sex- linked trait. Colour - 

blindness. . (Bell after Schoeler.) 

been demonstrated how simply the results of any mating can 
be deduced from the facts of chromosome behaviour: in this 
case, of course, that of the sex -chromosomes, the essentials of 
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whose behaviour are very little more complex than in the case 
of the other chromosomes. 

Parents 

Reduction 
division 

Gametes 

Fertilization 

Offspring 

Female Male 
Affected Affected 

11 J 

11 
Female Male 

Affected Affected 
Fia. 49. Chromosome diagram showing the transmission 
of the genes in the mating to an affected male of a female 
homozygous for a recessive, X- borne, sex- linked gene. 

'f 'T 

II I 246 3 4 5410 6411 

Fia. 50. Pedigree illustrating the results of a 
mating to an affected male of a female homo- 
zygous for a recessive, sex -linked trait. Colour - 

blindness. (Bell after Göthlin.) 

Dominant, sex -linked, X -borne genes. 
In this chapter, up to the present, the transmission of reces- 

sive, sex -linked genes only has been considered, because it is the 
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commonest type, and therefore the most important practically. 
We must now consider what the behaviour would be of a gene 
similarly situated, but dominant to its normal allelomorph. 

Fig. 51 shows the behaviour of the chromosomes in the case 
of a mating between a heterozygous affected female and a 

Female Male 
Affected Normal 

Parents 

Reduction 
division 

Gametes 

Fertilization 

Offspring 

Female Male Female Male 
Affected Affected Normal Normal 

FIG. 51. Chromosome diagram showing the transmission of the 
genes in the mating to a normal male of a female heterozygous 

for a dominant, X- borne, sex -linked gene. 

normal male. The affected female produces two sorts of 
gametes : those with. . an X- chromósome: containing the ab- 
normal gene, and those with an X- chromosome containing the 
normal allelomorph. The normal male produces two sorts of 
gamete : those with an X- chromosome carrying the normal 
allelomorph, and those with the Y- chromosome. There are 
four possibilities 

1. A spermatozoon containing the X- chromosome bearing 
the normal gene may . fertilize 'an ovum , containing an 
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X- chromosome bearing the abnormal gene. The result 
will be an affected female. 

2. A spermatozoon containing the Y- chromosome may 
fertilize an ovum containing an X- chromosome bearing 
the abnormal gene. The result will be an affected male. 

3. A spermatozoon containing the X- chromosome bearing 
the normal gene may fertilize an ovum containing an 
X- chromosome also bearing the normal gene. The result 
will be a normal female. 

4. A spermatozoon containing the Y- chromosome may 
fertilize an ovum containing an X- chromosome bearing 
the normal gene. The result will be a normal male. 

A mating between an affected female and a normal male will 
give, therefore, affected females, affected males, normal females, 
and normal males, all in equal proportions. Thus, as regards 
the offspring of affected females, there is no difference at all 
between the transmission of dominant, sex- linked, X -borne 
traits and ordinary dominant, autosomal traits, as described in 
the second chapter. If in a particular family group only 
affected females happened to have children, it could not be 
discovered that the gene was sex- linked. 

The mating of affected males and normal females, however, 
gives a totally different result. This is shown in Fig. 52. The 
female, of course, produces only one sort of ovum, all ova con- 
taining an X- chromosome bearing the normal gene. The 
affected male produces two sorts of gamete : those containing 
an X- chromosome bearing the abnormal gene, and those con- 
taining a Y- chromosome. There are two possibilities when 
fertilization occurs : 

1. A spermatozoon containing the X- chromosome bearing 
the abnormal gene may fertilize an ovum containing the 
X- chromosome bearing the normal gene. The result will 
be a heterozygous female, but, as the gene is dominant, 
she will be affected. 

2. A spermatozoon containing the Y- chromosome may 
fertilize an ovum containing the X- chromosome bearing 
the normal gene. The result will be a normal male. 

The result of a mating of an affected male and a normal female 
is daughters all of whom are affected like the father, and sons all 

t 
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of whom are normal like the mother. This is another instance 
of criss -cross inheritance. 

The very striking result of the mating between affected 
males and normal females gives a clear indication that a gene 

Female. Male 
Normal Affected 

Parents 

Reduction 
division 

Gametes 

Fertilization 

Offspring 

E 

J 

1 

Female. 
Affected 

Male 
,Normal 

FIG. 52. Chromosome diagram showing the transmission 
of the genes in the mating to a normal female of a male 

bearing a dominant, X -borne, sex -linked gene. 

is dominant and situated on the non- pairing portion of the 
X- chromosome. Actually, in man, no well -recognized, well - 
studied trait, like haemophilia for example, has been found, up 
to the present, to behave in this way. There are certain indica- 
tions of dominant, sex -linked genes in some individual pedigrees ; 
but these are usually of conditions that commonly show other 
modes of transmission. An example is shown in Fig. 53. The 
condition is one in which the enamel of the teeth is defective, 
or, sometimes, almost absent. This is a rare, but not excessively 
rare, dental abnormality, and many family groups have been 
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described. It is found, however, that in different family groups 
the defect often assumes different and characteristic forms ; and 
it is highly probable that there are actually a number of genes 
that can produce very similar results. The condition is usually 
transmitted as an autosomal dominant, but in the family group 
of Fig. 53 there is a strong probability that the gene responsible 
is dominant and sex -linked. In this family group the defect was 
of a relatively slight character: the deciduous teeth were either 

I 

II 

ID 

6 7 8 9 10 II 12 

V 10 all 3 4 5 60 7 8 9 10 il 

Fia. 53. Pedigree illustrating the transmission of a dominant, sex- linked 
trait. Defective enamel of the teeth. (Haldane after Bampton.) 

normal or they gradually turned brown ; while the permanent 
teeth were brown from the time of eruption. III. 1, himself 
affected, had four sons, all normal, and eight daughters, all 
affected. The odds against this being a coincidence are consider- 
able ; actually such a result would occur by chance only once in 
4,096 trials. 

It will be realized that dominant sex -linked inheritance is 
inheritance from one parent only just as in the case of ordinary 
autosomal genes. As in that case, all affected persons have an 
affected parent (extending upwards in the pedigree to the point 
when a mutation occurred). The trait is transmitted only by 
affected persons, and by them to approximately half their 
offspring. The distinguishing feature is that affected males 
have only affected daughters and normal sons. It will also be 
noted that a trait inherited as a sex -linked dominant would be 
twice as common amongst females as amongst males. This 
follows directly from the fact that there are twice as many 
X- chromosomes amongst the female population as there are 
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amongst the male population. In the case of haemophilia we 
saw that female heterozygotes are twice as common as affected 
males ; in the case of a dominant defect the heterozygotes are, 
of course, all affected. 

Owing to the rarity of dominant, sex -linked genes, it is not 
proposed to illustrate the other possible matings. They can be 
worked out from the chromosome diagrams just as easily as all 
the instances so far considered : a heterozygous affected female 
and an affected male would give females who were all affected 
and males half of whom were affected; a homozygous affected 
female and a normal male would have offspring all of whom were 
affected ; and a homozygous affected female and an affected 
male would also have exclusively affected offspring. 

Dominant, sex -linked genes are not, in the present state of our 
knowledge, of much practical importance in man ; but, once 
again, a consideration of the various possibilities helps to com- 
plete our knowledge of the transmission of genes and of the 
results that we may expect to observe in a human population. 
It is a part of the alphabet of heredity, though a part that so 
far, in man, has not been put to much use. 

Intermediate, sex - linked, X -borne genes. 
We saw in the second chapter that intermediate inheritance 

may be a common phenomenon in human heredity, and it would 
not be unreasonable to expect that some sex -linked genes might 
behave in this way. A sex -linked gene intermediate in its ex- 
pression would be expected to exhibit its full effect, or at least 
a very marked effect, when present at the single available locus 
in the male. It would be expected to produce a smaller effect 
in the heterozygous female ; in the homozygous female it would 
produce its full effect as in the case of the male, or perhaps a 
yet more marked effect, because the result of two genes together 
might be greater than one, even though that one was not opposed 
by any normal allelomorph. It must be remembered, however, 
that in the case of a rare trait the female homozygote would 
probably not be encountered, and in such a case what would 
be observed would be a marked effect in the male carrying the 
gene, and a smaller effect in the heterozygous female. 

Ignoring the homozygous female, either as parent or offspring, 
the possible matings involving an intermediate sex -linked gene 
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would be : heterozygous affected female by normal male, and 
affected male by normal female. The results of these two 
matings would be exactly the same as in the case of a sex -linked 
dominant gene, illustrated in Fig. 51 and Fig. 52 ; but the 
abnormal males would always be more severely affected than 
the abnormal females. 

As in the case of dominant sex -linked inheritance, there is 
no well -recognized, well- studied condition that behaves in this 
way. But, once again, it is possible to choose a single special 
pedigree providing very strong evidence for this mode of trans- 
mission. 

Keratosis follicularis (Darier's disease) is a skin condition 
which usually commences in infancy or childhood. There is an 
overgrowth of the epithelial layers, with hyaline degeneration, 
in the distal portions of the hair -follicles. This leads to a multi- 
tude of papules which may be greasy -looking or may be dry, 
firm, and brownish. The disease extends slowly and is usually 
more or less generalized after some years, being most marked 
on the face, scalp, chest, loins, and extremities. There may be 
great overgrowth of the epithelium of the palms of the hands 
and soles of the feet. The lesions tend to become confluent, 
giving irregular and papillomatous patches of various sizes, 
which are sometimes covered by thick horny concretions. 
Changes may be found in the mucous membranes. The gene 
often has other, and serious, effects, for small stature and mental 
deficiency are not infrequently found. Inheritance is dominant, 
with a high mutation rate, thus presenting a rather less marked 
example of the phenomenon described in Chapter II in the case 
of epiloia. 

Other similar conditions have been described which some- 
times present additional features : for example the loss of hair. 
Amongst this group there is one family in which there is strong 
evidence for the presence of an intermediate, X- borne, sex - 
linked gene (the name given in this instance was keratosis 
follicularis spinulosa cum ophiasi). Fig. 54 shows the back of 
the hand and wrist of an affected woman. In the males there 
was keratosis follicularis of the beard, eyebrows, and neck, with 
loss of hair ; the skin of the palms and of the soles of the feet 
was greatly thickened. The skin of the eyelids was thickened, 
the eyelashes being partly lost. There were also opacities of the 
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cornea, photophobia, and epiphora. The affected females had 
a much milder form of the disease, without any loss of hair or 
eye lesions. 

The pedigree of the family group is shown in Fig. 55. The 
individuals stated to have been below the age at which the 
condition usually appeared have been omitted. It is likely that 

FIG. 54. Darier's disease (keratosis follicularis). The back 
of the hand of an affected woman. In this particular family 
group the females exhibited the ordinary condition, but 
the males showed more severe manifestations. (Siemens ) 

II. 2 was affected, though there is no certain record. Her 
children included five affected and four normal males, and two 
affected and two normal females. Her affected daughters them- 
selves had five affected sons, and three affected and four normal 
daughters. Adding these together, the numbers are : 

Affected males . . 10 
Affected females . . 5 
Normal males . . 4 
Normal females . . 6 

This is reasonably close to the expected equal numbers of 
affected and normals amongst both males and females, as shown 
in Fig. 51. Amongst the offspring of the three affected males, 
however, there were seven sons, all normal, and five daughters, 
all affected. This is exactly the criss -cross inheritance expected 
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with intermediate (or dominant) sex -linked inheritance, as 
shown in Fig. 52. The odds against obtaining by chance so good 
an agreement between expectation and observed result are 
4,095 to 1. 

The fact that the affected females were all much more slightly 
affected indicates intermediate inheritance, though one other, 
more remote, possibility should not be overlooked : that the 
gene may express itself in a more marked manner in the male 
than in the female. The point could only be settled if the homo- 
zygous female were to appear ; if inheritance were intermediate, 
two genes in the female should produce as great an effect as one 
in the male, or a greater ; while if the action of the gene were 
conditioned by sex, the homozygous female also would be less 
severely affected than the affected male, in which case the gene 
would be considered a sex -linked dominant. 

There is a much commoner finding in connexion with sex - 
linked transmission than the regular intermediate inheritance 
just described. It is not infrequently found that a gene, when 
present upon the X- chromosome of the female, occasionally 
produces an effect, often a slighter effect, than when present 
on the single X- chromosome of the male. It has already been 
mentioned that a small proportion of women heterozygous for 
colour- blindness are colour -blind, and this is doubtless why it is 
found that colour -blind women not infrequently show milder 
degrees of the defect than do colour -blind men. Some other 
sex -linked genes behave in the same way, and only if the pheno- 
menon of occasional expression in the heterozygote is dis- 
regarded is it true to say that the very great majority of X -borne 
genes are recessive. The occasional expression of genes, how- 
ever, is a subject that will be fully discussed in Chapter VII, 
and in that connexion the behaviour of imperfectly, or not in- 
variably, recessive, X -borne genes will be used as a convenient 
example. 

Y -borne genes. 
This is the second kind of sex- linked inheritance. It was 

stated on page 88 that the Y- chromosome includes a small 
portion which has no corresponding part on the X- chromosome. 
It is a very small portion and can contain only relatively few 
loci, but a few rare genes have been discovered residing upon 
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it. Once again, no well -recognized, well -studied condition, like 
haemophilia, for instance, is transmitted in this way. 

The mode of transmission of a Y -borne gene is of the sim- 
plest possible description. The female has no Y- chromosome, so 

Female Male 
No mal Affected 

Parents 

Reduction 
division 

Gametes 

Fertilization 

OFrsprin9 

i 

i 

0 

U U8 
Female Male 
Normal Affected 

Fia. 56. Chromosome diagram showing the transmission 
of a Y -borne gene. 

females cannot possess or transmit the gene, and cannot exhibit 
the trait. The male has only one Y- chromosome, so the gene 
will necessarily be unpaired : if present it will be expressed, and 
the question of dominance or recessiveness cannot arise. There 
can be one type of mating only involving a Y -borne gene : that 
between a normal female and an affected male. This is illus- 
trated in Fig. 56. The gene simply follows the path of the 
Y- chromosome and so is handed on by an affected male to all 
his sons. 

Fig. 57 shows a pedigree illustrating the transmission of a 
Y -borne gene. The condition is one of webbed toes ; this is not 
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a particularly rare malformation, but many different varieties 
occur, and there can be no doubt that any one of a number of 
genes may produce somewhat similar, or even indistinguishable, 
malformations in different families. In the family group shown 
in Fig. 57 the second and third toes were affected and the defect 
was of a slight nature. The bones were normal and the web 
involved only skin and superficial fascia ; it extended to about 
the level of the distal interphalangeal joint. There was no dis- 

I 

II 

1 
III IO 2 3 
Tg 10 2ó31 46 511 6ó7ó809ó10ó 

211 3i 

50 6 7óeó 9 I01ó 

IIO 21 Lió 141 I5ó I6 17 I8 
Fm. 57. Pedigree illustrating the transmission of a Y -borne trait. 

Webbed toes. (Schofield.) 

ability. The pedigree exhibits clearly the mode of transmission 
of the gene : only males are affected, and each affected male 
transmits the defect to all his sons ; the gene simply follows the 
path of the Y- chromosome. 

The most remarkable' example of this mode of transmission, 
however, is the gene whose astonishing effect is portrayed in 
Fig. 58. (Despite the fact that this particular mutation has 
apparently occurred once only in recorded medical history, 
there has been no hesitation in bestowing upon the condition 
several lengthy names : ichthyosis hystrix gravior ; naevus kera- 
toticus papillomatosus ; leontiasis hystrix.) 

The first sufferer, then a boy 14 years of age, was shown to 
the Royal Society in 1731. The following extract is taken from 
the description given at that time. 

`The Skin seemed rather like a dusky coloured thick Case, exactly 
fitting every Part of his Body, made of rugged Bark, or Hide, with 
Bristles in some Places, which Case covering the whole of him excepting 
the Face, the Palms of the Hands, and the Soles of the Feet, caused an 
appearance as if those Parts alone were naked, and the rest cloathed... . 

It was said he shed it once a Year, about Autumn, at which Time it 
usually grows to the Thickness of three- Quarters of an Inch, and then is 
thrust off by the new Skin which is coming up underneath. The bristly 
Parts, which were chiefly about the Belly and Flanks, looked and rustled 



Fm. 58. Reproduction of a figure published in 1802 showing a member of the 
`porcupine family' at the age of 22. Ichthyosis hystrix gravior, due to a Y -borne 
gene. (From Cockayne's Inherited Abnormalities of the Skin. After Tilesius.) 
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like the Bristles, or Quills, of an Hedge -Hog, shorn off within an Inch 
of the Skin ... his Skin was clear at Birth as in other Children, and so 
it continued for about seven or eight Weeks, after which, without his 
being sick, it began to turn yellow, as if he had had the Jaundice; from 
which by degrees it changed black, and in a little Time afterwards 
thickened, and grew into the State it appeared in at present.' 
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FIG. 59. Pedigree illustrating the trans- 
mission of a Y -borne trait. Ichthyosis 

hystrix gravior. (Cockayne.) 

The boy shown to the Royal Society was the son of a country 
labourer, living near Euston Hall in Suffolk; both parents and 
numerous brothers and sisters were normal. The condition was 
transmitted through a number of generations ; a pedigree, as 
far as it is possible to compile one, is shown in Fig. 59. A number 
of normal females should be included but are not mentioned 
individually in the available accounts. Affected persons were, 
however, examined and described by many eminent observers, 
and all were agreed that the defect was transmitted to all sons, 
but that all daughters were normal ; thus it may be accepted 
that the mutation occurred in the unpaired portion of the 
Y- chromosome. III. 6, with his two sons, visited Germany and 
France (IV. 8 is the subject of Fig. 58) ; there are thus available 
accounts by observers in . both these countries, in addition to 
English records extending from 1732 to 1851. 
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Genes carried either upon the X- chromosome or the Y- 
chromosome- partial sex -linkage. 
This is the third type of sex -linked transmission and is shown 

by genes residing upon the homologous or pairing portions of 
the X- and Y- chromosomes, represented as the regions b-c and 
ef in Fig. 37. As was then explained, although a number of 
partially sex -linked genes are known, and others will probably 
be discovered shortly, the mode of transmission is superficially 
so similar to that of ordinary autosomal dominant and reces- 
sive genes that this type of transmission was only discovered 
recently, and then as a result of a deliberate search. The some- 
what subtle difference from autosomal transmission is, briefly, 
as follows : a man who receives such a gene from his father 
hands it on to more than half his sons and to less than half his 
daughters, and conversely if he receives it from his mother. 
Partial sex -linkage is a phenomenon of great scientific impor- 
tance, but an account of it is postpòned to Chapter VI, for it 
can be dealt with more conveniently in connexion with genetic 
linkage in general. In practice no serious mistake will be made 
if the transmission of partially sex -linked genes is treated as 
though it were autosomal. 



CHAPTER V 

SINGLE- FACTOR INHERITANCE: FURTHER 
PRINCIPLES 

Multiple allelomorphs. , 

IN the preceding chapters we have considered cases in which 
one or other of two allelomorphic genes is found at a particular 
locus on a chromosome; in the case of inherited defects the 
allelomorphs have been the abnormal mutant gene and the 
alternative normal gene. Sometimes, however, more than one 
kind of mutation may take place at a particular locus, the 
normal gene, it is found, being able to change into either of two 
different mutant genes, or into any one of three or more mutant 
genes. It should be added that in such a case a mutant gene 
can mutate again, giving one of the other kinds of mutant gene, 
or, as was mentioned on page 30, a mutant gene may change 
back again into the normal gene. In the case of a rare abnor- 
mality, however, there are in the, population so many more of 
the corresponding normal genes that it is the change of the 
normal gene, to an abnormal gene that will almost invariably 
be observed. 

Such a series of more than two genes, all occurring at the 
same locus, and therefore all allelomorphic to each other, is 
called a series of multiple allelomorphs. If the locus concerned 
is situated upon an autosome, an individual person can carry 
any two genes out of the series, one on each chromosome of the 
pair, and can carry no more than two. And, as before, an in- 
dividual is called homozygous if the genes at the two loci are 
the same and heterozygous if they are different. If the locus 
concernedis upon the unpaired portion of the X- chromosome, 
the female can carry any two of the series, but the male, of 
course, only one. 

It is important to notice that the genes of such a series will 
affect the same structures and functions, and, to a large extent, 
in the same kind of way. The difference is not infrequently one 
of degree, one mutant gene producing a greater effect than 
another mutant gene. For example, there is a rarer form of 
haemophilia, much milder than the usual variety, but also due to 
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a sex -linked gene almost certainly allelomorphic to the gene pro- 
ducing the more usual form of the disease. This milder variety of 
haemophilia is referred to again in a later section of this chapter. 

The example that will be employed, however, to illustrate 
hereditary transmission in the case of multiple allelomorphs is 

. provided by the genes responsible for the ordinary blood groups. 
The inheritance of the blood groups is a subject of great prac- 
tical as well as of great theoretical importance ; thus our example 
will also provide an account of a topic that could not possibly 
be omitted from any book on human heredity. It will also be 
noted that for the first time we are dealing with traits occurring 
in normal people, traits that are not pathological. 

The four blood groups : AB, A, B, O. 

It is well known that the blood of one human being cannot 
always be introduced with impunity into the circulation of 
another. This is because the red cells of some individuals con- 
tain agglutinable substances, or agglutinogens, the red cells of 
those individuals being agglutinated by agglutinins occurring in 
the serum of some other individuals. If the corpuscles in the 
donor's blood are agglutinated by the serum of the recipient, 
the consequences may be serious, or even fatal. It does not 
matter if the serum of the donor's blood can agglutinate the 
corpuscles of the recipient's blood, because in practice it is found 
that, except in rare instances, the agglutinins of the serum 
introduced are so diluted that no untoward effect occurs. What 
is of prime importance, therefore, is that the recipient's serum 
should not be capable of agglutinating the donor's red cells. 

The red cells of a particular individual may contain either or 
both of two agglutinogens, known as A and B, or they may 
contain neither. Corresponding to the two agglutinogens in the 
cells are two agglutinins in the serum, known as a and b. Serum 
containing a agglutinates cells containing A and serum contain- 
ing b agglutinates cells containing B; naturally a person whose 
cells contain A cannot have a in his serum ; similarly corpuscular 
B cannot be associated with serum b in the same individual. 
A person with both A and B cannot have a or b. A person with 
neither A nor B has both a and b. All this is made clear in 
the table given below, and it will be seen that if an individual 
has cells of a given content he can have one kind of serum only. 
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If the cells are specified, the serum is known, and vice versa, 
so the blood groups could be named either according to the 
agglutinogens or according to the agglutinins. It is the aggluti- 
nogens in the cells, denoted by capital letters, which are used 
for this purpose, so the four blood groups are known as AB, A, 
B, 0, according to whether the cells contain both A and B, or. 
A alone, or B alone, or neither. 
Blood group . Cells Serum 

AB Both agglutinogens, A and B Neither agglutinin a nor b 
A Agglutinogen A Agglutinin b 
B Agglutinogen B Agglutinin a 
O Neither agglutinogen Both agglutinins, a and b 

People belonging to group 0 are `universal donors' because the 
cells do not contain either agglutinogen and therefore cannot be 
agglutinated by any serum. The reactions between cells and 
sera of persons belonging to the different groups are shown in 
the following table : 

Sera of 
individuals 

of group 

Cells of individuals of group 

AB A B O 

AB 
A 
B 
0 + 

+ 
+ 

+ 

In this country the proportion of persons falling into each of 
the four groups is, roughly : AB, 3 per cent. ; A, 42 per cent. ; 

B, 10 per cent. ; 0, 45 per cent. 

The genes responsible for the four blood groups. 
To which of the four blood groups a person belongs depends 

upon which genes he possesses out of three forming a series of 
triple allelomorphs, carried at a particular locus on one pair of 
autosomes. The genes are known by the letters used for the 
agglutinogens. There is one gene, A, which gives agglutinogen A, 
another allelomorphic gene, B, and a third gene, also allelo- 
morphic, O. A given individual can carry any two of these 
genes. It is found that gene A and gene B are both dominant 
to gene O. If A and B are present in the same individual both 
are expressed, and that person's red cells contain both aggluti- 
nogens ; genes A and B, therefore, do not show, in regard to 
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each other, dominance and recessiveness. The genetic constitu- 
tion of persons of the four blood groups is as follows : 

1. Persons of group AB must carry the gene A upon one 
chromosome of the pair concerned and B upon the other. 
There is no other possibility. 

2. Gene A is dominant to gene 0; therefore a person of group 
A may carry gene A upon both chromosomes of the pair, 
or else he may carry gene A upon one chromosome and 
gene 0 upon the other. 

3. Gene B is also dominant to gene 0; therefore a person of 
group B may carry gene B upon both chromosomes, or 
else he may carry gene B upon one chromosome and gene 
O upon the other. 

4. A person of group 0 must carry gene 0 upon both chromo- 
somes, for A and B are both dominant to 0, and if present, 
must be expressed. 

The possible genetic constitutions corresponding to the four 
blood groups are therefore : 

Group Genes carried 
AB A and B 
A A and A, or A and O 

B Band B,orBandO 
O O and O 

It is easy to work out the results of any mating by referring to 
the chromosome mechanism. Let us take as an example a mating 
between two persons of group AB. The behaviour of the chromo- 
somes is illustrated in Fig. 60. Both parents form two kinds of 
gametes : those containing the chromosome bearing the gene A, 
and those containing the chromosome bearing gene B. There 
are four possible combinations : 

1. The union of two gametes both containing the chromosome 
bearing gene A. The result will be an individual with two 
A genes, that is, a person of group A. 

2. The union of a spermatozoon bearing the A gene and an 
ovum bearing the B gene, giving a person of group AB. 

3. The union of a spermatozoon bearing the B gene and an 
ovum bearing the A gene, also giving a person of group AB. 

4. The union of two gametes both bearing the B gene, giving 
a person of group B. 

IC 
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The result is, on the average, two persons of group AB, one 
person of group A, and one of group B. 

It is equally easy to work out the results of any other mating. 
It must be remembered, however, that a person of group A may 
carry two A genes, or one A gene and one 0 gene ; similarly, a 

Parents 

Reduction 
division 

Gametes 

Fertilization i 
Offspring 

Group A B 

A B 

A B 

Group AB 

A A B B A B B 

Group B Group A 
Group AB 

FIG. 60. Chromosome diagram showing the transmission 
of the genes in the mating of two persons of blood group AB. 

person of group B may carry two B genes, or one B gene and 
one 0 gene. For example, in a mating between persons of group 
AB and group A, if the A parent is AA, the offspring will be 
AA or AB, but if the A parent is AO, the offspring may be AB, 
AA, AO, or BO. Thus matings between persons of group AB 
and group A may yield offspring of any group except O. 

The use of blood groups in medical jurisprudence. 
The determination of the group to which blood belongs is 

often of value in the examination of blood stains ; for example, 
a person may allege that blood stains upon his clothing are due 
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to a cut finger, whereas the group to which the stains belong is 
different from his own but the same as the blood group of a 
murdered person. Such applications are of no genetical interest ; 

but the use of blood grouping in the case of disputed paternity is 
a problem in genetics. 

In the example given in the last section we saw that two 
persons belonging to group AB might háve children belonging 
to groups AB, A, or B, but not to group O. In certain matings, 
therefore, the children may belong to some groups but could not 
belong to others. It is easy to draw up a table showing all the 
possible matings with the possible and impossible results. The 
reader who has followed the chromosome diagrams up to this 
point should have little difficulty in substituting letters for the 
chromosomes and the genes they bear, or in working out the re- 
sults without committing them to paper. In preparing the 
table it must be remembered that persons of group A may be 
AA or AO, and persons of group B may be BB or BO. 

Parents Children may be Children cannot be 

AB and AB AB, A, or B O 
ABandA AB, A,orB O 

AB and B AB, A, or B O 
ABandO AorB ABorO 

AandA AorO ABorB 
A and B AB, A, B, or 0 . . 

AandO AorO ABorB 
BandB BorO ABorA 
BandO BorO ABorA 
OandO O AB, A,orB 

For full details of blood grouping in its legal applications a text- 
book of medical jurisprudence should be consulted. 

A further subdivision of the AB, A, B, O blood groups. 
It has been found that the agglutinogen A in the corpuscles 

of different individuals does not always behave in the same way. 
Sometimes it gives a `strong' reaction with serum containing a; 
sometimes a `weak' reaction. Thus there are two sorts of A: 
the strong A, known as A1, and the weak A, known as A2. The 
two sub -groups can definitely be distinguished from each other; 
abroad this further division has already been employed in 
medico -legal work. It is, of course, clear that each subdivision 
of the blood groups increases the proportion of impossible 
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results from the matings of various types. And yet a further 
distinction has been discovered : there is a rare type of A which 
gives a still weaker reaction than A2; it is called A3. 

The genetic basis of the three kinds of A is simple ; each 
depends upon a corresponding gene, the three genes being allelo- 
morphic to each other and to B and 0. Al is dominant to A2, 
A3, and .0 ; A2 is dominant to A3 and 0; A3 is dominant to 0. 
When any of the A's and B are present in the same individúal, 
both genes are expressed. The series of multiple allelomorphs is 
thus A1, A2, A3, B, and 0. Each individual can carry any two 
genes, being the same or different, and no more. 

There are indications that yet further subdivisions may be 
made, and that further research will lead to the discovery of 
more genes belonging to this series. 

Abnormal traits due to genes forming series of multiple alle- 
lomorphs. 
It was mentioned earlier in this chapter that there is a much 

rarer form of haemophilia, distinguishable from the more usual 
variety by its relative mildness. For example, in one family 
group the condition was sometimes not detected until the boys 
were 5 or 10 years old ; several of them played football, though 
admittedly suffering abnormally from bruises ; there were no 
recorded deaths due to the condition out of 19 cases ; and 
several sufferers had married and had had children. These are 
quite unlike the usual manifestations of haemophilia. The gene 
responsible for the milder form proves to be sex-linked just as 
is the severe type, and there is little doubt, therefore, that the 
normal gene can mutate in either of two ways, giving either 
the gene responsible for the severe form, or, much more rarely, 
the gene responsible for the mild form. It is possible that there 
are more than two abnormal genes in this series. 

Colour -blindness, the other condition extensively used for 
purposes of illustration in the previous chapter, is not always 
of the same type. There are two chief forms of red -green colour - 
blindness, similar in their effect on colour vision, but different 
in their nature. One is due to an inability to distinguish the 
.wave- lengths giving red colour, the other to an inability to 
distinguish those giving green. There are, however; other forms 
of colour -blindness, also sex -linked, and it has been claimed that 
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all these forms depend upon a series of five allelomorphic genes, 
including the normal allelomorph. A male carries, of course, 
one gene only out of the series, and will display normal colour 
vision or one of the kinds of colour- blindness accordingly. A 
female carries two genes of the series. If she carries two ab- 
normal genes she will be colour -blind ; the two genes may be the 
sáme or different, giving rise to a number of possible variations. 

It is frequently found that similar, or even indistinguishable, 
abnormalities are due to the action of any one of two or more 
genes. This topic is discussed in a later section of the present 
chapter. Sometimes it is clear that the genes concerned must 
be different, for example, if one is autosomal and the other sex - 
linked, and this must often be true even when the fact cannot 
be demonstrated so easily. It is probable, however, that in 
some instances the different genes producing a similar, though 
distinct, effect may be different members of a series of multiple 
allelomorphs. In the present state of knowledge it is difficult or 
impossible to discover whether this is so or not. Presumably 
both or all the mutant genes will be rare and matings which 
might provide crucial information, between persons owing their 
abnormality to different genes, will hardly ever be observed. 
The other possibility, that the mapping of the human chromo- 
somes will provide data for the localization of genes, as explained 
in Chapter VI, must await further advances. The examples given, 
haemophilia and colour -blindness, are convincing simply because 
both are sex -linked. It is highly unlikely that there should exist 
quite independent genes at different loci, but on the same 
chromosome pair, producing such very similar results ; the hypo- 
thesis of multiple allelomorphs is much more probable. 

The M, N series of blood groups and their inheritance. 
In order to carry the blood -group story a stage farther, an 

entirely independent blood -group series, the M, N series, will 
now be considered. This will also provide an example to be used 
in the next section, which deals briefly with the independence 
in transmission of genes situated upon different chromosome 
pairs. 

It has been found that human red blood corpuscles possess 
either or both of two agglutinogens, M and N ; every human 
being carries either one or the other, and some carry both. 
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Unlike the case of the A, B, 0 system, however, human serum 
does not contain the corresponding agglutinins, so that the 
M, N system is of no significance in blood transfusion. The 
agglutinins have to be prepared by animal inoculation, and the 
resulting anti -M and anti -N sera can then be used for deter- 
mining to which of the three groups, M, N, or MN, a human 
being belongs. 

The preparation of the antisera is, in very broad outline, as 
follows. Human red cells of group OM or group ON are injected 
into rabbits ; it is necessary to use cells of group 0 because the 
agglutinogens A and B would produce the agglutinins a and b in 
the rabbit's serum. In the serum of the rabbit there is produced 
an anti -human agglutinin, capable of agglutinating any human 
cells, and also a weak anti -0 agglutinin. There are present in ad- 
dition some naturally occurring anti -A and anti -B. Lastly, there 
is produced the required agglutinin, anti -M or anti -N, according 
to which type of agglutinogen has been introduced. If the 
serum is to be anti -M, the unwanted antibodies, anti -human, 
anti -0, anti -A, and anti -B, are removed by exhausting the serum 
with cells of groups ON, AN, and BN. There is left a serum 
containing anti -M only, which can now be used for detecting 
the agglutinogen M in human corpuscles ; only cells containing 
this agglutinogen will react. The preparation of anti -N serum 
is, of course, similar, using ON. cells in the first instance and 
exhausting the resultant serum with cells of groups OM, AM, 
and BM. The antisera having been prepared, any individual 
can be classified into one of the three groups M, N, or MN, 
according to whether his cells are agglutinated by anti -M serum, 
anti -N serum, or by both. 

Although the serology is somewhat complicated, the genetics 
of the M, N blood groups is of the simplest possible description ; 

it depends upon a single pair of genes, denoted by the same 
letters, M and N. There is no dominance or recessiveness ; a 
person who carries the gene M upon both members of the 
chromosome pair concerned belongs to group M; a person who 
carries the gene N upon both chromosomes belongs to group N; 
and a person who carries the gene M upon one chromosome and 
the gene N upon the other belongs to group MN. 

In cases of disputed paternity the possible, and impossible 
results of any mating can be worked out in a moment. For 
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example, two M parents can have only M children, for both 
must pass on a chromosome containing the M gene. Or two 
MN parents may have children belonging to any group because 
each parent may contribute a chromosome containing either 
the M gene or the N gene, and the child may receive two M's, 
or two N's, or one of each. The possible and impossible results 
of the various matings are as follows: 

Parents Children may be Children cannot be 

M and M M N or MN 
MandN MN MorN 
M and MN M or MN 1V 

NandN N MorMN 
N and MN N or MN M 
MN and MN M, N, MN 

The use of this series in addition to the A, B, O series limits 
further the possible kinds of offspring from a given mating, for 
in some of the cases in which the A, B, 0 groups yield only 
negative information the M, N series will show that the real 
father could not be the person alleged. 

The independence in transmission of genes situated upon 
different chromosome pairs. 
In dealing with rare inherited defects, the problem of the 

ratios appearing amongst the offspring if two such genes are 
observed simultaneously is not one of much practical impor- 
tance, because this event will occur so infrequently. Neverthe- 
less, it is important to know what does happen, for that know- 
ledge is essential for an understanding of topics to be discussed 
later : for example, genetic linkage ; and the effects produced by 
the simultaneous action of two genes or more. The problem 
of what happens when the genes are situated upon the same 
chromosome pair is dealt with in the next chapter. 

Once again, as in the case of all Mendelian ratios, reference 
to the facts of chromosome behaviour makes it a very simple 
matter to deduce what must happen in matings of various types. 
The principles involved may be studied with reference to the 
two blood -group systems, A, B, 0 and M, N, for it is known 
that these two groups of allelomorphic genes are situated upon 
different chromosome pairs. Fig. 61 illustrates a mating be- 
tween persons of groups AM and BN. The mother is shown to 
carry the gene A upon both chromosomes and the father the 
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gene B upon both chromosomes. Of course we could not know 
this simply by determining the blood groups to which they be- 
long, because either or both might carry the gene 0 upon one 

Mother Father 

A B B 

Parents 
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N N 
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Fin. 61. Chromosome diagram showing the transmission of 
the genes in a mating between persons of groups AM and 
BN; together with the further transmission of the genes 

when their offspring in turn form gametes. 

chromosome of that pair. This is immaterial for our present 
purpose, however ; their child is shown to carry the gene A upon 
one chromosome and the gene B upon the other, so it -must have 
received gene A from the parent also contributing gene M, and 
gene B from the parent contributing gene N ; this is all that we 
require to know. 
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When the child in turn comes to form gametes there are four 
possibilities : 

1. The gamete may contain the chromosome received from 
the mother, and bearing gene A, together with the chromo- 
some, also received from the mother, bearing gene M. 

2. The gamete may contain the maternal chromosome bear- 
ing gene A with the paternal chromosome bearing gene N. 

3. The gamete may contain the paternal chromosome bear- 
ing gene B with the maternal chromosome bearing gene M. 

4. The gamete may contain the paternal chromosome bear- 
ing gene B with the paternal chromosome bearing gene N. 

Thus we see that a gamete formed by an individual may, with 
reference to those two particular chromosome pairs, contain 
two chromosomes derived from his mother, or two from his 
father, or one derived from each. 

The all- important point is this : as might be anticipated, 
individual chromosomes of different chromosome pairs show no 
tendency to pass together into a gamete because they were 
originally derived from the same parent. It is a matter of pure 
chance which of the two chromosomes of any pair a gamete 
receives ; there is an equal chance in the case of each pair 
that it is the maternal or the paternal chromosome which happens 
to pass into a particular gamete. In the example of Fig. 61, 
had the parents been AN and BM, the gametes formed by their 
child would have been of just the same four types as those 
represented when the parents were AM and BN. 

Here we see at once a mechanism for the intermingling of 
human hereditary characteristics. An individual will pass on 
by way of ovum or spermatozoon some chromosomes received 
from his or her mother, with their complement of genes, and 
some received from his or her father. The chance of a particular 
gamete containing all twenty -four chromosomes which were 
received from one parent of the individual, or from the other, 
would only be 2 x 2 -24, or one in 8,388,608. Actually, as we 
shall see in Chapter VI, there is another mechanism which mixes 
up segments of chromosomes within each pair. But both mechan- 
isms result in an intermingling only ; the genes themselves are 
not changed (except by the very rare process of mutation) ; they 
are merely reshuffled and appear in different combinations in 
successive generations. 
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The ratios amongst the offspring when the transmission of 
genes is observed simultaneously, 

To revert to Fig. 61, a person of blood groups AB and MN 
forms four kinds of gamete in equal proportions. Let us see, for 
example, what the expectation would be in a mating of two 

Gametes 

PPPP 
AAMM AAMN ABMM ABMN 

AAMN AANN ABMN ABNN 

ABMM ABMN BBMM BBMN 

ABMN ABNN BBMN BBNN 

FIG. 62. Diagram illustrating the possibilities amongst 
the offspring in matings to each other of double hetero- 

zygotes of constitution AB, MN. 

such people. As both form four sorts of gametes, we have to con- 
sider sixteen possible combinations ; this would be an unwieldy 
number if set out in the manner of the previous chromosome 
diagrams : accordingly it is convenient to employ a chess -board 
arrangement, in which the possible types of gamete are arranged 
along two adjacent sides, and the various combinations can 
then be filled up in each square. This is shown in Fig. 62. 
The possible offspring are indicated by letters only ; from now 
on it should be easy to substitute letters for the chromosomes 
and the genes they bear. 

It will be noticed that not all the sixteen combinations are 
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different ; there are nine different kinds, and if they are sorted 
out into a table they appear as follows : 

AAMM . 1 

AAMN . 2 
AANN 1 

ABMM 2 
ABMN 4 
ABNN 2 

BBMM 1 

BBMN 2 
BBNN . . 1 

16 

The result is, therefore, nine types of individual, in the propor- 
tions, as set out above : 1:2:1:2:4:2 : 1 : 2 : 1. 

The same result may be obtained in another way. Fig. 60 
showed that two parents belonging to group AB would have 
children of the constitutions AA, AB, BB, in the proportion 
1 : 2 : 1; or, what is the same thing, in the proportion 4 : 8 : 4. 
We also saw that two persons of group MN would have children 
of groups MM, MN, and NN, also in the proportion 1 : 2 : 1. 

If now the four AA's, the eight AB's, and the four BB's are 
subdivided into the groups MM, MN, NN in the propor- 
tions 1 : 2 : 1, we obtain the nine types shown in the table 
above, and in the proportions given. This is a more algebraic 
way of attaining the same result ; we have merely multiplied 
algebraically (1+ 2+1) by (1+2+1) : another demonstration 
of the independence in transmission of genes borne upon the 
chrosomomes of different pairs. 

The pair of allelomorphs A and B, and likewise the pair M 
and N, do not show any dominance or recessiveness. We will 
now consider the mating of persons heterozygous for two genes, 
but genes which exhibit dominance. For example, let us take 
brachydactyly, calling the abnormal mutant gene H and the 
normal allelomorph h, and also Osler's disease (multiple telangi- 
ectasia), calling the abnormal gene T and the normal allelo- 
morph t. It will be assumed that these genes are situated in 
different chromosome pairs ; and it will be further assumed that 
both abnormal genes are truly dominant, that is, two abnormal 
genes produce no greater effect than one alone. 

A person heterozygous for both genes would have the 
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constitution Hh Tt, and would form four sorts of gametes as 
follows : /T =HT 

Hit = Ht 

\T 
hT 

(This method of successive subdivision, for determining the 
possible types of gamete, while unnecessary in the case of only 
two gene pairs, is useful if more complex examples are being 
worked out.) 

Just as in the case of Fig. 62, the sixteen combinations may 
be arranged in a table as follows : 

HHTT . 1 

HHTt . 2 
HHtt . 1 

HhTT 2 
HhTt . 4 
Hhtt . 2 

hhTT . 1 

hhTt . . 2 
hhtt . 1 

As, however, we are dealing with genes showing dominance, not 
all these nine classes are different, for one gene for brachydac- 
tyly gives the same effect as two, that is, Hh is indistinguishable 
from HH; similarly Tt is indistinguishable from TT. There are 
actually only four possible outwardly distinguishable types : 

those with both conditions ; those with brachydactyly ; those 
with Osler's disease ; and those with neither. The table becomes : 

Those with both . 

Genotypes 
HHTT 1 

HHTt 2 
HhTT 2 

Phenotypes 

HhTt 4 HT 9 

Those with brachydactyly only HHtt 1 - 
Hhtt 2 Ht 3 

Those with Osler's disease only hhTT 1 

hhTt 2 hT 3 

Those with neither. hhtt 1 ht 1 

This is the familiar Mendelian 9 3 : 3 : 1 ratio of text -books on. 
genetics. Just as in the instance without dominance it may be 
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deduced algebraically : it is simply the result of multiplying 
(3+1) by (3+1). 

The words genotype and phenotype have not yet been used. 
Persons are said to belong to the same genotype if withyreference 
to the gene or genes under discussion they are of identical con- 
stitution. Persons are said to belong to the same phenotype if 
with reference to the gene or genes in question they are out- 
wardly indistinguishable. In the present example the mating of 
double heterozygotes yields offspring with any one of nine 
different genetic constitutions, that is, any one of nine geno- 
types. As the abnormal genes are presumed to be dominant 
however, only four kinds of offspring, that is, four phenotypes, 
can be distinguished by their appearance. 

Any ratio may be worked out with equal simplicity. If the 
constitution of the parents is given, and it is stated whether 
each pair of allelomorphs exhibits dominance or not, all that is 
required is to write down the possible types of gamete produced 
by each parent ; the possible combinations are then worked out 
on a diagram of the chess -board type ; similar genotypes are 
collected together, and, finally, similar phenotypes. The reader 
can very easily, if a little more laboriously, convince himself 
that a person heterozygous for three genes yields eight kinds 
of gamete, and that matings between two such triple hetero- 
zygotes yield twenty -seven genotypes, the proportions being 
1:2:1:2:4:2: 1:2:1:2:4 :2:4 :8:4:2:4:2:1:2:1: 
2 : 4 : 2 : 1 : 2 : 1; and, further, if there is dominance, eight 
phenotypes, the proportions being 27 : 9 : 9 : 3 : 9 : 3 : 3 : 1. 

Before leaving this subject there is one type of mating that 
must be considered in view of its use in later discussions. This is 
the mating of a double heterozygote to a double recessive. Let 
us take, once again, the example of brachydactyly and Osler's 
disease, with the assumptions formerly made. A person who is 
heterozygous for both conditions will produce, as we saw, four 
types of gamete : HT, Ht, hT, ht. 

The double recessive is the normal person, who must carry the 
normal allelomorph upon both chromosomes of both pairs con- 
cerned ; he can only produce one sort of gamete, both chromo- 
somes carrying normal genes : 

ht. 
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The result of the mating is, obviously, four kinds of offspring 
in equal proportions : 

HhTt, Hhtt, hhTt, hhtt. 

Thus there would be produced all the four phenotypes possible 
with two genes showing dominance, and in the very simple ratio 
1 : 1 1 : 1. In the terms of our example, if a person suffer- 
ing from both these conditions (and heterozygous for both) 
married a normal person, the expectation would be four kinds 
of children in equal proportions : those with both, those with 
one, those with the other, those with neither. 

Similarly, the mating of a triple heterozygote to a triple re- 
cessive yields the same eight phenotypes as the mating together 
of two triple heterozygotes, but instead of rather complex ratios 
all phenotypes appear in equal proportions. 

Apart from the mating of double heterozygote and double 
recessive, a knowledge of which will be required later, the above 
examples were chosen because they are so familiar in text -books 
of genetics, though not of special relevance in this book, which 
does not make an historical approach to the subject. Nor are 
they of much practical consequence, for an observer dealing 
with persons exhibiting simultaneously two inherited traits 
would deal, normally, first with one and then the other. Thus in 
medico -legal work, in a case of disputed paternity, the patholo- 
gist would first consider the A, B, 0 results and then the M, N ; 
there would be no particular point in considering the combina- 
tións simultaneously. Further, in actual researches on animals, 
and certainly in observations on man, the observer would not 
usually deal with the matings of two double (or triple) heterozy- 
gotes, but with simpler matings of the kind last given. Never- 
theless, some examples had to be chosen to illustrate the inde- 
pendence of genes in transmission, and above all to demonstrate 
the simplicity with which any Mendelian ratio, however compli- 
cated in appearance, may be worked out from first principles, 
given a knowledge of the chromosome mechanism. Many other 
examples might have been chosen, and some of these the student 
may very profitably work out for himself ; but it seemed 
desirable to choose those conventionally given, if only to show 
that no one, even with only a slight acquaintance with the 
subject, need be baffled for a moment by the most cunning 
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question that could be put to him ; the possible combinations 
might be numerous, and his chess -board diagram a large one, 
but he would arrive at the correct result just as certainly, and 
far more safely, than if all kinds of complicated Mendelian ratios 
were at his finger -tips. 

Abnormalities in the chromosome mechanism itself. 
The behaviour of the chromosomes in the reduction division and 

fertilization has been emphasized so frequently in the preceding parts 
of this book -to the point of monotony, it may be thought -that the 
reader may well have asked the question : may not the chromosome 
mechanism itself go wrong, and display abnormalities, just as abnormal- 
ities may occur during development in any bodily system Y 

The chromosome mechanism may go wrong, though this is an in- 
frequent occurrence. A chromosome pair may stick together and fail 
to separate at the reduction division, so that a gamete receives two 
members of a pair, or neither (this is called non -disjunction). A chromo- 
some may break, and a piece may be lost ; or a piece may become 
attached to another chromosome ; or it may become reattached to its 
own chromosome, only the wrong way round. Or a section of a chromo- 
some may become inert without visible change. The study of such 
instances is a very important part of experimental genetics. Chromo- 
some anomalies are observed microscopically and the disturbances of 
ratios in matings involving the genes affected can be observed at the 
same time. In this way a great deal of knowledge has been gained 
linking up the actual chromosomes, as histological entities, with the 
genes they bear. 

The original discovery of non -disjunction was a notable landmark 
in the history of genetics. Like the instance to be given in this section, 
it concerned X- chromosomes, but differed from the present example 
in that the X- chromosomes did not remain stuck together in subsequent 
divisions. This was in the early days of the chromosome hypothesis of 
heredity, before it was universally accepted. Some very curious ratios 
were observed, which could not be explained on the chromosome theory ; 

it was then observed cytologically that parallel to the abnormal ratios 
were abnormalities of chromosome distribution: so what had appeared 
to be a fatal objection was transformed into a brilliant confirmation. 
Full details will be found in text -books of genetics. 

Chromosome anomalies may be looked upon as analogous to mutations 
affecting a single gene, that is, a single locus on a chromosome. We saw 
that the great majority of gene mutations are disadvantageous, and they 
are often incompatible with life. Chromosome anomalies may affect a 
number of genes, sometimes very many genes, and so are more profound 
disturbances than gene mutations ; they are therefore even more liable 
to be disadvantageous, and it must be rarely indeed that such a major 
change can have a useful effect. 
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Another similarity between gene, or point, mutations and changes 

affecting a part of a chromosome, or a whole chromosome, is that while 
both occur naturally, the rate at which they occur is greatly increased 
by use of radium or X -rays at suitable stages. In fact the great majority 
of observations have been carried out on plant and animal material in 
which the change has been induced by these means. 

In the absence of the experimental use of irradiation, aberrations in 
chromosome behaviour are rare phenomena. Further, we can be con- 
fident that, when they do occur, the change will be incompatible with 

Fie. 63. Pedigree illustrating a type of transmission 
that cannot be explained on the basis of normal chromo- 
some behaviour. A probable example of XXY females 
with attached X's. An anomalous pedigree of colour- 

blindness. (Bell, after Currier.) 

life in the majority of instances. Even if the individual with an abnormal 
complement of chromosomes does survive, he or she will often fail to 
produce fertile gametes. Nevertheless, in spite of all these qualifications, 
it may be expected that, very occasionally, an anomaly in the chromo- 
some mechanism may occur in man and that a complement of chromo- 
somes abnormal in some way may be transmitted to future generations. 
Should an abnormal chromosome pair contain genes coming under 
observation, abnormal ratios may be observed which could not be ex- 
plained on the basis of an intact chromosome mechanism. An example 
is shown in Fig. 63. 

This pedigree shows ordinary colour- blindness, not only occurring 
exclusively in females, but also transmitted by females to their daughters 
only, and furthermore, to all their daughters. Affected females have had 
eleven daughters, all affected, and eight sons, all normal. Maternal 
transmission of this kind, the trait being confined to females, and passed 
on to females only, and to all females, cannot, unlike complete and ex- 
clusive male transmission, be explained on the basis of chromosome 
behaviour, autosomal or sex -linked ; there is no normal mechanism which 
could account for it. 
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What has undoubtedly happened in this family group is a phenomenon 
observed many times in other organisms. It is illustrated in Fig. 64. 
Two X- chromosomes in a female must have stuck together and, follow- 
ing the reduction division, passed into an ovum. Such an ovum fertilized 
by a Y- bearing spermatozoon would yield an individual carrying two 
X- chromosomes and one Y- chromosome. We saw, on page $9, that 
the Y- chromosome played no direct part in the determination of sex ; 

what is of significance is whether the forty -six autosomes are balanced 
by two X- chromosomes, or by one, The abnormal XXY individual, 
therefore, will be a female, and, on the 
analogy of other animals, will probably 
not be outwardly different from an ordi- 
nary female. Gametes 

It is observed sometimes, and it must 
have happened in this family, that when 
two X- chromosomes have stuck together 
in this way they remain stuck together Fe r t i l i z a t i o n 
throughout any subsequent generations. 
The behaviour of the gametes, therefore, 
at subsequent reduction divisions, and in 
matings of the XXY females to normal 

X X Y Female males, is shown in Fig. 65. The abnormal 
female produces two sorts of ovum : those 
containing the conjoined X's, and those 
containing the Y. A normal male, of 
course, produces spermatozoa of two 
kinds : those containing an X, and those 
containing a Y. There are four possible 
combinations. The YY individual can be dismissed at once : it is known 
that an individual containing no X- chromosome is non -viable and does 
not develop at all. The individual with three X- chromosomes is prob- 
ably non -viable also ; if it does appear, it would be a female, but would 
certainly be sterile ; actually in the pedigree all the females except one 
had children. We are left with a normal XY male and an XXY female 
just like the mother. 

It is quite possible that there exists in the population a very small 
proportion of XXY females ; the fact that the X- chromosomes remained 
stuck together and happened to carry the gene for colour- blindness 
revealed the phenomenon in this particular family. The female, I. 1 in 
the pedigree, must have carried the gene for colour -blindness upon both 
her conjoined X- chromosomes, and so was colour -blind. As will be seen 
in Fig. 65, this chromosome complex is handed on to the daughters 
while the extra Y- chromosome is provided by the normal male ; thus 
the daughters would be colour -blind also. In the case of the sons, the 
Y- chromosome is received from the mother and the X- chromosome from 
the father, thus reversing what happens in normal sex -linked inheritance. 
Provided that none of the males married to these abnormal females 
was colour -blind, all sons would be normal, as shown in the pedigree. 

L 

Fia. 64. Chromosome diagram 
showing the production of XXY 
females as the result of non -dis- 
junction of the X- chromosomes. 
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There remains the case of the individuals with three X- chromosomes ; 

as already stated, it is highly improbable that they would be viable ; 

if they were, they would be sterile. If they do exist they would probably 
be colour -blind because two out of their three X- chromosomes would 

Parents 

Reduction 
division 

Gametes 

Fertilization 

OFFspring 

Female 
Colour - blind 

Male 
Normal 

Female Female 
Non -v able? Colour -blind Normal 
Ster le? 

Colour- blind? 

Fm. 65. Chromosome diagram explaining female transmission 
of colour -blindness by the existence in a family group of XXY 
females bearing the abnormal gene upon both of the attached 

X- chromosomes. 

Male Non -viable 

carry the gene, so the finding would still be daughters all affected and 
sons all normal. 

Thus, extremely rarely, when a chromosome aberration has occurred 
which happens to be compatible with life and with fertility, and 
when the transmission is observed of genes situated upon the affected 
chromosomes, or portions of chromosomes, it may be expected that 
peculiar results may sometimes appear, inexplicable upon the basis 
of the ordinary mechanism. A very few instances have been noted 
in man. 



FURTHER PRINCIPLES 147 

Similar or apparently identical effects due to the action of any 
one of several genes. 
Almost from the beginning of this book it has been frequently 

mentioned that very similar or indistinguishable effects may 
be produced by different genes. Many examples are known in 
animals and plants, but the phenomenon has the appearance of 
being particularly common in man. There is, however, little 
reason to suppose that man is peculiar in this respect ; the 
probable explanation is simply that hundreds of millions of 
human beings are under sufficiently close medical observation 
for anything extraordinary to be placed on record, whereas the 
laboratory worker usually deals with a few strains of animals 
or plants, which, more often than not, are relatively uniform 
genetically owing to inbreeding and selection. Be this as it may, 
the phenomenon is so common in man that it cannot be ignored 
in even the simplest explanation of human genetics, or in any 
practical application of genetic knowledge. 

In Chapter II alkaptonuria was mentioned as a condition 
usually due to a recessive gene, but in one family group, shown 
in Fig. 8, the mode of transmission was clearly that of a domi- 
nant gene. Hence in this condition there are at least two different 
genes which produce an apparently identical result. In Chapter 
IV the example given of a dominant, sex- linked, X -borne gene 
was a family group exhibiting deficient formation of the enamel 
of the teeth. This is a not extremely rare dental defect, but in 
other recorded instances the transmission is different, being 
usually dominant and autosomal. 

An instructive example is provided by retinitis pigmentosa, 
a condition of much genetical interest and, as inherited defects 
go, a common one. In this disease there is a very gradual 
degeneration of the retina, commencing usually in infancy or 
childhood, though sometimes not until early adult life ; the 
word retinitis is a misnomer, for there is no inflammation. 
The first symptom is usually night- blindness, which is readily 
distinguishable from congenital stationary night- blindness, 
mentioned in Chapter II. Unlike the condition previously 
described, in retinitis pigmentosa the night- blindness is not 
congenital, is insidious in onset, and is slowly progressive. 
There is much variation in degree : the disability may become 
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as severe as that so graphically described in the letter quoted on 
page 22, or it may sometimes be so slight, even in cases of long 
standing, that it is revealed only on examination. 

There is also a contraction in the visual fields. This is com- 
monly concentric, central vision usually remaining relatively 
good until an advanced stage is reached ; sometimes parents 
notice that a child tends to fall over things at its feet although 
in other respects vision appears to be normal. This process, too, 
is slowly progressive. In some instances relatively good central 
vision persists until the fields have become very small ; if this 
happens the sufferer is in the position of a person looking down 
two long cylinders and is unable to move about without great 
difficulty; occasionally he may be able to read by focusing a 
single word at a time. Sometimes a small eccentric portion of 
field alone may be left. Finally the condition progresses to 
complete blindness, usually in middle life, though it may be 
earlier or later. 

On ophthalmoscopic examination the most striking feature, 
to which the disease owes its name, is jet- black, spidery spots 
of pigment, which has migrated from the pigment epithelium. 
The pigmentary change, however, may not develop till years 
after the first symptoms, and occasionally it may not occur at 
all. There is a slowly progressive optic atrophy with a pale yellow 
disk. The vessels are narrowed and the choroidal circulation 
may come into view owing to the migration of the pigment. In 
later stages the nutrition of the lens is impaired and the final 
failure of vision may be determined by cataract. Fig. 66 shows 
the appearance of the fundus in an advanced case. 

The condition as described above may occur alone or may 
be associated with other abnormalities., For example, in some 
families the affected persons are deaf, or deaf -mutes in some 
other families a proportion of those affected are mentally de- 
fective. 

The condition may be transmitted as a dominant, in which 
case the additional features are not present. In the next chapter 
it is shown that in all probability some dominant cases are due 
to a partially sex -linked gene, others to an autosomal gene or 
genes.. In other family groups in which the condition is just the 
same as in the dominant families the transmission is that of an 
ordinary recessive, sex -linked gene. The majority of cases of 
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retinitis . pigmentosa, however, exhibit recessive transmission. 
One group of these is composed of the cases with associated 
deafness ; they must be due to a different gene from the others. 
In some of the other recessive families a few of the affected 
persons are mentally defective, while in other families this does 

FIG. 66. A drawing of the fundus showing an advanced 
stage of retinitis pigmentosa. The vessels are reduced 
in size. The migrated pigment is superficial and lies on 
the vessels. There is atrophy of the retina and choroid, 
and the disk has a waxy appearance. (From Clarke's 

Fundus of the Human Eye.) 

not occur ; it is possible that two genes are responsible with an 
effect not usually distinguishable in individual cases. It has also 
been shown ,that the proportion of consanguineous marriages 
amongst parents is much too high to correspond to the frequency 
of the disease in the population, another indication that different 
recessive genes are responsible in different cases. 

Retinitis pigmentosa may therefore be due to the action of 
any one of at least five genes, one dominant and autosomal, one 
dominant and partially sex - linked, one sex -linked, and at least 
two recessives. Only the recessive gene causing deafness can be 
distinguished by its clinical effect. 

To complete the picture, it is also probable that a few cases 
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of retinitis pigmentosa have no hereditary basis. This finding, 
too, is not very unusual. Diabetes insipidus, mentioned at 
greater length on page 208, provides a good example ; it may be 
due to a dominant gene, or may be due to other influences 
affecting the posterior lobe of the pituitary gland, e.g. syphilitic 
meningitis or a tumour. It is by no means impossible for an 
effect due to the presence of a gene to be indistinguishable from 
an effect produced by an exogenous non -genetic agency. 

It is not difficult to recognize the existence of different genes 
producing indistinguishable effects if their mode of transmission 
is different, but there is no doubt that many cases occur in which 
the different genes are transmitted in the same way. An indica- 
tion of this has already been given in the case of retinitis pig - 
mentosa. 

It was shown in Chapter III that an approximate numerical 
relationship can be deduced between the rarity of a recessive 
trait and the proportion of affected persons whose parents are 
cousins. In some instances, for example in the usual recessive 
cases of alkaptonuria, or in the infantile and juvenile forms of 
amaurotic idiocy, the correspondence is sufficiently good to 
make it likely that the gene responsible is the same in all cases, 
or at least in the great majority. But in other instances there 
is a definite disproportion; for example, about 20 per cent. of 
the parents of albinos are first cousins. This corresponds to a 
frequency in the population of the order of 1 in 200,000. But it 
is known that albinism is far commoner than this, and the 
explanation probably is that there exists more than one reces- 
sive gene producing the condition. A direct test as to whether 
the gene concerned in different families is the same or different 
could be made by observing intermarriages between them : an 
event of great rarity. The other test-the determination of 
linkage relations with other genes situated upon the same 
chromosome pair, as described in the next chapter -must await 
further progress in human genetics. 

Very detailed clinical and pathological investigations on in- 
herited conditions may be of the greatest value in elucidating 
genetic problems. The genetic classification of a mass of cases 
obviously due, or possibly due, to the action of several different 
genes, perhaps with indications also of non -genetic effects, is a 
matter of much difficulty. The task is greatly simplified if the 
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cases can be classified into sub -groups, for it may then be found 
that the sub -groups are genetically distinct also. The differences 
which turn out to be of genetic significance are not necessarily the 
larger ones or the more important ones ; they may be elusive, or 
perhaps concerned with a side effect, the very existence of which 
is only revealed by a thorough search. 

An example of a group of related conditions which can be 
classified without much difficulty into different clinical and 
pathological entities is provided by epidermolysis bullosa, 
illustrated in Figs. 67 and 68. The various conditions included 
in the group have this in common : blisters appear in the skin as 
the result of trauma so trivial that it would produce no effect 
upon the normal person. The areas principally affected are those 
most subject to blows or friction: the fingers, elbows, knees, 
feet, and the back of the neck. Sometimes the bullae appear 
without previous trauma. 

In the simple form of the condition, shown in Fig. 67, the 
blisters are superficial and disappear without permanent scar- 
ring. The nails are unaffected. The tendency to bulla formation 
is less pronounced in cold weather ; the boy whose feet are shown 
in Fig. 67 was so little troubled in winter that he could play 
football. 

The second, dystrophic, form is a more serious condition. 
Like the simple variety it commences in infancy or childhood. 
The blisters arise deeper in the skin, and permanent scars are 
produced. After a time areas of skin become atrophic, looking 
thin and shining with the appearance of crumpled silk. This is 
well illustrated on the right leg shown in Fig. 68. The nails are 
affected, becoming much distorted and reduced in size ; they may 
disappear altogether. Epidermal cysts may occur, and mucous 
surfaces are usually affected. There do not seem to be other 
associated constitutional effects, and longevity is not affected. 
The tendency to blister formation becomes progressively less in 
adult life. 

The third variety also is sometimes called dystrophic, but 
might well be called malignant, for it is a far more severe con- 
dition than the ordinary dystrophic form. Sometimes areas of 
skin may be missing at birth. The teeth may be entirely ab- 
normal. In addition to copious bulla formation elsewhere, the 
mucous membranes of the mouth, pharynx, nose, larynx, 



152 SINGLE -FACTOR INHERITANCE : 

bronchi, and oesophagus may exhibit them ; .stenosis of the 
larynx due to scarring has been observed ; in other cases the 
tongue became adherent to the roof of the mouth. The con- 
junctiva and the cornea may be affected. Early death is the 
rule, and many affected individuals do not .survive infancy. 

FIG. 67. Epidermolysis bullosa : the simple form, in a child of eleven. Note 
the superficial character of the blisters, the absence of permanent scars 

on the skin, and the absence of nail dystrophy. 

The simple form is due to a dominant gene, and the dystrophic 
form also is sometimes due to a dominant gene. That these are 
not the same is shown by the fact that the two varieties do not 
occur in the same family group. The dystrophic form is often 
sporadic in its appearance, single cases being encountered rela- 
tively frequently ; they cannot be ascribed to mutation or to a 
recessive gene. The malignant form is due to a recessive gene 
(which is probably partially sex -linked). 

In addition to the above varieties, several other distinct 
clinical types have been.described, each represented by a single 
family group. In one instance the genetic distinction was 
equally plain, for the gene was a sex -linked recessive.. 

The example of epidermolysis bullosa is one in which the 
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clinical distinctions are not difficult to draw, and prove to be of 
genetic significance also. But in other instances the effect of 
different genes may be revealed by much more subtle differences. 

FIG. 68. Epidermolysis bullosa: the dystrophic form, 
in a child of nine. Note the permanent changes in 
the skin, shown particularly in the right leg and foot ; 

the skin of the affected area is atrophic, smooth, and 
shining, with the appearance of crumpled silk. Note 

also the nail dystrophy. 

Very many low -grade mental defectives have no special distin- 
guishing features, and genetical investigation is a matter of much 
difficulty, for they are a mixture of cases, due in some instances 
to the uncomplicated action of single genes, while others are the 
result of interacting genetic and non -genetic influences, and in 
yet other cases it may be that environmental influences are 
alone effectively responsible. It was discovered that a few low- 
grade defectives, not otherwise remarkable, exhibited a metabolic 
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peculiarity : they excrete an abnormal substance, phenylpyruvic 
acid, in the urine. This feature enabled these cases to be distin- 
guished from all other low -grade mental defectives, and once they 
were separated it was apparent that this condition of phenyl - 
ketonuria was due to a recessive gene. 

Very careful investigations may thus reveal differences not 
previously recognized, and it may be found on occasion that the 
differences have a genetic significance. Nevertheless, it is likely 
that for a very long time to come there will be many cases in 
which the effect of different genes cannot be distinguished by 
any available means. 

It must also be pointed out that there is a converse case. 
While a very subtle difference may be of genetic significance, a 
very obvious and important one may not. One and the same 
gene may produce very different end -results, as may be shown 
for example by the occurrence of different types in a single 
family group or a single sibship. Such differences are to be 
ascribed to the modifying effect of other genes or of non -genetic 
influences, a subject discussed in Chapter VII. 

The practical consequences of the existence of different genes 
with indistinguishable effects. 
The medical practitioner who is consulted about an hereditary 

abnormality has to face certain difficulties in the task of inter- 
pretation. In the first place it has been shown in previous 
chapters that while certain modes of transmission, notably 
dominant and sex -linked inheritance, may be inferred from a 
single extensive family history, other cases are not so simple, 
notably recessive autosomal inheritance ; in this latter case it is 
especially necessary to take into consideration previous know- 
ledge regarding the inheritance of the abnormality. But the 
fact that genetic and clinical entities do not necessarily corre- 
spond, in particular that the same clinical condition may be due 
to the action of any one of several genes, causes much greater 
difficulties. Moreover, there may be complications due to varia- 
tions in the expression of a gene in different circumstances : the 
subject of Chapter VII. An extensive knowledge of transmission 
in other families is usually required before this possibility can 
be dismissed or, alternatively, before the necessary modifications 
can be máde in assessing the genetic outlook for the patient. 
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The practitioner has to rely upon two sources of information: 
first, what he can learn from the examination of the patient and 
from the family history ; secondly, what is known about the 
transmission of the condition. 

The facts given in the preceding section alone rule out the 
possibility of settling once and for all the mode of transmission 
of a trait and thereafter applying that knowledge to each new 
case which presents itself. The practitioner cannot just say 
`brachydactyly- simple dominant', and proceed without further 
investigation to explain the genetic consequences. This is one 
of the chief reasons why it is peculiarly difficult to include in 
a book of this type a list of simply inherited conditions, even if 
the list were greatly reduced by the omission of imperfectly in- 
vestigated defects. So many instances would have to be hedged 
round by explanations and qualifications, with notes upon re- 
sults of varying degrees of reliability, completeness, and intelli- 
gibility, that the simple list would soon be expanded into a large 
encyclopaedia. And without these qualifications it is difficult 
to see what useful purpose such a list could serve.. 

It is not intended to suggest that the difficulties are insuper- 
able ; this is by no means the case. A full family history may 
indicate the mode of transmission quite clearly, though even so 
a knowledge of the literature is valuable, because there might 
be complications not evident in the family under consideration. 
For example, a dominant gene may not always express itself, 
so that caution would then have to be exercised in giving the 
opinion that the unaffected child of an unaffected person could 
not transmit the condition ; if the condition had been well 
investigated, either the possibility could be dismissed, or a 
reasonable estimate could be given as to the likelihood of such 
a person possessing the gene. 

Where the individual family history does not point to a 
definite mode of transmission to the exclusion of other possi- 
bilities, a knowledge of what has previously been discovered 
about the condition becomes essential. To the extent that 
previous investigations have been thorough and decisive, so can 
a reasonably confident estimation of the chances be given. For 
example, haemophilia has been very thoroughly studied and is 
known to be regularly transmitted as a sex -linked, recessive 
trait, the only complication being that the gene can probably 
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exist in two or more allelomorphic forms producing results of 
different degrees of severity. (Other somewhat similar con - 
ditions are apparently distinguishable clinically.) It is also 
known that the mutation rate is high. Therefore the practi- 
tioner con fronted by a case of haemophilia which is apparently 
sporadic, no affected relatives being discoverable, can assume 
that the case is due to mutation and will not differ, as regards 
further generations, from the ordinary case. 

To take another example, a case of uncomplicated retinitis 
pigmentosa is seen and the patient wishes to know the genetic 
outlook for himself or his relatives. A family history of domi- 
nant or sex -linked inheritance would present little difficulty, but 
in very few instances will either be obtained. It is known that 
the great majority of cases show recessive inheritance, so that 
if the patient has an affected sib, or if father and mother were 
blood -relatives, . or if any other instance can be found in the 
family, especially as the result of a consanguineous marriage, 
the case can be taken with reasonable certainty to be due to a 
recessive gene. If, however, no other affected relative can be 
discovered and the parents are unrelated, there is the possibility 
that the condition has no hereditary basis ; but as recessive cases 
are much commoner than truly sporadic ones, the single isolated 
case is more likely to be due to a recessive gene, so that a pro- 
jected cousin marriage for example, which might be.one between 
heterozygotes, would be contra -indicated. 

Might not a single sporadic case of retinitis pigmentosa be due 
to a dominant mutation, with the chance of half the children 
being affected ? This is certainly possible, but dominant cases 
are so rare compared with recessive ones, and, further, the 
mutation rate of the dominant gene (or genes) is so small, that 
the chances are overwhelmingly against any given sporadic 
case being due to a dominant mutation in one of the parents ; 

such a remote contingency could reasonably be ignored. 
An isolated case of dystrophic (not malignant) epidermolysis 

bullosa is probably truly sporadic, i.e. not due to a mutation or 
to a recessive gene ; actually sporadic cases are probably com- 
moner than dominant ones.. One indication, sometimes present, 
of the sporadic case is a relatively late onset. Apparently spora- 
dic cases may be truly sporadic, i.e. non- hereditary, but it is 
also possible that entering into their causation is a gene exhibit- 
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ing a very low frequency of expression, as described in Chapter 
VII. If this last hypothesis is true, the gene concerned must 
be different from the gene showing ordinary dominant trans- 
mission with a very high frequency of expression. 

The above simple examples will suffice to illustrate the practi- 
cal approach to the problem, but, needless to say, the chance of 
giving definite and useful advice is largely dependent on the 
efficiency with which the various conditions have been studied. 
The books of the present time in which there is collected the 
available information regarding inherited abnormalities of one 
or other bodily system or, in more general fashion, the more 
important inherited traits of the human being as a whole, are 
probably as good as they can be in view of incomplete know- 
ledge, and in view of the difficulties and pitfalls of research on 
human genetics : pitfalls many of which have only recently been 
recognized and to avoid which special methods have only lately 
been devised. It is to be hoped, however, that it will not be long 
before sufficient research has been carried out to make possible 
the compilation of encyclopaedias of inherited human abnormal- 
ities and diseases sufficiently concise, definite, and accurate for 
rapid consultation by those who wish to assess the genetic proba- 
bilities in particular cases, whether from the point of view of 
genetic prognosis or of estimating the chances, with a view to 
prevention, of the existence of a special genetic susceptibility. 

One of the difficulties hinted at above concerns the main 
subject of this section: the existence of single clinical entities 
dependent on any one of several genes. Our knowledge of the 
transmission of a trait depends upon an analysis of the family 
histories which have been placed on record. Unless a trait is 
really exceedingly rare, only a proportion, perhaps a small pro- 
portion, of the cases encountered is described. Now it may well 
be that the main interest of a paper is genetic and not patho- 
logical, and if so, a family containing many affected persons is 
far more likely to be described ih a medical journal than, say, 
an isolated case. Thus, if a condition were sometimes due to a 
dominant gene and sometimes to a recessive gene, the dominant 
cases, with their pedigrees of many affected persons, will be 
described far more often than the recessive cases with only a few 
affected persons in the family group, or perhaps only a single one. 

Retinitis pigmentosa once again provides an admirable 
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example. A study of the relatively early literature would, it is 
true, have led to the conclusion that retinitis pigmentosa may 
be dominant, or recessive, or possibly sex -linked, but it would 
have been supposed that dominant cases were not very uncom- 
mon compared with recessive cases ; it might perhaps have been 
thought that about one - quarter of cases gave a history of domi- 
nant transmission. One observer conceived the admirable plan of 
taking extremely full family histories from consecutive cases 
without any selection. He collected in this systematic way no less 
than forty -one. The result was surprising ; there was one instance 
of . sex -linked transmission, but not a single one of dominant 
transmission. All the other cases were recessive. Or more 
probably the majority were recessive and there were, in addition, 
a few truly sporadic, non -hereditary cases ; this is probable 
because there are too few affected persons to fit the 3 : 1 ratio, 
the discrepancy disappearing if the calculations are based upon 
families containing at least two affected persons. It will be 
realized from this example how unreal a picture of relative 
frequencies may be obtained by pooling the cases found in the 
literature, unless systematic studies, such as the one just de- 
scribed, have been carried out. 

The manifold effects of a single gene. 
A gene is commonly labelled according to its most striking 

effect, but the student of genetics should not be misled by this 
practice into thinking that the expression of a gene is usually 
confined to some single structure or function, the rest of the 
body being quite unaffected. Some of the less striking; but not 
necessarily less important, additional effects due to the presence 
of particular genes have been mentioned throughout this book. 

Albinos are often of smaller stature than their normal sibs ; 

they are usually more frail than normal persons, and mental 
deficiency is commoner amongst them than in the rest of the 
population. A particularly striking example was described in 
Chapter II : this was epiloia. The typical case exhibits adenoma 
sebaceum on the face, pigmented naevi on the skin, nodules of 
neuroglial overgrowth in the brain, and a strong tendency to 
tumour formation in various organs, especially the heart and kid- 
ney. In the typical case there is mental deficiency and epilepsy. 

Another example was phenylketonuria, mentioned a little 
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earlier in this chapter, in which mental deficiency is associated 
With the, appearance of the abnormal substance phenylpyruvic 
acid in the urine : a metabolic defect. 

Apart from such clear examples, which could be multiplied 
indefinitely, there are often other associated differences of a 
more subtle nature. Careful investigation shows that differ- 
ences may be recognized in other organs quite unconnected with 
those concerned with the obvious expression of the gene. 

The consensus of opinion probably is that these very diverse 
effects are not to be regarded as so many separate and unrelated 
consequences of the presence of the gene. A gene producing a 
congenital defect has done so by affecting development at some 
stage ; at a particular time a substance was lacking or in excess ; 

or it was produced too early or too late ; or some twist was given 
to development affecting its whole future course ; but it may 
be expected that the disturbing influence will be shown in many 
different structures. It may well be that if only the precise 
effect produced by a gene could be studied, very early in the life 
of the embryo, it would be discovered how a single effect pro- 
duced at a particular time came ultimately to have the appear- 
ance of a multitude of apparently unrelated abnormalities. 

The view just given may well be correct, though it must be 
admitted that it is difficult to see how such very diverse con- 
sequences as may sometimes be encountered could be traceable 
to a single embryological event. In any case the important 
point to bear in mind is that the end -results due to the presence 
of a gene may mark off its possessors in a great variety of ways, 
some obvious, some less obvious, some subtle though important, 
and others minute. 

The use, up to this point, of convenient traits to illustrate gene 
transmission, and the selection of a single prominent effect by 
which to give the gene its name, may have proved misleading : 

if so, it is now desired to correct any erroneous impression. 
Moreover, Chapter VII, which deals with complications due to 
the fact that one and the same gene does not always produce - 
against different backgrounds of other genes, and in different 
environments -an identical result, is inevitably concerned with 
the mode of expression of genes. The implications of this con- 
cluding section may serve as a link with, and introduction to, 
that important subject. 



CHAPTER VI 

GENETIC LINKAGE 

Genes carried upon the same chromosome pair. 
IN the preceding chapter we saw what happens when genes 
situated upon different chromosome pairs were studied simul- 
taneously. Any ratio, it was found, can easily be deduced if it 
is recalled that the behaviour at the reduction division of any 
particular chromosome pair, with its contained genes, is indepen- 
dent of the behaviour of all the other pairs, with all their con- 
tained genes. This independence in transmission is no longer 
found if the gene pairs under observation are situated upon the 
same chromosome pair, that is,, when genes exhibit genetic 
linkage. 

Genetic linkage can, of course, only be detected if at least 
two gene pairs are studied simultaneously. The opportunity for 
doing so seldom occurs in human beings in the tase of rare genes, 
and, as will be mentioned later, not many common, simply 
inherited traits, present in normal people, have as yet been 
discovered. Moreover, as the human cell contains twenty -four 
pairs of chromosomes in its nucleus, the chances are greatly 
against its being found in any given case that two gene pairs are 
in fact linked. Thus at the present moment it must be admitted 
that a knowledge of the principles and consequences of genetic 
linkage is not of much help in the practical problems of human 
genetics : in tracing the inheritance of a defect ; or in evaluat- 
ing the role of heredity in determining susceptibilities to an 
infective process. Accordingly, nearly all this chapter has been 
printed in smaller type. At the same time it must be empha- 
sized that here lies the hope for the future of the advancement 
of the science of human heredity. It is upon the founda- 
tion indicated in this chapter that there will be built the 
structure of an entirely transformed human.genetics : and with 
that new knowledge will arrive the capacity for giving far more 
practical help than at present in the task of disentangling the 
effects of genes and of environmental influences ; of identifying 
more surely the carriers of hereditary traits, good or bad; of 
helping to evaluate the special risks confronting the particular 
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individual, no less than his special immunities, and so of playing 
a truly important part in the promotion of health, not only by 
curative measures, but even more in relation to prevention. 

It should also be stated that probably within a few years a 
real beginning will have been made in the allocation of human 
genes to their appropriate chromosome pairs, in the construction 
of chromosome maps, and in all the consequences of a system of 
genetics which has progressed beyond the stage of single inde- 
pendent factors. If these hopes are realized, only a compara- 
tively short time will elapse before the subject of this chapter 
can no longer be confined to smaller type in a book on medical 
genetics. 

Two gene pairs exhibit genetic linkage if they are situated upon 
the same chromosome pair. What, then, is the relationship 
between genetic linkage and sex -linkage ? Sex -linkage may be 
regarded as a particular form of genetic linkage. Genes carried 
upon the sex- chromosomes must display genetic linkage in 
regard to each other ; one example, given later in this chapter, 
has been worked out ; it concerns the genes for haemophilia and 
colour- blindness. But, in addition, genes carried upon the sex - 
chromosomes are linked to the sex - determining genes, that is, 
to the unpaired portion of the X- chromosome, or, alternatively, 
to sex itself. It is the linkage with sex itself that makes sex- 
linkage a special case, for it can be inferred without the methods 
of the present chapter. The case of partial sex -linkage, however, 
as was mentioned, is in practice more analogous to genetic 
linkage in general, and so a consideration of this subject was 
postponed to this chapter from Chapter IV. The term genetic 
linkage, therefore, should include sex -linkage, but ordinary sex - 
linkage, for the reasons mentioned, can be separated in discus- 
sion, and has been previously dealt with in a simpler and more 
direct way. 

Linkage in the absence of crossing -over. 
Let us consider two allelomorphic genes, A and a, and, situated at 

another locus upon the same chromosome pair, two other allelo- 
morphic genes, B and b. Let it be supposed that A is dominant to a, 
and B to b. Fig. 69 shows a mating between the double heterozygote 
and the double recessive, that is, between individuals who can be 
represented by AaBb and aabb. It was shown in Chapter V (p. 141) 

M 
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that the result of this mating in the case of genes situated in different 
chromosome pairs is four kinds of offspring in equal proportions: 
this followed directly from the fact that the double heterozygote 
must produce four kinds of gamete, AB, Ab, aB, and ab, while the 
double recessive produces only one, ab. 
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Fia. 69. Chromosome diagram showing the trans- 
mission of the genes (in the absence of crossing -over) 
in a cross between a double heterozygote and a double 
recessive, the two gene pairs being situated upon the 
same chromosome pair. The double heterozygote 
carries the two dominant genes upon one chromosome 
and the two recessive allelomorphs upon the other. 

In the present case, however, with both loci upon the same chromo- 
some pair, it is clear that, in the absence of the mechanism of crossing - 
over, to be described shortly, the double heterozygote can produce 
only two sorts of gamete, as shown in Fig. 69. In this instance it 
is supposed that A and B are borne upon one chromosome and a 
and b upon the other. In a suitable case it could be discovered that 
this must be so, i.e. if both dominant characteristics were present in 
one of the parents of the double heterozygote, while both recessive 
characteristics were displayed by the other ; this would make it certain 
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that A and B must be present on one parental chromösome and a and 
b upon the other. The two sorts of gamete formed by the double 
heterozygote, together with the one of the double recessive, give only 
two possibilities amongst the offspring : AaBb and aabb ; that is, half 
the offspring exhibit both dominant traits and half exhibit neither. 
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Double 
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Double 
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FIG. 70. Chromosome diagram showing the transmission 
of the genes in the same mating as that of Fig. 69, except 
that in the double heterozygote each chromosome bears 

one dominant and one recessive gene. 

There is no reason to suppose, however, that gene A tends to be 
present in the same chromosome as gene B any more often than in 
a chromosome bearing gene b ; similarly in the case of gene a. So let 
us consider another mating of double heterozygote and double reces- 
sive: individuals outwardly indistinguishable from those of the pre- 
vious case, but, in this double heterozygote, with A and b upon 
one chromosome and a and B upon the other. We may further 
suppose that we know this because one parent of the double hetero- 
zygote possessed one dominant trait only and the other parent 
exhibited only the other. The mating is illustrated in Fig. 70. Once 
again only two kinds of offspring appear, but this time Aabb and 
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aaBb; that is, Half the offspring display one dominant trait and half 
display the other. 

As an illustration, if brachydactyly and Osler's disease were due to 
genes situated upon different chromosome pairs, individuals hetero- 
zygous for both, and thus displaying both conditions, would, when 
married to normals, yield offspring of four kinds in equal propor- 
tions : those with both conditions, those with brachydactyly only, 
those with Osler's disease only, and those with neither : in terms of 
the symbolism of this section : 

AaBb, Aabb, aaBb, and aabb. 

If, however, the genes were linked (an hypothesis for which there is 
no evidence), each double heterozygote would, in the absence of 
crossing -over, yield two kinds of offspring only. If both conditions 
had been transmitted to the double heterozygote by one parent, half 
the offspring would exhibit both conditions and half would exhibit 
neither ; or, in the symbolism of this section, the offspring would be : 

AaBb and aabb. 

If, on the other hand, the double heterozygote had inherited brachy- 
dactyly from one parent and Osler's disease from the other, half the 
offspring would exhibit brachydactyly and half would exhibit Osler's 
disease; they would be: 

Aabb and aaBb. 
In this hypothetical case, it would be known that the two conditions 
depended upon linked genes because of the limitation in the possible 
types of offspring as contrasted with four possible types from a single 
mating in the case of independent genes situated upon different 
chromosomes. If a large number of instances was considered to- 
gether, all types of offspring would be found, but some parents would 
be yielding only two out of the possible four types, and the other 
parents would be yielding only the other two. 

Crossing -over. 
If there existed no modification of the mechanism of the preceding 

section, it is clear that entire chromosomes would behave as units in 
hereditary transmission. In regard to a particular pair an individual 
would receive one chromosome with all its complement of many 
genes from one parent, and from the second parent the other chromo- 
some with another complement of genes, some the same as, and some 
different from, those contributed by the first parent. At the reduc- 
tion division these chromosomes would separate, so the individual 
would pass on to a child either the maternal chromosome of any 
particular pair, with all its genes, or the paternal chromosome. There 
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is, however, a mechanism by which portions of the chromosomes of a 
pair may become interchanged. 

Prior to the reduction division (the details need not concern us) 
the chromosomes of each pair lie close together, with the correspond- 
ing loci of both chromosomes adjacent. The chromosomes, which at 
this stage are long filaments, become twisted round each other. A 

t 

Fm. 71. Drawing illustrating the interchange 
of segments in crossing -over between the 
members of a chromosome pair. Purely dia- 

grammatic. 

i 
Fm. 72 Drawing illustrating the interchange 
of segments when double crossing -over occurs 
between the members of a chromosome pair. 

break may occur at one of the points where the twisting has taken 
place and, owing to the accurate pairing, will do so at a correspond- 
ing situation in both chromosomes. When the broken pieces are 
joined together again, it may happen that one end of one chromo- 
some becomes attached to the other end of the other one, and vice 
versa. This process is called crossing -over ; its results are illustrated 
in Fig. 71. At the subsequent reduction division the chromosomes 
separate, but what now passes into a gamete is not a chromosome 
derived entirely from the mother or from the father of the individual, 
but one which is composed of a maternal portion and a paternal 
portion. 

On the analogy of other animals it is likely that in man crossing - 
over at one point will often, or perhaps usually, occur; double 
crossing -over, as illustrated in Fig. 72, will be much rarer, while 
crossing -over at more than two points, if it occurs at all, will be 
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very rare. In double crossing -over the points of crossing -over 
are never very close together ; they tend to be relatively widely 
separated. 

Thus it is true that genes are transmitted in linked blocks, though 
the blocks are not usually so large as to include all the genes on a 
chromosome. Those who have reflected on family resemblances in 
characteristics which cannot depend upon a single gene difference 
will not need to be told that striking resemblances to particular 
paternal or maternal relatives are far too common to be explained 
by the chance association of many genes all behaving quite inde- 

A h A a A a A a 

B b b B b B b B 

Fia. 73. Chromosome diagram showing the 
effect of crossing -over between their loci 
upon the relative positions of the genes of 
two pairs situated upon a single chromosome 
pair. Before crossing -over A and B were 
situated in one chromosome and a and b 

other ; after crossing -over A is associated 
with b and a with B. As in the case of all 
the figures illustrating crossing -over, the 
drawing is purely diagrammatic; it is in- 
tended to show as simply as possible the 
effects of crossing -over, not the histological 

detail of what actually takes place. 

pendently in transmission: such resemblances are to be explained by 
the common possession of one or more groups of linked genes, groups 
which may sometimes correspond to entire chromosomes, it having 
so happened that the relevant groups have not been broken up by 
crossing -over in the parents of the persons concerned. 

The effect of crossing -over upon ratios amongst offspring. 
Once again let us take as an example the hypothetical case of 

brachydactyly and Osler's disease, and also the formal symbols A, a, 
B, b. In Fig. 69 the double heterozygote was represented as carrying 
the genes A and B upon one chromosome and a and b upon the other. 
If crossing -over takes place between the loci for the two pairs of 
genes, gametes will be formed containing either A and b upon the 
chromosome, or else a and B. This is illustrated in Fig. 73. The 
double heterozygote thus produces all the four possible types of 
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gamete, AB, ab, Ab, and aB, as shown in Fig. 74. The first two kinds 
will be formed when no crossing -over has occurred between the two 
loci ; the third and fourth kinds will be formed when crossing -over 
in this region has taken place. The partner, the double recessive, 
must, of course, contribute gametes all of which contain a and b, 
because these are the only genes of those under discussion which he 
or she possesses. Fertilization, as shown in the diagram, yields four 
types of offspring : 

AaBb, aabb, Aabb, and aaBb, 

which are the same four types as in the case of the independent assort- 
ment of unlinked genes. The first two types of offspring occur when 
crossing -over between the relevant loci has not taken place ; they 
are therefore called non- cross -overs. The last two types of offspring 
occur when crossing -over has taken place ; they are called cross -overs. 

In all ordinary cases crossing -over between two given loci will only 
take place in a minority of instances ; thus cross -overs will be less 
numerous than non - cross -overs. 

In Fig. 70 was given the other mating between a double hetero- 
zygote and a double recessive : the case in which the two dominant 
genes were situated upon different chromosomes in the double hetero- 
zygote. Fig. 75 shows what happens when crossing -over occurs. The 
same four types of offspring appear, but the classes that were pre- 
viously fion- cross -overs, AaBb and aabb, are now cross -overs ; classes 
Aabb and aaBb, previously the cross -overs, are now the non- cross- 
overs. Just as before, the non - cross -overs will be the more numerous. 
Thus if crossing -over between the two loci occurs in, say, 10 per 
cent. of cases, then in the first instance (Fig. 74) there will be 
90 per cent. of offspring who are either AaBb or aabb and 10 per cent. 
of offspring who are either Aabb or aaBb. In the second case (Fig. 75) 
there will be 90 per cent. who are either Aabb or aaBb and 10 per cent. 
who are either AaBb or aabb. 

Let us translate these findings into terms of brachydactyly and 
Osler's disease, our imaginary example. If an individual hetero- 
zygous for both genes has received the two abnormal dominant genes 
from one parent and the two normal recessive allelomorphs from the 
other, that is, if the double heterozygote carries the two dominant 
genes upon one chromosome and the two recessive ones upon the 
other, then the non -cross -over classes will consist of persons exhibit- 
ing both conditions and persons exhibiting neither. The cross -over 
classes will consist of persons suffering either from one or the other. 
As above, let us suppose that crossing -over occurs in 10 per cent. of 
cases ; this will be the proportion of offspring suffering from one or 
other condition alone. 
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If, however, the double heterozygote carries the gene for brachy- 
dactyly upon one chromosome and the gene for Osler's disease upon 
the other, as shown by having had one parent who suffered from one 
condition while the second parent suffered from the other, then the 
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Fia. 74. Chromosome diagram showing the effect of crossing -over upon the 
transmission of the genes in a mating between a double heterozygote and a 
double recessive, the genes being borne upon the same chromosome pair. The 
double heterozygote carries the two dominant genes upon one chromosome 

and the two recessive allelomorphs upon the other. 

non -cross -over classes will be composed of persons having either the 
one condition or the other, and there will be 90 per cent. of them ; 

there will only be 10 per cent. of persons with both conditions or with 
neither. 

If, therefore, we were to observe a number of cases in which 
matings took place between double heterozygotes and double reces- 
sives, the two genes being linked, we should find that some of the 
matings were yielding more than 25 per cent. each of two classes and 
less of the others, while in other matings the figures would be reversed. 
If we knew what the parents of the double heterozygotes were like, 
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we should find that the most numerous classes (the non - cross -overs) 
were reproducing the original grandparental combinations. 

One important point which can hardly fail to have emerged from 
the foregoing discussion must be made perfectly clear: there is no 
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Fra. 75. Chromosome diagram showing the transmission of the genes in the 
same mating as that of Fig. 74, except that in the double heterozygote each 

chromosome bears one dominant and one recessive gene. 

tendency for traits due to linked genes to appear together, or 
separately, any more often, or any less often, than would be expected 
from the frequency of those genes in the population. Genetic linkage 
implies that genes tend to be associated at the reduction division 
more often than they separate, or, alternatively, they tend to 
separate more often than they pass into the same gamete. In regard 
to two particular genes, which of these two possibilities is realized 
will depend upon whether they were received by the person forming 
gametes either upon the same chromosome or upon different chromo- 
somes of that pair. 

For example, some evidence has been presented which indicates 
that the gene for red hair and those for the À, B, 0 blood -groups may 
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be situated upon the same chromosome pair (though the observa- 
tions are too few as yet for the definite statement to be made). This 
does not mean that the gene for red hair tends to be specially asso- 
ciated with any one particular gene, A, B, or O. Mutations yielding 
the red hair gene will have occurred indifferently in chromosomes 
bearing any of the blood -group genes : actually, with a frequency 
proportional to the frequency of chromosomes bearing A, B, and 0 
respectively; similarly for mutations amongst the blood -group genes 
relative to the hair- colour gene. 

Even if we imagine the case of a mutation so rare that it only 
occurred once during the time, and in the population, under con- 
sideration, the process of crossing -over as generations succeeded each 
other would ensure that ultimately the mutant gene would also be 
associated with the allelomorphs of the various genes which happened 
to be present in the particular chromosome in which the mutation 
took place. 

It is shown later in the present chapter that the genes for haemo- 
philia and colour- blindness are closely linked ; but in some family 
groups males in the affected sibships are sufferers either from both 
conditions or from neither, while in other family groups the males 
suffer fróm haemophilia alone or colour- blindness alone, but not 
from both. 

To sum up the effects of linkage and crossing -over on genetic ratios, 
it may be said that if linked genes are observed simultaneously in the 
same persons, the same possible types of offspring occur as are found 
in the case of the independent assortment of unlinked genes, but that 
the ratios are altered, genes tending to stick together more frequently 
or to separate more frequently, according to whether they were 
received in the same or in different chromosomes of the relevant 
pair. 

Chromosome maps. 
The frequency with which crossing -over takes place between two 

loci depends upon their distance apart. If two genes are situated 
very close together, a cross -over between them will be a very rare 
occurrence ; but if they are far apart, say more or less at opposite ends 
of the chromosome, a cross -over between them will occur compara- 
tively frequently. Let it be assumed that three pairs of allelomorphic 
genes, A-a, B -b, C -c, are situated upon the same chromosome pair, 
as shown in Fig. 76. Let it also be supposed that the percentage of 
crossing -over, the cross -over -value, or, more shortly, the C.O.V., 
between the gene pairs A-a and B-b has been found to be 5 per 
cent. 
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The gene pair C -c is shown in Fig. 76 as having its locus still lower 
down the chromosome than the pair B -b. Let us suppose that it has 
been discovered that the cross - over -value, the C.O.V., between B -b 
and C-c is 10 per cent. Now if the chance of a cross -over occurring 
between A-a and B -b is 5 per cent., and be- 
tween B -b and C -c 10 per cent., then the 
chance that a cross -over will occur between 
A-a and C -c must be 15 per cent. ; this is A - 
what is found in practice when the test is 
made by crossing the double heterozygote, B - b B - b 
AaCc, to the double recessive, aacc. The DI 
percentage of cross -overs occurring between 
two loci when the above cross is made, the C C C - c 
C.O.V., can be used to represent the distance 
between the two loci upon a chromosome D -d 
map, as shown in Fig. 76. 

If another gene pair, D-d, is investigated, 
belonging to the same chromosomes, it can 
easily be assigned to its correct place on the 
map by appropriate experiments. Let us 
suppose that C -c and D-d are studied simul- 
taneously and it is discovered that the C.O.V. 
between their loci is 6 per cent., then the 
position of the new locus is six units away 
from that of C-c but, of course, it may be 
on either side of it, either at D-d or at D'-d' 
in Fig. 77. To decide at which of these two 
possible positions it lies crosses are made in- 
volving another gene pair whose position 
has previously been fixed, say B -b ; if it is 
found that the C.O.V. between B -b and D-d FIG. 77. Diagram to illus- 

trate 
16 per cent. the position of the new gene trsi edw a new gene is 

P P g assigned to its position 
is fixed at D-d in the diagram and not D'-d'. upon a chromosome map. 
The locus is now decided, and the percentage 
of cases in which crossing -over takes place between this gene locus 
and any other previously fixed can be deduced from the map without 
actually making the direct experiment. For example, in Fig. 77, the 
C.O.V. between D-d and A-a could be stated at once to be 21 per 
cent. Thus, in the manner briefly indicated in this section, chromo- 
some maps may be built up, as has been done in some animals and 
plants. 

A few extra points must be mentioned here, but they do not affect 
the basic principles already laid down. First of all, the C.O.V.s do 

v 
Fia. 76. Fia. 77. 
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not necessarily accurately represent actual physical distances apart 
on the chromosome ; these, in some cases, have been directly deter- 
mined by other methods, and it has been found that crossing -over 
may take place more frequently in some portions of a chromosome 
than in others. In a portion exhibiting frequent crossing -over the 
actual distances are exaggerated on the map ; they are reduced in a 
portion exhibiting infrequent crossing -over. ' 

Double cross -overs, as described on page 165, introduce a slight 
complication. Clearly, if two crossings -over occur between the loci 
A-a and B -b, the original combinations are preserved, as shown 

A a 

B b 

5 a 

b 

FIG. 78. Drawing illustrating the effect of 
double crossing -over between the loci of two 
gene pairs. The relative position of the genes 
is unaffected; A remaining associated with 

B, and a with b. 

in Fig. 78 ; that is, if A and B are on one chromosome and a and 
b on the other, two crossings -over between them will leave A and 
B together, and a and b together also. Thus the effect of a double 
cross -over between two loci is the same as if no cross -over at all had 
taken place. Two cross -overs are only likely to occur between two 
loci if they are relatively far apart ; the farther apart the loci the 
more frequent double crossing -over will be. A very small C.O.V. is 
unlikely to be affected by this phenomenon, for example, the 5 per 
cent. between A-a and B -b in Figs. 76 and 77, but a considerably 
greater distance, for example, the 21 per cent. shown between- A -a 
and D-d, will be affected: the direct experiment might show, say, 
17 per cent. instead of the expected 21 per cent. For this reason the 
position of a locus is fixed, when possible, from previously known 
loci situated close to it. As a chromosome map grows, the effects of 
double crossing -over can be allowed for with increasing accuracy if 
it is desired to predict the result of a cross involving widely separated 
genes. 

The question may well be asked: might not genes be so far apart 
that about 50 per cent. of crossing -over would occur ? This may hap- 
pen and, of course, in such a case the double heterozygote would 
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produce the four types of gamete in equal proportions, and so the 
cross would yield a ratio indistinguishable from the 1 : 1 : 1 : 1 

ratio characteristic of the independent assortment of genes situated 
on different chromosome pairs. Thus, if the C.O.V. were about 50 per 
cent. it could not be discovered that the genes were linked. This 
would only be discovered later when linkage had been tested between 
these two genes and others situated in intermediate positions ; the 
original genes, previously considered independent, would then be 
correctly assigned to the same linkage group, that is, to the same 
chromosome pair. 

Genes situated on a long chromosome might be so far apart that 
the C.O.V. would exceed 50 per cent. In such a case, if the relation- 
ship of the two genes to other genes was not known, a C.O.V. of, say, 
60 per cent. would incorrectly be taken, in all probability, to indicate 
a distance apart of forty units instead of sixty. It is probable, how- 
ever, that C.O.V.s in excess of 50 per cent. are rare, or perhaps may 
not occur at all, because in the case of such very large distances 
apart, double crossing -over is sufficiently frequent to ensure that a 
much larger map distance corresponds to a C.O.V. of not more than 
50 per cent. as determined in a direct experiment. 

It should also be stated that a given C.O.V. is not necessarily the 
same in males and females ; that is, when the double heterozygote in 
a given experiment is the female, a different figure may be obtained 
from that observed when the double heterozygote is the male. Also, 
genes exist which affect the frequency of crossing -over in whole 
chromosomes or in parts of chromosomes; and certain experimental 
variations in environmental conditions may also alter the frequency. 

The all- important point, however, is this: none of the complica- 
tions mentioned affect the relative positions of the genes upon the 
chromosome map ; genes A-a, B -b, C-c in Fig. 76 will be found to be 
invariably situated in that order although, as indicated in the preced- 
ing paragraphs, the diagrammatic distances apart, based upon ob- 
served C.O.V.s, may be somewhat expanded or reduced in different 
circumstances. 

Chromosome maps and the human being. 
Up to the present time only the smallest of beginnings has been 

made in the construction of maps of the human chromosomes. But 
the task is by no means a hopeless one and, the beginning once made, 
progress is likely to be swift. Let us recall the difficulties involved in 
dealing with human material in this connexion, and consider how 
they may be overcome. 

In the first place, although relatively enormous numbers of genes 
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are known in man, perhaps more than in any other living thing, the 
vast majority are rare mutant genes producing rare abnormalities of 
the kind used as examples in previous chapters. It is possible to 
investigate genetic linkage only if the genes whose relationship in 
transmission is to be explored are studied simultaneously in the same 
subjects. In the case of rare traits the opportunity will hardly ever 
occur. If brachydactyly and Osler's disease were to appear in an 
animal species, it would be a very simple matter to carry out breeding 
experiments to discover whether they were linked or not ; but in the 
human species the chance of intermarriage between sufferers from 
the two conditions is minute. The instances in which two rare traits 
can be studied simultaneously are few indeed, and there would be 
little hope of progress if this were the only method of approach. 

This difficulty can be met by utilizing common genes. For example, 
if sufficient cases were accumulated, it would not be difficult to dis- 
cover whether the gene for Osler's disease was linked to the genes 
responsible for the blood -groups A, B, and O. In this way the blood - 
group genes could be used as pointers for one chromosome pair ; any 
rare genes found to be linked to them would necessarily, of course, be 
linked to each other, and a beginning would have been made in the 
construction of a map of the chromosomes of that particular pair. 

Unfortunately, however, clearly recognizable differences between 
normal human beings due to the action of single genes are uncommon. 
Aswillbe discussedinChapter VIII, genetic differences between normal 
human beings are usually due to the combined action of many genes, 
the effects of which cannot be individually distinguished. A few 
useful markers do exist, however. In addition to the A, B, O blood - 
groups there are the M, N blood- groups ; these two systems of genes 
do not exhibit, linkage. A third gene pair determines the ability, or 
the inability, to taste phenyl -thiocarbamide. To about 70 per cent. 
of persons this substance tastes bitter, while the remaining 30 per 
cent. cannot taste it at all. The difference depends upon a single gene 
pair, the ability to taste being dominant. This gene pair is not linked 
with either of the blood -group series. Here then are admirable 
indicators for three chromosome pairs. A few other normal charac- 
teristics may be used, though they are not quite so satisfactory, 
mainly because of certain genetic complications. The gene for red 
hair, and the main gene pair determining eye - colour, can be used 
in this way. In the case of the sex- chromosomes no normal pointer 
is known, but the abnormal genes responsible for colour- blindness 
are sufficiently common to make their use practicable in this con- 
nexion ; a case of genetic linkage in man has been established in this 
manner and is discussed in a later section. 
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An obvious line for most promising researches is the attempt to 
discover new, simply transmitted, normal traits. Serology provides 
the most hopeful field, though there are others. If four new systems 
of blood- groups could be established, giving indications for six 
chromosome pairs altogether, the linkage relations of rare genes 
could be very simply investigated, with the chance of a positive result, 
assigning each rare gene to its appropriate linkage group, in about a 
quarter of all cases. There is every hope that substantial advance will 
not long be delayed, so as regards this aspect of the problem human 
chromosome maps are not merely a Utopian dream but a reasonable 
prediction for the relatively near future. 

The second difficulty in discovering linkage in human material is 
the large number of chromosome pairs. Apart from the sex- chromo- 
somes, twenty -three independent indicators are required. This diffi- 
culty can only be met by continued research ; linkage groups will 
doubtless gradually be established and so a sound beginning made, 
but it will be a long time before a new gene can be assigned to its 
chromosome pair in more than a proportion of cases. 

The third difficulty is one of technique. In the simplest mating 
available for the study of linkage, double heterozygote by double 
recessive, which will serve as an example for the others, it seems at 
first sight necessary to know in what combinations the double hetero- 
zygote received his or her genes. This can only be done if the charac- 
teristics of the parents are known, which means the simultaneous 
study of at least three generations : parents, double heterozygote, 
and offspring. Now for various reasons, chiefly administrative and 
practical, it is often a matter of great difficulty to study three genera- 
tions simultaneously : a matter of much greater difficulty than those 
unacquainted with this type of research might suppose. This diffi- 
culty has been met by devising methods requiring the observation of 
two generations only ; some slight indication of these has been given 
already. Thus if brachydactyly and Osler's disease were linked and 
the parents of the double heterozygote were unknown, it would be 
observed amongst the offspring that some matings to the double 
recessive tended to give an excess of two combinations out of the 
possible four and other matings tended to give an excess of the other 
two. It is clear that larger numbers would be required to yield the 
same result than if the precise constitution of each double hetero- 
zygote were known, but the reduction in the generations to be observed 
from three to two far more than counterbalances this disadvantage 
in the usual case. The exact methods employed are not unnaturally 
of considerable statistical complication. 

Yet a further, and a most important, advance has been made : 
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methods have been devised for testing linkage in a single generation 
only, that is, amongst brothers and sisters, without any knowledge of 
what their parents were like. Still larger numbers are required to 
attain a given result, but the advantage of working on brothers and 
sisters only, as in a school population, for example, is very great. It 
will be sufficient to say that the principle of this method depends 
upon determining the relative frequencies of combinations of traits 
amongst sibs. Again the technique required is far from simple. 

Up to the present the instances in which autosomal linkage has 
been detected in man are few indeed. It has been established that 
hair colour (degree of pigmentation) and deficiency in the number 
of teeth show linkage, the C.O.V. being about 10 per cent. It is 
possible that the genes for red hair and the A, B, O blood groups are 
linked, but the evidence is insufficient as yet. It has been suggested 
that in one or two other instances individual pedigrees point to the 
possibility of linkage, but in the absence of precise tests this must 
remain dubious. 

This is a small beginning, but systematic attempts to solve these 
problems are of recent date. The difficulties due to the large number 
of chromosome pairs and the scarcity of common genes to serve as 
indicators are, of course, formidable, and much research will be 
required before they can be overcome sufficiently for progress to 
become swift. -But, as has been pointed out, the difficulty of devising 
statistical methods suitable for human data cannot be regarded as a 
difficulty any longer. The methods are far ahead of the supply of 
data upon which to use them. They have been subjected to modifi- 
cations and improvements, designed not only to give an accurate 
result, but particularly to squeeze the last fragment of information 
out of any available material. The instruments have been cunningly 
designed, skilfully constructed, tested and re- tested, improved, 
sharpened, polished, and are awaiting, in all glittering per- 
fection, the arrival of bodies of data suitable for critical investigation. 

The practical value of chromosome maps. 
The value of chromosome maps showing genes allotted to the cor-. 

rect loci upon the correct chromosome pairs, with predictable linkage 
relations between known genes upon the same pairs, is sufficiently 
obvious and need be only slightly elaborated here. 

For example, at the present time all that can be said in relation to 
a dominant condition is that on the average half the offspring of 
affected persons will themselves be affected. If, however, the mani- 
festation of the condition occurs late in life, it will not be known until 
much of their life has passed which children carry the abnormal gene 
and which do not. 
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In the case, of the notable example of Huntington's chorea there is 
no reasonable chance of immunity for the daughter of an affected 
person until she has passed reproductive age. The pedigree of Fig. 16 
showed a family in which some children were being born before any 
reasonable opinion could be given as to whether the grandparent, not 
merely the parent, could hope to escape. But if the gene had been 
assigned to its position upon a mapped chromosome, much more 
could be said. Suppose that it showed a C.O.V. of 10 per cent. with 
a common normal gene, then it would be possible in some eases to 
state that the child either stood a 90 per cent. chance of not bearing 
the gene or else a 90 per cent. chance of possessing it. If the relation- 
ship of the gene for Huntington's chorea to several common genes 
was known, it would be possible in almost every case to state with 
high probability the chances of a given child carrying the gene 
or not. 

In the case of haemophilia, the especially unfortunate person is 
the sister of a haemophiliac. At present many such sisters would 
consider it wrong to marry, yet there would be a 50 per cent. chance 
of not possessing the gene. Linkage relations to common genes, 
which were not recessive, situated in the X- chromosome would 
enable the majority of the homozygous normal sisters of haemo- 
philiacs to be informed with high probability of their freedom from 
the tendency to transmit the trait. 

Another consequence of the detection of linkage will be better 
appreciated in relation to the subjects of succeeding chapters, 
especially Chapter VII. An important gene, difficult to identify with 
certainty because of complexities in its mode of expression, might 
have its existence established by its linkage relations to other 
genes. The case of autosomal linkage given in the preceding section, 
that between hair colour and tooth deficiency, already provides a 
notable example. Owing to variations in expression it was difficult 
to infer the existence of single gene pairs in relation to either of these 
traits. The detection of linkage between them, however, makes it 
clear that such genes exist, and this knowledge will undoubtedly 
simplify future researches. As further progress is made this is likely 
to become a common and important type of case, with consequences 
of great practical value. 

A case of genetic linkage in man. 
It was stated that colour -blindness is sufficiently common to make 

the use of this series of genes practicable in determining linkage 
relations with other not too rare genes also situated upon the non- 
pairing portion of the X- chromosome. A search for cases in which 
colour- blindness and haemophilia both occurred in the same family 

N 
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group yielded no less than six instances. It was found that the 
genes are very closely linked, the C.O.V. being only about 5 per cent. 

I 

II 

(a) 

2i6 
N 

40 
N 

50 6b7081J 
N 

V ILl 2L°I 

D 

(b) 

Fia. 79. Pedigrees illustrating the close genetic linkage between the 
genes for haemophilia and colour- blindness. There has been no 
crossing -over in these family groups. (Bell and Haldane, after Green 

a., Bell and Haldane b.). 
Haemophilia alone. 

O Colour -blindness alone. 
O Haemophilia and colour -blindness. 
N Not examined. 

Two abbreviated pedigrees are shown in Fig. 79 to illustrate the 
findings. In Fig. 79 a, I. 1 and I. 2, who had normal colour vision, 
had four children whose colour vision was determined. One son was 
a haemophiliac with normal,colour- vision, and two sons were colour- 
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blind but were not haemophiliacs. This is just what would be ex- 
pected if the mother carried the gene for haemophilia on one 
X- chromosome and the gene for colour -blindness on the other ; pro - 
vided no crossing -over took place between the loci of the two genes, 
she could only hand on to a son either an X- chromosome bearing one 
of the abnormal genes, or an X- chromosome bearing the other. 

The daughter, II. 1, must have received from her mother the 
X- chromosome which carried the gene for haemophilia ; this is shown 
by the fact that she had a haemophilic son. The father, I. 2, was 
normal in both respects, so his one X- chromosome handed on to II. 1 

must have carried both normal allelomorphs. Thus II. 1 must have 
possessed one X- chromosome bearing the gene for haemophilia but 
not that for colour- blindness, while her other X- chromosome could 
not have contained either abnormal gene. This is borne out by the 
result, for of her two sons one was a haemophiliac with normal colour - 
vision, having received the first X- chromosome, while the other son 
was normal in both respects, having received the other X- chromosome. 

In the family of Fig. 79 b the opposite case occurred; all the four 
haemophilic males whose colour- vision was tested were colour- blind, 
while all the non -haemophilic males examined had normal colour - 
vision. V. 1 and V. 2, colour -blind haemophiliacs, must have received 
from their mother, IV. 1, an X- chromosome bearing the gene for 
both conditions. This X- chromosome was received from IV. l's 
haemophilic father, III. 1. III. 1 was dead when the family was 
investigated, but had it been possible to ascertain the nature of his 
colour- vision, it would doubtless have been found that he was colour - 
blind. III. 1 must in turn have received the X- chromosome bearing 
the two abnormal genes from his mother, II. 2. II. 2's other X- 
chromosome, bearing both normal allelomorphs, was the X- chromo- 
some handed on to her other three sons, all normal in both respects. 

It is equally clear that II. 2 must have received the X- chromosome 
bearing both abnormal genes from her mother, I. 1, the sister of a 
man known to have been a haemophiliac, because another daughter 
of I. 1, II. 4, also transmitted haemophilia and colour- blindness to a 
son. Once again it will be noted that II. 4 transmitted either an 
X- chromosome bearing both abnormal genes or else an X- chromo- 
some bearing both normal allelomorphs ; III. 8 received the former, 
III. 7 the latter. A daughter, III. 6, must have received the first 
X- chromosome because she had a son who was a colour -blind haemo- 
philiac. The pedigree of Fig. 79 b is therefore easily explicable on the 
assumption of the transmission in this family group of an X- chromo- 
some bearing both abnormal genes, no crossing -over having taken 
place. e 

, 
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The six family groups on which this investigation was based all 
showed linkage, the abnormal genes being situated either in different 
chromosomes, as in Fig. 79 a, or in the same chromosome, as in 
Fig. 79 b. There was, however, a single example of crossing -over, 
indicating a C.O.V. of about 5 per cent. It may be accepted, there- 

fore, that the loci for the two genes 
a. ^ in question are situated close to- 

gether upon the X- chromosome. 

Partial sex -linkage. 
It was stated in Chapter IV 

(p. 88) that the X- and Y- chromo- 
somes contain homologous portions, 
represented by the regions b-c and 
e-f in Fig. 37 and similarly indi- 
cated in Fig. 80. Partially sex - 

b - -- N A linked genes are borne on these 
portions. A given gene will be 
situated at a given locus on either 
the X- or the Y- chromosome ; at 
the other locus will be a similar gene 
or else an allelomorph. Crossing - 
over occurs between the homologous 
portions of the sex -chromosomes. 

It has been shown with consider- 
able probability that one of the 
dominant genes responsible for re- 

tinitis pigmentosa, a condition discussed at length in the preceding 
chapter, is partially sex -linked ; it is easy to deduce the consequences 
from the behaviour of the X- and Y- chromosomes and their relation 
to sex. 

Fig. 81 shows a mating between an affected female and a normal 
male ; the abnormal gene is situated upon one of the X- chromosomes 
of the female ; the other X- chromosome of the female, and the X- and 
Y- chromosomes Of the male, carry the normal allelomorph. The 
affected female forms two sorts of ova : those with an X- chromosome 
bearing the gene for retinitis pigmentosa, and those with anX- chromo- 
some bearing the normal allelomorph. The normal male produces the 
usual two kinds of spermatozoa: those bearing an X- chromosome 
and those bearing a Y- chromosome. There are four possibilities: 

1. A spermatozoon bearing an X- chromosome containing the nor- 
mal gene may fertilize an ovum bearing an X- chromosome con- 
taining the abnormal gene ; the result will be an affected female. 

e-, 

d 

C - -U .., U --f 
Female Male 

Fia. 80. Diagram showing the situa- 
tion upon the sex -chromosomes of 

partially sex -linked genes. 



GENETIC LINKAGE 181 

2. A spermatozoon bearing a Y- chromosome containing the nor- 
mal gene may fertilize an ovum bearing an X- chromosome con- 
taining the abnormal gene ; the result will be an affected male. 

3. A spermatozoon bearing an X- chromosome containing the nor- 
mal gene may fertilize an ovum bearing an X- chromosome also 
containing the normal gene ; the result will be a normal female. 

Parents 

Reduction 
division 

Gametes 

Fertilization 

Offspring 

Female 
Affected nn 

C7 
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Male 
Normal 
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nn' on n 
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n 

Male 
Normal 

Fm. 81. Chromosome diagram showing the transmission of 
the genes in the mating to a normal male of a female hetero- 

zygous for a dominant, partially sex -linked trait. 

4. A spermatozoon bearing a Y- chromosome containing the nor- 
mal gene may fertilize an ovum bearing an X- chromosome con- 
taining the normal gene ; the result will be a normal male. 

The result of this mating, therefore, is affected and normal females 
and affected and normal males, all in equal proportions. This, of 
course, is the result that would be given by the ordinary dominant 
autosomal gene of Chapter II. It will also be noticed that crossing - 
over between the two X- chromosomes of the female would produce 
no effect upon the ratios amongst the offspring ; the abnormal gene 
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would merely be transferred from one X- chromosome to the other, 
and Fig. 81 would not be altered in any way. Further, it is im- 
material from which parent the affected female received the gene, 
for both have contributed an X- chromosome. Therefore, as regards 
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Fia. 82. Chromosome diagram showing the transmission 
of the genes (in the absence of crossing -over) in the mating 
to a normal female of a male bearing a dominant, parti- 

ally sex -linked gene upon the X- chromosome. 

the offspring of affected females, a partially sex -linked gene behaves 
in exactly the same way as an ordinary autosomal gene ; the mating 
of affected females, however derived, cannot give any indication that 
a gene is partially sex -linked. 

Matings of affected males and normal females give a different 
result. Let us consider first what would happen if there were no 
crossing -over. Fig. 82 shows the mating of an affected male, the son 
of an affected mother, and therefore carrying the abnormal gene upon 
his X- chromosome, to a normal female. The normal female produces 
ova all of which bear an X- chromosome containing the normal gene. 
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The affected male produces two sorts of spermatozoa : those bearing 
an X- chromosome containing the abnormal gene, and those bearing 
a Y- chromosome containing the normal gene. It is easy to see that 
all his daughters will be affected and all his sons will be normal, for 
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n n 
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U-H U 
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Normal Affected 
Fia. 83. Chromosome diagram showing the transmission 
of the genes (in the absence of crossing -over) in the mating 
to a normal female of a male bearing a dominant, parti- 

ally sex -linked gene upon the Y- chromosome. 

all the former receive from him an X- chromosome, and all the latter 
a Y- chromosome. 

The converse case is the mating to a normal female of an affected 
male, the son of an affected father, and therefore carrying the ab- 
normal gene upon his Y- chromosome. This is illustrated in Fig. 83. 
In the absence of crossing -over the gene is transmitted just like the 
Y -borne genes of Chapter IV ; all daughters are normal and all sons 
affected. 

If crossing- over did not occur, affected males who had received 
the abnormal gene from their fathers, when mated to normal females, 
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would pass that gene on to their sons only; while affected males who 
had received it from their mothers would transmit it only to their 
daughters. These two possibilities are illustrated in Fig. 84. To put 
the same statements into other words: affected offspring are of the 
same sex as the affected paternal grandparent, and the unaffected 
offspring are of the opposite sex to the affected paternal grandparent ; 

alternatively, amongst the children of affected males daughters 
resemble their paternal grandmother, and sons resemble their 
paternal grandfather. 

I 

II 

(a) (b) 

III i a i 

FIG. 84. Diagram illustrating the transmission 
through affected males (in the absence of crossing - 
over) of dominant, partially sex -linked genes. 

Crossing -over, however, does occur, and the result in the affected 
male will easily be followed by reference to Fig. 80. If the abnormal 
gene is situated upon the X- chromosome of the male, crossing -over 
between its locus and the non -pairing segments (a -b and cl-e) will 
have the effect of transferring the abnormal gene to the Y- chromo- 
some and the normal allelomorph to the X- chromosome. Such a male, 
mated to a normal female, would yield as non - cross -overs the off- 
spring shown in Fig. 82, and also, as cross -overs, the offspring shown 
in Fig. 83. This affected male, therefore, yields the same four types 
of offspring found in ordinary dominant, autosomal transmission: 
affected and normal females, affected and normal males. But they 
are not produced in equal numbers: as before, the non - cross -over 
classes are more numerous, and the male who before crossing -over 
took place carried the abnormal gene upon his X- chromosome would 
produce more than 25 per cent. each of affected daughters and normal 
sons. 

Similarly, a male who carried the abnormal gene on his Y- chromo- 
some would yield a corresponding excess of affected sons and normal 
daughters. 
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These facts may be summed up as follows: 

185 

Affected parent 
of affected male 

was 
Affected male 

carries gene upon 
Non -cross -over 

classes Cross -over classes 

1. Mother X- chromosome Affected daughters 
Normal sons 

Normal daughters 
Affected sons 

2. Father Y- chromosome Normal daughters 
Affected sons 

Affected daughters 
Normal sons 

Crossing -over therefore modifies the simple result of Fig. 84 ; instead 
of the daughters of affected males always resembling their paternal 
grandmother it is merely the majority which do so; similarly in the 
case of the resemblance between sons of affected males and their 
paternal grandfather. 

The result of an investigation on a pool of pedigrees of dominant 
retinitis pigmentosa was as follows : 

Offspring of same sex as affected paternal grand- 
parent. . . . . 

Offspring of opposite sex to affected paternal grand- 
parent . 

Affected 

81 

64 

Unaffected 

60 

83 

Thus there were 164 non - cross -overs and 124 cross -overs. The chance 
of getting as big a deviation as this from the 1 : 1 ratio, which would 
be found in ordinary autosomal transmission, is 1 in 107, so there 
is good, if not overwhelming, evidence of partial sex- linkage. Actually 
a closer examination showed that about 40 per cent. only of the 
families showed partial sex -linkage, the defect in the case of the 
others depending upon an autosomal gene (or genes). Amongst the 
partially sex -linked cases the cross -over value was about 28 per cent. 

It must be carefully noted that a C.O.V. between a partially sex - 
linked gene and sex itself refers only to the male. Crossing -over in 
the female merely transfers a gene from one X- chromosome to the 
other ; this does not affect any sex- ratios, and therefore, of course, 
the rate of crossing -over cannot be measured in the female. It might 
be more frequent than in the male. 

Recessive, partially sex -linked genes. 
The case of the dominant, partially sex -linked gene has been ex- 

plained in some detail. The principles involved in the case of the 
similarly situated recessive gene are the same, though their practical 
application is a somewhat more intricate matter ; accordingly a brief 
outline only will be presented. 
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Recessive inheritance is inheritance from both parents, and as both 
parents are contributing the recessive gene, the alteration of ratios 
will affect the progeny of all matings of heterózygotes. But, as before, 
it is only linkage and crossing -over in regard to the X- and Y- chromo- 
somes of the male which can produce any effect. 

A recessive, partially sex- linked gene reveals its presence by a 
disturbance of the 3 : 1 ratio amongst offspring, found both in males 
and females, which is characteristic of autosomal transmission ; just 
as in the preceding section there will be an excess of some classes and a 
deficiency of others in some matings, and the position will be reversed 
in the remaining matings. If he wishes, the reader can easily work 
out the possibilities as a useful exercise. 

Recessive genes, however, are usually handed down through lines 
of normal ancestors, and so we should not know in a given case 
whether the "heterozygous father had received the gene from his 
father or from his mother. There are two ways of getting over this 
difficulty. In the first place the numerous consanguineous marriages 
amongst the parents of persons exhibiting rare recessive traits some- 
times enable a sufficient collection of sibships to be made.in which 
the parents were cousins. If the relationship has been specified 
exactly, it is possible, with certain reservations, to determine upon 
which chromosome the father carries the gene. 

The second method does not depend upon a knowledge of the 
genetic constitution of the father, but relies simply upon the depar- 
ture of the proportions of affected and unaffected offspring of both 
sexes in the various sibships from the expectation if the gene was 
autosomal ; in a word, some sibships tend to yield too many affected 
males and normal females, while in others this is reversed. The 
second method requires relatively large numbers and the procedure 
is not particularly simple. 

Three recessive genes have yielded very strong evidence of partial 
sex -linkage.; the conditions are xeroderma pigmentosum, congenital 
total colour- blindness, and recessive retinitis pigmentosa unasso- 
ciated with deafness. Two others have yielded good evidence of this 
type of transmission; they are Oguchi's disease (a form of night - 
blindness) and recessive epidermolysis bullosa. 

Xeroderma pigmentosum, which provides a striking demonstra- 
tion of partial sex- linkage, merits some description here, for it is a 
remarkable condition, presenting also several points of genetical 
interest ; it will serve to add some further detail to the general im- 
pression of the profusion and endless variety of simply inherited 
human abnormalities : an impression which even a book like this can 
hardly fail to create, few though the examples necessarily are which 
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have been chosen to illustrate the principles of the subject. The 
condition is illustrated in Fig. 85. 

Xeroderma pigmentosum depends essentially upon an abnormal 
sensitivity of the skin to light, and it is possible that this is the result 
of an underlying metabolic anomaly. The first indications may 
appear very soon after birth or may not do so for some weeks or 

Fm. 85. Xeroderma pigmentosum in a child of four. 
(From McKee and Cipollaro's Skin Diseases of Children.) 

months ; occasionally the onset is even later. Exposure to sunlight 
causes reddening of the skin, soon followed by marked freckling. 
The freckles do not disappear in colder weather, and become more 
numerous, larger, and more heavily pigmented. Small whitish -look- 
ing atrophic areas appear and also telangiectases, and both types of 
spots increase in area. Warty papules also develop. There is photo - 
phobia, which may be very pronounced ; corneal ulcers, followed 
by opacities, and ulcerative keratitis, also occur. That the disease is 
essentially an abnormal response to sunlight is shown by the fact 
that although the covered areas of the skin may show some changes, 
these are of slight degree compared with those seen in the exposed 
parts. 
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In spite of all efforts to shield the child from light as far as is prac- 
ticable, the skin lesions progress, while an exposure to sunlight in- 
sufficient to produce any effect upon a normal skin induces severe 
reactions. Finally, malignant changes take place ; these are usually 
basal -cell carcinomas which do not metastasize ; the change may take 
place not only in the skin but also in the cornea or conjunctiva. 
Being as a rule only locally malignant, this process may be kept in 
check for a time by repeated excisions or treatment with radium, and 
some sufferers may undergo literally scores of operations. If the 
malignant areas get out of control the terrible results of multiple, 
rapidly growing, cancerous areas on the face may easily be imagined. 

Many affected persons die in early childhood, the cause of death 
being cancer, cachexia, or intercurrent disease. Very few survive to 
adult life, though occasionally the disease is later in onset and runs 
a slower course, in which event death may be postponed till as late as 
middle age. 

The criteria deduced in Chapter III for the recogntion of recessive 
inheritance are accurately realized in the case of xeroderma pig - 
mentosum. All recorded affected persons are the offspring of normal 
parents ; there is a familial incidence which fits the 3 : 1 ratio suffi- 
ciently well ; the proportion of consanguineous marriages amongst 
the parents is very high; and in the few cases in which affected 
persons have had children these have always been normal. 

It will be noted that the application of the methods of Chapter III 
indicates the transmission of a recessive gene but gives no hint that 
it is not autosomal. As we have seen, the extra features indicating 
partial sex -linkage are somewhat subtle, involving only a disturbance 
in the expected distribution of affected and normal males and females 
in the sibships containing affected persons. In the absence of a 
deliberate search it is unlikely that this peculiarity would have been 
noticed. 

Another point of interest about xeroderma pigmentosum is that 
the gene is not perfectly recessive; it has been noted that parents 
and sibs sometimes have a tendency to abnormally heavy freckling. 

The other recessive, partially sex -linked conditions may be dealt 
with briefly. Congenital total colour- blindness is a far more pro- 
nounced disturbance of vision than the ordinary red -green colour - 
blindness previously mentioned. To say that affected persons see 
everything in black, or white, or shades of grey, may be a slight 
exaggeration, but cannot be far from the truth. In the great majority 
of cases there are other ocular defects, especially amblyopia, photo - 
phobia, and nystagmus. In a few cases, however, vision, apart from 
colour vision, is good. It is a very rare abnormality. 
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The third recessive gene found to be partially sex -linked is that 
causing the recessive form of retinitis pigmentosa unassociated with 
deafness ; this has already been described. 

Oguchi's disease is a form of night- blindness in which, on opthal- 
moscopic examination, there is a peculiar golden appearance of the 
fundus when it is adapted to light ; 

this disappears on adaptation to 
darkness. 

Epidermolysis bullosa was also 
described in Chapter V. It is the 
malignant recessive variety which 
is, in all probability, partially sex - 
linked. The transmission of the 
dominant forms is autosomal. 

A map of the paired portions 
of the sex -chromosomes. 
The cross -over values given by 

the six genes just described are, 
of course, the percentage of cases 
in which crossing -over occurs be- 
tween the locus for the gene in 
each case and the junction with 
the unpaired portions. They may 

"be taken to represent distances 
from this point. Fig. 86 shows 
below the horizontal line the pair- 
ing portion of the sex- chromo- 
somes ; the large unpaired portion 
of the X- chromosome, or the very 
small unpaired portion of the Y- 
chromosome, would be above this line. The figures on the left show 
the percentage of crossing -over between the loci of the genes indi- 
cated and the rest of the sex -chromosomes. The map is, of course, 
based on crossing -over in the male only. 

It will be noticed that the dominant and recessive genes for retinitis 
pigmentosa have been placed at the same locus ; this is because the 
linkage value is very similar, and the two genes may well be allelo- 
morphic to each other and to the corresponding normal gene. The 
dominant forms of epidermolysis bullosa are not sex -linked and are 
therefore not allelomorphic to the recessive variety ; this is not sur- 
prising, for they are very different from the recessive type of the 
disease. 

9 

17 

20 

28 

Total colour blindness 

Xeroderma pigmentosum 

Oguchi's disease 

Recessive epidermolysis 
bullosa 

Dominant and recessive 
retinitis pigmentosa 

FIG. 86. Tentative map of the 
homologous portion of the human 

sex- chromosomes (after Haldane). 
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Large numbers would be required to yield accurate estimates of 
the cross -over values, and allowances have to be made for imperfec- 
tions in the records, so the figures, given are only approximate. As 
will be noticed, some of the loci are shown to be close together, so it 
is by no means certain that all the genes are even in the correct order. 
Nevertheless, this tentative map represents a noteworthy landmark 
in human genetics, being the first mapping of part of a human 
chromosome. 



CHAPTER VII 

VARIATIONS IN THE EFFECT PRODUCED BY GENES 

A gene may not always produce the same effect. 
WE have come to the end of the story of simple, single- factor 
inheritance. We have considered cases in which a recognizable 
effect is produced by a single gene, and is always produced by 
that gene ; cases in which other genes and environmental influ- 
ences are playing no effective part ; cases in which the gene and 
its effect can be treated almost as interchangeable terms : in 
short, simple, single- factor Mendelian heredity. A few compli- 
cations were considered, but given single pedigrees in some 
cases and a pool of families in others, it is not usually very 
difficult to demonstrate the existence of genes producing effects 
of the type discussed hitherto, and with a very elementary 
knowledge of the fundamentals of chromosome behaviour to 
determine their behaviour in hereditary transmission. The 
present chapter deals with cases, and they are common cases, 
in which the presence of a single gene can be inferred, but in 
which the effect produced by the gene is not always the same. 

Although a gene such as that responsible for brachydactyly, 
or phalangeal synostosis, or albinism, is regularly expressed in 
the sense that any person bearing it exhibits the corresponding 
trait, there are naturally variations in the precise nature of the 
abnormality in different individuals. For example, in phalangeal 
synostosis all the fingers and toes may exhibit fusion at the 
affected joints, or some only may do so; moreover, the fusion 
may be partial or complete. Albinos show a certain amount of 
variability ; there may be such a deficiency of pigment that it 
appears on casual observation that there is none at all, or on 
the other hand the hair may be of a pale straw- colour, the iris 
pale blue, and there may be small pigmented spots on the skin. 

We see, therefore, that even in connexion with the simplest 
examples some distinction must be drawn between the gene and 
the effect it produces. A gene is a stable entity ; apart from muta- 
tion, a very rare occurrence, it is transmitted without change from 
generation to generation. Any differences in the effect it produces 
are not due to any variations in the gene ; they are due to the fact 
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that the gene is expressing itself against a background of thou- 
sands of other genes and of variable environmental influences. 
These will affect the result to a greater or lesser degree, and it is 
differences in this background which are responsible for varia- 
bility in the effect produced by a gene in different circumstances. 

In instances such as those discussed in previous chapters the 
gene is little affected in its expression by the genetic constitu- 
tion of the individual in respect to other genes, or by variations 
in prenatal or postnatal non -genetic influences. The same gene 
in different individuals produces an effect recognizable as the 
same effect. This being so, there was small need to distinguish 
between the gene and its expression. A pedigree of brachy- 
dactyly is, strictly, a representation of the transmission of a trait, 
but it may also reasonably be treated as a representation of the 
transmission of a gene. 

Naturally, it was in the study of such examples that the 
science of genetics had its beginnings ; the first step was to 
perceive the Mendelian factor as the hypothetical entity whose 
behaviour explained the transmission of the trait.; the next step 
came later : the recognition of the gene as a real entity, at least 
in the sense of occupying an ascertainable histological position. 

The principles of genetics are most easily studied in those 
cases in which the transmission of traits corresponds to the 
transmission of genes. Having secured this clear picture it is 
possible to pass on to instances in which this perfect corre- 
spondence is no longer found. But it is important to bear in 
mind that the genes and chromosomes are still behaving in the 
same perfectly regular way ; any difficulty is due simply to the 
fact that human traits which can be directly observed are no 
longer unfailing pointers to corresponding genes. Sometimes 
what appear to be quite different traits really point to the same 
gene, and sometimes although the gene is present there is no 
outward indication of the fact. But underneath apparent com- 
plexities and difficulties in interpretation lies the orderly drill 
of the chromosome pairs, separating, coming together, inter- 
changing segments, as certainly as in the simplest instance. 

Differences in kind and of degree in the expression of genes. 
It was pointed out in the concluding section of Chapter V 

that a single gene may produce numerous and varied effects 
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upon a number of structures and functions. Epiloia was selected 
as an example of this phenomenon. But not only are the mani- 
festations of this gene manifold : there are important differences 
between individuals possessing it. The full syndrome includes 
adenoma sebaceum and pigmented naevi on the skin, nodules 
of neuroglial overgrowth in the brain, and tumour formation in 
various other organs, especially the heart and kidneys ; there is 
also mental deficiency and epilepsy. But the gene does not 
always produce the full syndrome. One or more of these features 
is often absent, and the effect of the gene may even be reduced to 
a single abnormality, for example adenoma sebaceum of the 
face only. Some of these cases would be grouped together only 
because of observed genetic relationships, e.g. a person with 
adenoma sebaceum of the face is a parent or sib of a patient 
exhibiting the full syndrome. The girl shown in Fig. 15 had 
a brother who showed the skin condition, but was a skilled 
mechanic and apparently of normal mentality. Or it may be 
that epilepsy alone in the parent of an affected person raises 
the strong suspicion that that particular parent possesses the 
gene. Apart from the genetic evidence, the bearers of this 
dominant (or intermediate) gene would certainly not be grouped 
together in all cases as exhibiting a single clinical. entity. 

The differences may sometimes be regarded as differences of 
degree. One example was mentioned in the previous section: in 
phalangeal synostosis all the fingers and toes may be affected 
or it may be as few as one in each extremity. Polydactyly 
provides a better example. This abnormality is due to a domi- 
nant gene, but there is much variation in expression. A person 
may have one or more well -developed extra digits on both 
hands and both feet ; sometimes the extra digits may be repre- 
sented by a little nodule ; sometimes not all the extremities 
are abnormal, and cases are encountered in which only one 
extremity is affected. 

As already stated, the important point to bear in mind is that 
variations in kind and of degree in the expression of a gene are 
to be regarded as being due to influences other than the gene 
itself. Differences between individuals in respect of other genes, 
or differences in environmental conditions, or both, are affecting 
the result. 

As long as some visible effect is always produced it is not 
o 
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particularly difficult to make a genetic analysis. The genetic 
entity, however, is recognized as being quite different from the 
clinical entity. It is the converse of those cases in which small 
distinctions mark the action of different genes, so that minor 
differences are peculiar to certain family groups. In the present 
case large clinical differences are found between members of 
the same family group, and it becomes evident that influences 
other than the basic gene itself are of importance in determining 
what the total effect will be in the individual. 

Variations in the frequency of expression of a gene. 

If differences in regard to other genes or in regard to environ- 
mental variations can affect the visible end -result due to the 
presence of a. gene, it is only a step farther to anticipate that 
cases will occur in which a gene produces a recognizable effect 
against certain backgrounds only, while against others no effect 
at all is produced. 

This may be regarded as coming about in two ways. First, 
the variations in a trait, as described in the previous section, 
may be so great that the bounds of human normality are not 
transgressed. For example, in the case of polydactyly it was 
mentioned that there might be an extra digit on one extremity 
only ; it is only a slightly greater variation to find that a person 
who possesses the gene has himself hands and feet indistinguish- 
able from the normal. This is a relatively frequent finding in 
the transmission of polydactyly. 

But the fact that a gene may not always produce a recog- 
nizable effect is not to be attributed.in all cases to such a wide 
range of variability. It is not possible in all instances, as it is in 
the case of polydactyly, to group affected persons in a series 
ranging from marked defect down to very slight defect and 
finally to no visible defect at all. Quite frequently it is found 
that a gene either produces a distinct and considerable effect, 
or else, in other persons, no effect at all. In such a case it may 
be that unless other auxiliary genes are present the main gene 
under consideration cannot produce its effect. Or there may be 
inhibiting genes which prevent the main gene expressing itself. 
Actually, in the absence of experiments, these two possibilities 
need not be distinguished, for a dominant inhibitor would be 
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allelomorphic to a recessive `facilitator', and it would not matter 
which of the two forms of words we used. The inhibiting (or 
facilitating) influences may sometimes be environmental. 

On the analogy of other animals some auxiliary genes which 
influence the effect of main genes may produce an effect of some 
kind or other in the absence of the main gene. But auxiliary 
genes are often encountered which in the absence of the main 
gene produce no visible effect. Such genes, which act only in 
the presence of others, are termed modifying genes. 

In practice then, in human beings, in addition to very many 
examples of uncomplicated, or almost uncomplicated, single - 
factor inheritance, there are also many examples, probably 
considerably more numerous, in which the action of a single 
main gene can be discerned, but the effect of the main gene is 
dependent on other genetic or non -genetic influences, the result 
being the appearance of differences in mode of expression, both 
in kind and of degree, and also the phenomenon of occasional 
expression. As will be mentioned later, it is not unreasonable to 
assume the existence of such a single main gene in connexion 
with the production of some diseases which are much commoner 
than the comparatively rare abnormalities which formed, for the 
most part, the examples in the earlier parts of this book. 

An illustration of the fact that genes are regularly trans- 
mitted, but may not be regularly expressed. 
The family group, mentioned on page 47, in which some 

members suffered from a minor form of brachydaetyly provides 
a useful example for the present discussion. It will be recalled 
that the defect in its typical form is due to shortening of the 
middle phalanges in the index fingers and second toes ; the 
hands of an affected man were shown in Fig. 22. The short 
pedigree previously shown in Fig. 23 was only an extract used 
to illustrate the consequences of the mating of two persons 
heterozygous for a dominant gene. A more extended pedigree 
is now presented. 

In the full pedigree shown in Fig. 87 the solid symbols repre- 
sent individuals who exhibited the defect in its full and obvious 
form. The persons represented by symbols half of which are 
solid showed a much lesser degree of abnormality. Actually in 
these cases the amount of shortening was so slight that although 
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the affected persons were fully conversant with the family pecu- 
liarity, they were in most cases unaware that their own hands 
and feet were in any way unusual. This was revealed only by 
careful measurements and a comparison of the lengths of the 
index and ring fingers of the same hand. These ratios were com- 
pared with those given by a sample of some hundreds of normal 
persons, and it was then seen that in the case of all except two 
of the persons shown as having the slight degree 9f abnormality 
the index fingers were relatively shorter than in any of the normal 
controls. In two cases (V. 3 was one of them) the shortening was 
only equal to that found in normal individuals possessing the 
shortest index fingers measured. It should be added that some 
of the persons of generations II and III shown as normal may 
actually have exhibited the slighter degree of shortening. 

This pedigree is a straightforward example of the transmission 
of a dominant gene, but the dominant gene produces one of two 
effects, either a shortening of the affected digits so marked as to 
be obvious on the most casual inspection, or else a degree of 
shortening so slight that in most instances only very meticulous 
measurements reveal its presence. This is not an instance of a 
range of variability overlapping normal limits ; it is the appearance 
of one or other of two sharply contrasted degrees of abnormality. 

Had the investigation of this family been less thorough, and 
had only those persons with the obvious shortening been 
counted as affected, the pedigree chart would present a very 
different appearance. The phenomenon of `skipping a genera- 
tion', so common in the transmission of human dominant (or 
intermediate) traits, would have been seen. V. 13, who exhibited 
the full abnormality, would have appeared to have received it 
from II. 9 through two intervening normal individuals ; simi- 
larly in the case of VI. 2 and III.- 5; the twins V. 8 -9 would have 
appeared to have received the gene from III. 5 through a normal 
father. As has been said, the picture presented would have 
been the common one of dominant transmission, but with some 
individuals who should have been affected appearing outwardly 
normal. The present example shows clearly that in such a. case 
there is nothing peculiar about the gene or its transmission ; all 
this is perfectly regular and normal. The departure from the 
criteria of Chapter II is due simply to the fact that the gene is 
not always fully expressed. 
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Later in this chapter something will be said about the possible 
nature of the additional influences that condition the expression 
of main genes. In the present instance it is perhaps more likely, 
on purely general grounds, that the difference between the 
marked and the slight shortening of the phalanges is due to 
another gene, or more probably, genes. 

Another lesson emphasized by this example is that very 
meticulous examination of certain individuals may sometimes 
reveal in them effects due to genes hitherto considered to be 
unexpressed. These unsuspected manifestations may be very 
slight degrees of the obvious defect, as in the present case ; or else 
it may be that some inconspicuous side effect is a more constant 
indicator of the presence of the gene than is the obvious and 
striking 'effect. Naturally the larger the proportion of cases in 
which the presence of the gene can be detected by an outward 
manifestation, the simpler becomes the genetic analysis. 

The relative variability of expression of genes in the simplex 
and duplex states. 
It may be accepted that genes in the simplex state are more 

variable in their expression than are genes in the duplex state. 
Thus individuals heterozygous for a dominant or intermediate 
gene tend on the average to show more variability in kind or of 
degree than do individuals homozygous for a recessive gene. As 
compared with both kinds of homozygotes, a collection of the 
corresponding heterozygotes is a variable group. 

In the case of X- borne, sex -linked genes, heterozygous females 
resemble in variability individuals heterozygous for an auto - 
somal gene. The male, with a single locus and a single gene of 
any particular pair, resembles the relatively constant autosomal 
h.omozygote. 

Thus the possession of two unlike genes at a particular locus 
leads to effects which are more readily altered by other genes 
and environmental circumstances than does the possession of 
two like allelomorphs at that locus. The possession of a single 
gene at a single unpaired locus is similar to the possession of two 
like genes at paired loci. 

The abnormal dominant (or intermediate) genes of Chapter II 
are practically always found in the simplex state, and variability 
of expression, including, of course, the case in which there may be 
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no visible expression at all, is a common phenomenon in regard 
to them. The abnormal recessive genes of Chapter III, when in 
the duplex state, lead to abnormalities which as a rule show less 
variation from individual to individual ; and also in this case 
the phenomenon of occasional expression is far less common. 

The syndrome of epiloia, so often mentioned, is due to a 
dominant gene and is particularly variable, some sufferers 
exhibiting a few features, some exhibiting other features, some 
a single " feature only, while in all probability some bearers of 
the gene appear normal. We may contrast with this another 
remarkable syndrome -than of Laurence, Moon, and Biedl, 
illustrated in Fig. 88. 

The features of the Laurence -Moon -Biedl syndrome are 
mental deficiency, obesity, hypogenitalism, polydactyly, and 
retinal degeneration. This last feature is often referred to as 
retinitis pigmentosa, and in some instances is indistinguishable 
from that condition ; most observers, however, speak of it as 
atypical, and in a few cases the retinal change has been a macular 
dystrophy of the type seen in cerebro- macular degeneration. 
The condition is due to a recessive gene (in my opinion more 
complex explanations, based on the variety of the changes, are 
neither necessary nor tenable). The contrast with epilioa is 
marked, for in most cases all the above features are present ; 
it is in a few only that one or other is absent. This relative 
constancy of manifestation is the usual finding in the case of a 
recessive gene ; persons homozygous for amaurotic idiocy, or 
xeroderma pigmentosum, or haemophilic males, do not show 
much variation from one individual to another. 

It may be objected that persons heterozygous for a recessive 
defect are not variable, in that they are all indistinguishable 
from normal people: This is true in some cases, but it is by no 
means unusual to find that so -called recessive genes are some- 
times not perfectly recessive, but produce some slight effect in 
the simplex state ; and an important point is that this is often an 
effect appearing in some of the heterozygotes only. For example, 
some of the sibs and parents of persons suffering from xeroderma 
pigmentosum exhibit abnormally heavy freckling. And a few 
of the relatives of sufferers from the Laurence- Moon -Biedl 
syndrome display slight abnormalities, particularly obesity and 
extra digits. Actually it is not unlikely that if only a sufficiently 
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FIG. 88. The Laurence- Moon -Biedl syn- 
drome in a woman of forty. Note the 
obesity and the six toes of the left foot; 
the right foot also had six toes; both, 
hands contained seven digits, either fully 
formed or rudimentary, but one . extra 
digit had been removed from each by 
operation. The patient was an imbecile. 

(Klenerman. ) 
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minute examination could be made it is few genes that would 
be found to be truly dominant or truly recessive. 

One last example may serve to illustrate further the argument 
of this section. Phenylketonuria was mentioned (p. 154) as a 
condition, due to a recessive gene, in which low -grade mental 
deficiency is associated with the presence of the abnormal 
substance phenylpyruvic acid in the urine. These homozygotes 
appear to show little variability. But it has been noticed that 
the gene is not without effect in the simplex state, for some, not 
all, of the heterozygotes develop mental disease at the involu- 
tional period of life. The gene produces a definite and constant 
effect when in the duplex state, while the same gene in the 
simplex state produces a variable effect, and in a few persons 
only. 

The variability of the simplex state as a factor in evolution. 
It has already been mentioned that when a new mutant gene 

appears, early in the history of a species, it does not usually 
display dominance or recessiveness. The presence of the mutant 
gene at one locus of the chromosome pair concerned produces a 
certain effect, while its presence at both loci produces a greater 
effect. And, as we have just seen, the simplex state will tend to 
be more variable, in its expression than will the duplex. 

This variability of expression of the simplex state is in all 
probability an important factor in evolution. If the new 
mutation is disadvantageous, as will usually be the case, those 
heterozygous individuals who display lesser degrees of abnor- 
mality will be favoured in comparison with those more severely 
affected. The differences between heterozygotes are due to 
modifying genes and also perhaps to genes producing further 
independent effects ; the differences will also be due to environ- 
mental influences in some cases. To the extent that the differ- 
ences are genetic, this process of selection will increase in the 
species the proportion of genes exercising a diminishing influence 
upon the effect of the new mutant gene. Thus, as generations 
succeed each other and as the mutant gene keeps on cropping up 
at its own characteristic mutation rate, its manifestations in 
the simplex state become less and less evident ; the gene has 
started on its long course towards recessiveness. Should the 
mutation prove advantageous the process is, of course, reversed. 
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The diminution of the effect in the simplex state of a disad- 
vantageous gene may be thought of as coming about in one or 
more of three ways : first, by a gradually decreasing severity as 
generations succeed each other ; secondly, by an increase in the 
number of cases in which the presence of other genes ensures 
that there will be no manifestation at all ; and thirdly, in some 
instances, by a delayed manifestation of the gene, whereby it 
produces its effect only after some or all of the reproductive 
period has passed. This diminution of effect continues when a 
gene has become recessive, but in this case the process is greatly 
retarded because only the relatively rare homozygotes can be 
adversely influenced by natural selection. 

In some species the great majority of harmful mutant genes 
have become recessive ; in man, in addition to such genes, there 
are many more which have not yet become recessive, though 
well on the way to that consummation. For it is found that 
many abnormal mutant genes produce in the simplex state a 
variable, slight, or occasional effect. 

The presentation of many subjects throughout this book, and in par- 
ticular those of Chapters VII and VIII, has been based upon certain 
genetical hypotheses in regard to natural selection and evolution, asso- 
ciated above all with the name of R. A. Fisher. As is so often the way 
of fruitful hypotheses, later to be incoporated into the fabric of scientific 
thought, these are particularly helpful in the elementary exposition of 
the basic facts of the subject. Even should they subsequently require 
important modification, and of that possibility there is no present 
indication, the consequent readjustment of ideas in regard to medical 
genetics would be a small price to pay for the advantage of being able 
in the meantime to visualize as a tolerably connected whole what would 
otherwise be a mass of unrelated facts. 

Some sex - linked examples illustrating the greater variability 
of expression of genes in the simplex state. 
Sex -linked genes provide examples which are particularly 

helpful in gaining an insight into the principles discussed in the 
present chapter, for we find on the one hand, in the male, what 
is equivalent to the relatively constant duplex state, while in 
the heterozygous females we can study the effect of the very 
same gene in the relatively inconstant simplex state. 

In Fig. 89 is shown a pedigree of hereditary nystagmus, a 
condition which is due in some family groups to a sex -linked 
gene. If the gene were autosomal, affected males should have 
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affected and normal sons in equal proportions, but it will be 
noticed that all the twelve sons of affected males are normal. 
When the expected ratio is 1 : 1 the chance of obtaining all 
twelve of one kind or of the other is only 2048. These twelve 
normal males had ten further offspring, all normal. Thus a 
basic criterion òf sex -linked inheritance is fulfilled: affected 
males cannot transmit the condition to or through their sons, 
and the hypothesis of autosomal transmission may be dismissed. 

If no female were affected the pedigree would be a straight- 
forward example of the transmission of an ordinary, recessive, 
sex -linked gene, but the gene cannot be recessive, for six 
females are affected. Neither is it dominant, for in that case 
affected males should have daughters all of whom are affected, 
as shown previously in the diagram of Fig. 52, and affected 
males have had four affected and ten normal daughters. 

The pedigree is easily explicable on the hypothesis that the 
gene is expressed in some, but not in all, heterozygous females. 
We can make a rough estimate of the proportion of cases in 
which heterozygous females are affected. All the fourteen 
daughters of affected males are heterozygous, and four of them, 
or 29 per cent., are affected. These females should transmit the 
gene to half of their own daughters'; actually two out of twelve 
are affected, indicating expression of the gene in one -third of 
cases, or 33 per cent., a figure in close agreement with the 
previous one. It may be .accepted then that the gene when 
present at the single locus in the male duly produces its effect, 
but when present at one of the two loci in the female does so 
in some cases only; as far as the proportion of affected hetero- 
zygous females . can be estimated from such small numbers, it 
is about 30 per cent. It will be noted that the variability of 
expression of the simplex state in this instance is shown by the 
fact that the gene is sometimes expressed and sometimes is not 
expressed; in this case the variability does not concern the 
degree of expression, which is the same in males and in hetero- 
zygous females. 

A somewhat different example is shown in Fig. 90. The 
defect in this case was an absence of the two central incisors, 
both in the deciduous and in the permanent teeth. It will be 
noticed that I. 5, himself affected, had four sons, all normal, and 
that all his three daughters who had children had an affected 
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son. In this pedigree there are two affected females, both 
daughters of I. 5. One was affected in the same way as the 
males, but in the case of II. 9, indicated as possessing a lesser 
degree of defect, the incisors did eventually appear, but not 
until she had attained the age of 13. This family group may be 
taken to illustrate the behaviour of a sex -linked gene in which 
a constant effect is produced in the males, while in the hetero- 
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FIG. 90. Pedigree illustrating the regular expression of a sex -linked 
gene in males, together with occasional and /or partial expression 

in females. Missing incisors. (Huskies.) 
p Partial expression. 

zygous females some are fully affected like the males, some 
show a lesser degree of abnormality, and some are not affected 
at all. 

In Chapter IV colour- blindness was treated as an example of 
a recessive, sex -linked gene. It was pointed out, however, that 
very occasionally a heterozygous female may be affected, for 
now and then a case is encountered in which there can be no 
reasonable doubt that a female is colour -blind in spite of being 
heterozygous only. An example is shown in Fig. 91. A female 
could only be homozygous for the gene if her father were colour - 
blind, because he has contributed one X- chromosome. The 
father of II. 2 was not actually examined, but his daughter 
was reasonably certain that his colour vision was normal. That 
II. 2 was heterozygous is confirmed by the examination of her 
children. All the sons of a homozygous colour -blind female must 
be colour -blind, because to each she must transmit an X- chromo- 
some bearing the abnormal gene. Three of the sons of II. 2 who 
were examined had normal colour -vision. II. 2, therefore, was 
heterozygous, although she was affected. 
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There is variability in the degree of expression too, for some 
heterozygous women, though not all, exhibit a lesser degree of 
defect than do colour -blind males. 

The proportion of heterozygous women who are colour -blind 
is very small ; it has been said that some 3 per cent. are affected. 
Colour- blindness therefore provides an example in which the 

1 

X 
8 9 WE II 12 13 

X X X X XXX X 

FIG. 91. Pedigree illustrating the fact that a woman heterozygous for colour - 
blindness may, very occasionally, be colour -blind. (Bell, after Snowball.) 
X Examined. 

heterozygous females are affected in a very small proportion of 
cases only. 

Variations in frequency of expression in the case of autosomal 
genes. 
The examples of the previous section make it easier to under- 

stand the results of variable frequency of expression in the case 
of the far commoner autosomal genes. Suppose the gene of 
Fig. 89 producing nystagmus were autosomal with a frequency 
of expression equal to that found in heterozygous females, viz. 
30 per cent. This would now apply to both sexes, and bearers 
of the gene, of either sex, would be affected in 30 per cent. of 
cases. An autosomal gene which resembled the gene of Fig. 90 
would show in both sexes not only occasional expression but also 
variability of expression in different individuals. 

The extreme case given was that of colour- blindness, in which 
a very small proportion of heterozygous women are affected, 
perhaps 3 per cent., or even less. An autosomal gene which was 
expressed to this extent in the simplex state would yield a 
picture that might not, on casual observation, be recognized as 
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hereditary transmission. If a very extensive pedigree of domi- 
nant transmission is visualized and then twenty -nine out of every 
thirty affected individuals are replaced by normals, it will be 
realized how seldom there would be more than two or three 
affected individuals in a whole family group. There would be 
an occasional instance of an affected parent and child, or of two 
affected sibs, or even more frequently isolated affected indi- 
viduals widely separated in the pedigree, both vertically and 
horizontally. Do autosomal genes occur exhibiting this extreme 
infrequency of expression ? Undoubtedly they do, and the 
problems raised by such genes are of importance because 
they may be a feature of some relatively common conditions. 

Genes exhibiting the type of expression under discussion will 
be, in the great majority of instances, autosomal, and dominant 
or intermediate. The reasons for this are sufficiently plain. In 
the first place sex -linked genes are much less common, and in 
any event the relatively constant expression in males, and the 
characteristic features of this mode of transmission, make recog- 
nition a much easier matter. The genes under discussion are 
dominant or intermediate because, as we have seen, it is the 
simplex state which tends to be inconstant in expression, and 
a gene which produces an effect in the simplex state is either 
dominant or intermediate. 

The interpretation of family histories showing the trans- 
mission of genes occasionally expressed. 
A common feature in pedigrees showing the transmission of 

dominant genes is the occasional `skipping of a generation'. 
Of course this may be due to faulty recording or to late develop- 
ment of a defect, but in very many instances it is simply an 
example of occasional non -expression. 

In the early days of the science of genetics such cases tended 
to cause doubt and distress. It is easy to understand how such 
feelings arose, for the distinction between the Mendelian factor 
and its expression was not adequately realized. Mendelian 
factors were invented to explain ratios, and apparent aberra- 
tions in ratios shook the observers' faith in the Mendelian 
factor. At that time the particulate theory of inheritance was 
on trial ; it was not universally accepted as it is now. 

To -day, with a clear picture of the genes and chromosomes as 
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the basis of organic inheritance, a lack of correspondence 
between a gene and the visible effect it produces seems a 
small matter. In such a case it is known that the gene is there ; 

no one doubts that given sufficient opportunity for experiment 
there would be a good chance of solving the. problem ; and it is 
confidently anticipated that the solution lies within the .bound- 

EL I 2 3 4 
4 

Fia. 92. Pedigree illustrating the occasional non- 
expression of a dominant, autosomal gene. Diabetes 

insipidus. (Bulloch, after Gee.) 

aries of the Mendelian scheme. In fact, the surprising thing 
about mutant genes is not that they sometimes produce variable 
effects, and in some instances no effect at all, but that, against 
infinitely variable backgrounds of other genes and non -genetic 
influences, so many of them should produce an effect recogniz- 
ably the same in such a high proportion of cases. 

In theory, then, the occasional skipping of a generation in an 
otherwise unexceptional dominant pedigree need cause little 
difficulty. But what about the practical consequences ? As long 
as the frequency of expression is high the interpretation of the 
pedigrees is not difficult. The pedigree of Fig. 92 may be taken 
as an example. The condition. is diabetes insipidus ; it will be 
mentioned again. ' This disease is due to interference with the 
action of the posterior lobe of the pituitary gland. The main 
symptoms are polyuria and intense thirst ; more than 20 pints 
of urine may be passed in twenty -four hours. The customary 
draught of I. 1 in the pedigree was 2-3 quarts at a time, and 2 
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gallons were provided for his night supply ; he became faint if 
unable to quench his thirst. The disease may lead to early 
death. For example, IV. 3 cried for many hours after birth and 
could only be comforted by a drink of water ; he was perpetu- 
ally thirsty and survived only six months. His brother IV. 4 
died at the age of 4 months. 

It is true that this disease is sometimes due to non -genetic 
causes, for example syphilitic meningitis or a pituitary tumour, 
but in a proportion of cases it is to be attributed to a dominant 
gene. In some pedigrees there is no departure from the criteria 
of Chapter II, though it is more usual to find that not all 
bearers of the gene are affected. In the family of Fig. 92 three 
normal persons have transmitted the gene from their parents to 
their offspring. 

The point to bear in mind in giving a genetic prognosis is that 
it is no longer possible to state that the unaffected child of an 
affected person cannot possess or transmit the gene. The likeli- 
hood of an apparently normal person actually bearing the gene 
may be very roughly assessed from the individual family history, 
but it is clear that an accurate estimate demands the study of 
many histories carefully compiled. 

Of course all this does not solve, or even approach, the further 
problem of identifying the additional genes or influences which 
allow a gene to express itself on some occasions but not on 
others. This topic is discussed later in this chapter, but it 
may be stated frankly that in most cases the answer is not 
known. 

Instances in which the frequency of expression is relatively low. 
In some cases the frequency of expression may be quite low, 

approaching the 3 per cent. given for the gene for colour - 
blindness when in the simplex state in heterozygous females. 
It has been claimed that even lower frequencies than this may be 
recognized, for example in the case of leukaemia, in which it has 
been stated that the existence of a dominant gene may reason- 
ably be assumed, but that the frequency of expression is only a 
fraction of 1 per cent. It may be remarked in passing that the 
genetic evidence supports some modern pathological views on 
leukaemia, for cases of the myelogenous and of the lymphatic 
types have been observed in the same family group, so that 

P 
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from the genetic point of view there is evidence that the 
distinction between these two types is not fundamental. 

It may reasonably be asked whether it is not a matter of great 
difficulty, if the frequency of expression is low, to recognize the 
mode of transmission of a gene or even to discover its presence. 
This is undoubtedly the case and accounts for the fact that not 
much progress has yet been made on these lines in spite of the 
fact that some relatively common and important diseases may 
depend upon genes behaving in this way. Given large and 
unbiased samples, however (this of course, up to the present, 
has been the main difficulty), certain features may be noticed. 
In dominant or intermediate transmission, if expression is 
complete, affected subjects have parents one -half of whom are 
affected; these subjects have offspring one -half of whom are 
affected and similarly have sibs one -half of whom are affected. 
The proportion of affected grandparents is one - quarter ; of 
affected grandchildren, one -quarter; of uncles and aunts, one- 
quarter ; of nephews and nieces, one - quarter ; and of cousins, 
one -eighth are affected. If the gene in question shows a certain 
average frequency of expression all these proportions are of 
course reduced, but they will still bear the same relation to each 
other. If, then, we were to make a considerable collection of 
family histories of affected persons, being careful to secure a 
good sample, for instance by recording successive cases without 
any selection, and if it were found that the proportion of affected 
relatives of affected persons was about the same in the case of 
parents, children, and sibs, about half as much as this in the case 
of grandparents, grandchildren, uncles, aunts, nephews, and nieces, 
and about half as much again in the case of cousins, there would 
be a reasonable basis for suggesting that a dominant gene was 
present. This hypothesis has been advanced in the case of diabetes 
mellitus, for a large collection of cases yielded results fitting these 
criteria reasonably well. After allowing for increasing incidence 
as age advances, the frequency of expression of the gene is about 
10 per cent. This hypothesis must be regarded as tentative ; 

others have been advanced, though they seem less well -founded. 
As has been said previously, a sex -linked gene should not be 

difficult to recognize. And it should not prove difficult to 
exclude recessive autosomal transmission. Variable expression 
is in any case much less common' in the duplex 'state, but even 
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if it does occur an increased rate of consanguineous marriages 
amongst parents will be a guide provided the homozygotes are 
not commoner than, say, 1 in 2,000 -3,000 of the population. If 
they are commoner there are other guides, for example, the 
proportion of affected sibs of affected persons is much higher 
than-the proportion of affected parents or affected children. 

There are in addition other possibilities to exclude, for 
example that inheritance may be multi- factor in the sense that 
the action of one particular gene cannot be individually dis- 
tinguished, or environmental influences may sometimes mimic 
the effect of hereditary predisposition. 

Another complication would arise if it were found that the 
gene involved was not always the same ; there might conceivably 
exist several genes underlying the same condition but with 
different frequencies of expression. In this connexion it should 
be mentioned that there is no obvious relationship between the 
frequency of a condition and the number of different genes that 
may produce that indistinguishable effect. For example, the 
commonest simply inherited defect, colour- blindness, is due to 
sex -linked genes which may all be situated at a single locus, and 
in any event are all situated in the X- chromosome, whereas a 
very rare condition like congenital stationary night- blindness 
is due in different family groups to the action of any one of 
several genes. It could not therefore be assumed that just 
because a condition was relatively common it was especially 
likely that any one of several genes could produce the effect. In 
the investigation on diabetes mellitus quoted above it was found 
that mild and severe cases occurred indifferently in the same 
family group ; there was no evidence that different genes are 
involved. Statistical methods are available for testing the 
homogeneity of data, and given adequate records it . is not 
difficult to discover whether all the material points to the same 
conclusion or not. 

Relatively common pathological genes are especially likely 
to exhibit occasional and variable expression. 
The conception of the more easily modifiable nature of the 

simplex state, and the importance of the process by which the 
dominance of genes changes during the course of evolution, point 
to the conclusion that there should be a relationship between the 
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frequency of a dominant (or intermediate) gene and the extent 
to which its expression is found to vary in different individuals. 

A dominant gene producing an effect even moderately severe 
in all or in a very high proportion of heterozygotes could not be 
common. The gene would be eliminated so soon after each 
mutation that its frequency in the population could not-be very 
great in comparison with the rate of mutation, and mutation 
is always a rare occurrence. 

If, however, a harmful gene sometimes produces only a slight 
effect, or even more so if it is only occasionally expressed, many 
of its bearers will be able to live and to reproduce freely. Thus 
the rate of elimination becomes much less, and the gene may 
become so frequent in the population that even its occasional 
manifestation is not a very uncommon occurrence. 

The practical findings correspond to the theoretical expecta- 
tions. Genes regularly producing in the simplex state a severe 
abnormality are rare genes. And the dominant genes re- 
sponsible (or, rather, partially responsible) for the appearance 
of relatively common conditions are genes whose expression is 
easily modified in the direction of lessened severity ; above all, 
they are the genes which are only occasionally expressed. 

It is naturally much more difficult to investigate genes of 
variable expression, and this is the reason why more has not 
been discovered up to the present in regard to this very impor- 
tant subject. Nevertheless, it has already been suggested with 
much plausibility that amongst the moderately common, or not 
excessively rare, conditions behaving in this way there are, in 
addition to diabetes mellitus, diabetes insipidus and leukaemia, 
Graves's disease, gastric ulcer, eunuchoidism, asthma, paroxys- 
mal tachycardia, and pernicious anaemia. Many others may well 
be found ultimately to fall into this group : to name only a few, 
gout, congenital dislocation of the hip, and inguinal hernia. 

Although the difficulties in the way of investigation are 
considerable, they are not insuperable. In recent times the 
requirements to be fulfilled in the collection of useful data, and 
the methods for their successful analysis, have become better 
understood, and there is every hope that the near future will 
see a much more precise and useful evaluation of the role of 
heredity in the causation of many relatively common and 
important diseases. 
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Variations in the expression of recessive genes. 
Although genes in the duplex state are as a rule much less 

variable in their expression than are genes in the simplex state, 
a certain amount of variation in expression does occur, and even 
a recessive gene may not be expressed in all circumstances. 

A moderate degree of non -expression in the case of a dominant 
gene is easily discerned as the skipping of generations in the 
pedigree- chart, but it is not easy to detect the occurrence of the 
phenomenon in the case of a recessive gene. If the criteria for 
the recognition of recessive transmission are recalled, it will be 
realized that almost the only indication of occasional non - 
expression would be a smaller proportion of affected than I 
amongst the offspring of heterozygous parents. It was em- 
phasized, however, that the precise fitting of this ratio, unless 
the records are very perfect, is not an easy matter. Moreover, 
most existing records are biased in the direction of indicating 
too many affected persons. Hence a moderate degree of non- 
expression might be entirely concealed. 

It is possible that occasional non -expression occurs in the case 
of the Laurence -Moon -Biedl syndrome, for there are signifi- 
cantly more affected males than affected females. This is to be 
attributed to sex -limitation, discussed later in this chapter. It 
is likely that the gene, even in the duplex state, is not in- 
variably expressed and that the rate of expression is higher in 
males than in females. 

It is also possible that this phenomenon may account for 
peculiarities in the transmission of a few relatively common 
conditions. Schizophrenia may have as a factor in its causation, 
at least in some cases, a gene which behaves in this manner. 
But while the possible importance of the variability of expres- 
sion of recessive genes should not be overlooked, it should be 
realized that it is in all probability a much less common and 
much less important phenomenon than is the corresponding 
case in regard to the dominant or intermediate gene. 

Abnormal genes whose effects may be observed in both 
simplex and duplex states. 
A frequency of 0m in the population would be quite high for 

an abnormality due to a gene which was invariably expressed. 
Many of the examples of Chapters II, III, and IV are consider- 
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ably rarer. This frequency in the case of a defect due to a 
dominant gene would be an indication that the frequency 
of the gene itself was very nearly 2do, for each sufferer possesses 
one normal and one abnormal gene. 

In the case of a recessive gene we saw that a frequency of the 
trait of loóóo, the figure assumed for albinism, corresponds to a 
gene frequency of 1óo ; which means that 1 person in 50, approxi- 
mately, is heterozygous. Even if a recessive trait were as rare 
as ióoóóoó the gene frequency is as high as óas, and the frequency 
of heterozygotes 6óo 

These relationships explain, of course, why in the case of 
harmful dominant genes which are always expressed the affected 
homozygote is so rare that in practice he is never encountered. 
But if a dominant gene is only occasionally expressed, or if its 
expression is often very trivial, some of its possessors are 
sheltered from the full force of natural selection and its fre- 
quency may be much greater than the frequency of a regularly 
and fully expressed dominant gene. Suppose that a condition 
with a frequency in the population of ïss were due to a gene 
with a frequency of goo, expressed therefore in 5 per cent. of 
cases. Given random mating we could expect to encounter the 
affected homozygote with a frequency of löóóo ; consanguineous 
marriages, and particularly the tendency of like to marry like, 
might appreciably increase this figure. 

It follows, therefore, that if a not very uncommon condition 
is due to a dominant gene with a low frequency of expression the 
effect in the duplex state becomes of practical importance. This 
may be true of some mental diseases. There is evidence to sup- 
port the view that some genes which in the simplex state make 
their bearers especially prone to develop mental disease are 
responsible in the homozygote for gross idiocy. The same may 
be true in some instances of grossly defective children amongst 
the offspring of parents both of whom are mentally sub -normal. 

It also follows that even if the frequency of an abnormality 
due to a recessive gene is as low as maw any effect of that gene 
in the heterozygote can be only slight or occasional. If this were 
not so, the gene would not be common enough to produce even 
one homozygote in every million of the population. 

Thus, as data are accumulated regarding the pars played by 
dominant genes in the production of relatively common con- 
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ditions, the question of the much less common, but possibly far 
more severely affected, homozygote may become of definite 
importance. 

When a gene produces manifold effects, the less serious tend 
to be more regularly expressed. 
The manifold effects sometimes produced by genes may differ 

greatly in importance as regards the survival of the individual 
or his ability to reproduce. The pressure of selection will be 
greater in the case of serious effects than in the case of trivial 
ones. Not only, then, is it to be expected that the total effect 
of an abnormal gene becomes less during the course of many 
generations, but it may be further anticipated that it is the 
serious effects which will especially be diminished. 

An abnormal gene, early in the history of the species, may 
produce a variety of effects, some severe, some less severe, some 
comparatively harmless. After very many generations that gene 
may be found to be producing simply the relatively harmless 
effects, the very harmful ones no longer appearing. There can 
be little doubt that this process, immensely hastened by human 
interference, has taken place in the case of many genes which 
give breeds of domesticated animals some of their distinctive 
characteristics ; the harmful effects of these genes have been 
almost eliminated by the accumulation of suitable modifiers, 
while the commercially useful, or harmlessly picturesque, effects 
remain. 

In man, in whom so many abnormal genes have partially 
completed their progress towards harmlessness, it might be 
expected that where manifold effects are produced, the less 
serious of them will often be those most constantly expressed. 
An indication of this has been provided by many examples 
throughout this book, for it has frequently been pointed out 
that some genes whose obvious and more or less constant effect 
is not particularly serious may produce other more subtle but 
much more serious effects. It is not unusual to find that fertility, 
general robustness, mental ability, and longevity are impaired in 
persons displaying some trait which appears to be rather harm- 
less. And it is often found that these more serious effects are 
very variable and are found in some individuals only. One 
example quoted was Darier's disease (p. 117), in which general 
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constitutional effects, indicated especially by reduced stature 
and mental deficiency, are sufficiently common to ensure that 
the mutation rate of the gene is considerable compared with the 
frequency of the disease. The effect upon the skin, the obvious 
effect, is not more serious than that of genes producing some 
other skin abnormalities, for example dominant epidermolysis 
bullosa, in which it so happens that longevity and fertility are 
very little affected. 

It is, therefore, important to realize that the obvious effect of 
a gene may not be its most important effect, though it will often 
be the most constant. And from a slightly different point of 
view it is emphasized once again how useful can be combined 
genetical, clinical, and pathological studies, which may indicate 
the best pointers to the gene and so simplify the task of analys- 
ing the causation of the abnormality. 

A gene exhibiting the phenomenon of occasional expression 
accounts . for a part only of the causation of a defect. 
A man is colour -blind if he carries upon his one X- chromo- 

some the gene for colour -blindness ; if he carries at that locus 
the normal allelomorph his colour- vision is normal ; the presence 
of the abnormal gene may therefore be accepted as the sole 
effective cause of his deviation from the normal state. Not more 
than one heterozygous woman in thirty is colour -blind. It is 
true that the defect appears only when the gene is present, but 
as this result is produced in a small proportion of cases only, it is 
clear that whether a heterozygous woman is actually colour - 
blind depends also upon other considerations, of the nature of 
which we are at present ignorant. The additional determinants 
may be other genes, or they may be non -genetic factors operat- 
ing during development, or both may be involved. If the case 
of leukaemia be accepted as an instance of a dominant gene 
infrequently expressed, a person who suffers from leukaemia 
must have received the appropriate gene, but of perhaps two 
or three hundred persons who receive the gene only one develops 
the disease. 

We are of course entitled to select any factor in aetiology for 
special study and analyse our cases from that particular angle, 
provided that we do not claim that the single factor is the sole 
factor when it is not. We may, then, in study and discussion, 
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distinguish the effect of a gene even when other known or un- 
known factors are certainly of importance. 

It has been said that the additional determinants may be 
other genes. Why, then, do we select one particular gene for 
analysis and regard it as the main gene, when other genes must 
also be present if the defect is to become manifest ? The 
answer can be given almost in a word: in practice we select for 
special attention the rarest gene of those responsible and call it 
the main gene. Once again the frequency of a gene in the 
population is seen to be of importance, and once again it becomes 
evident that preoccupation with gene frequencies is one of the 
main reasons why human genetics requires special methods of 
Rs own, different from those of the laboratory. Let us consider 
the family group of Fig. 87, in . which a dominant gene was 
responsible for the minor form of brachydactyly. It will be 
recalled that some bearers of the gene exhibited a marked effect, 
while in the case of others the shortening of the affected fingers 
was so slight as to be revealed only by careful measurements. 
Let it be supposed that the difference between the two kinds of 
effect depends upon the presence or absence of another gene. 
This is a not very unreasonable suggestion in this particular case, 
though it is by no means the only hypothesis that could explain 
the results. In any event let it be accepted for purposes of 
argument. 

It is clear that this second gene must be very common in the 
population because the pedigree cannot be explained unless it 
is assumed that the second gene was introduced into the family 
group by several of the unrelated persons who married into it. 
Let us assume that the second gene is carried by half the popula- 
tion. Now this type of brachydactyly is exceedingly rare ; 

probably less than one person in a million displays it. It appears 
in its full form because the affected person possesses a very rare 
gene which he shares with only one person in every 500,000 and 
also because he possesses a second gene which is so common that 
every other person carries it. It is perfectly true that the trait 
can only develop if both genes are present, and in this sense both 
are equally important. But a, person who possesses the rare gene 
stands a one -in -two chance of also receiving the other and so of 
being affected, while the possessor of the common gene stands 
a chance of only 1 in 500,000 of receiving the rare one also. 
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Suppose that a very unpleasing contingency depended upon 
two requirements being simultaneously fulfilled, one occurring 
extremely rarely and one extremely commonly. A person who 
fulfilled the common requirement would think little of his 
escape ; he would share it with a large proportion of his fellow 
men. On the other hand, the person who fulfilled the very rare 
requirement, though not the common one, would feel that 
disaster had brushed him with her wing. 

Differences in animals and plants, mostly of a somewhat 
artificial character, have been found to depend upon the com- 
bined action of two genes. Even if such a case occurs in man, 
however, it is most unlikely that the two genes would happen to 
have approximately the same frequency ; in almost every case 
one would be considerably, or overwhelmingly, rarer than the 
other. It is the transmission of the rarer one that would catch 
the eye ; it would be easier to analyse ; it could legitimately be 
regarded as the more important. So we should be fully justified 
in making our analysis in respect of the rarer gène, leaving the 
other one on one side for future and much more difficult in- 
vestigation. 

In a later section of this chapter the practice of devising two - 
factor schemes to explain the transmission of human traits is 
subjected to criticism. It may be said here, however, that, apart 
from inherent improbability, a further difficulty about two - 
factor explanations is that they are not exclusive. Such a 
scheme may satisfy criteria devised for the purpose of testing it, 
but other schemes also will usually satisfy these same tests. It 
is often impossible to prefer one such scheme to another, and so 
it seems better to analyse in respect of one gene only, recognizing 
frankly that while the transmission of one gene may explain 
some part of the findings adequately, even exclusively, the 
explanation cannot be complete, and part of the solution, that 
not concerned with the main gene, must usually remain in- 
determinate. 

What has been said about the rarest factor of those jointly 
responsible being in practice the most important applies equally 
to environmental influences. If some necessary environmental 
factor is rarer than the gene, we should be entitled to say that 
for practical purposes the more important consideration is not 
whether the individual is genetically susceptible, but whether 
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the susceptible individual encounters the environment favour- 
able to the development of the disease. And, of course, a con- 
trollable factor is always important, for it can be made rare. 

The nature of the additional influences conditioning the 
expression of main genes. 
The conception of the effect produced by a gene as one factor 

in a chain of causation, or as one of several possible determining 
factors, will present little difficulty to those who are accustomed 
to discussions on the aetiology of diseases. For example, if it be 
accepted that there exists a dominant gene a few of whose 
bearers develop pernicious anaemia, and if it is further stated 
that hypochlorhydria, achlorhydria, or a raised colour -index 
(without symptoms of pernicious anaemia) are much more 
frequent manifestations of the presence of that gene, then 
the student of medicine will have little difficulty in fitting the 
genetic knowledge into its proper place in the long story of the 
causation of the disease. And there will be no fresh difficulty in 
accommodating in the scheme those cases of tropical macrocytic 
anaemia due to dietary deficiency, or those due to removal of a 
large portion of the stomach, in which, presumably, there 
need be no hereditary element. 

It is now proposed to mention, or rather hint at, some less 
obvious relationships -some of the more obscure influences 
which may affect the type and frequency of expression of a 
gene. 

Something has already been said about the effect of other 
genes. Their recognition in man is a difficult matter, and often 
all that can be done is to discover whether the conditioning 
influences are genetic or not ; even this may prove impossible. 
The common case, however, in which expression is conditioned 
by many genes, is not outside the scope of methods for detection, 
and even analysis, though such biometrical problems are un- 
suitable for discussion, apart from the brief references in 
Chapter VIII, in a non -statistical work. 

Apart, however, from relatively obvious relations of the gene 
with non -genetic influences, and apart from the effect of other 
genes, there are more obscure relations with non -genetic factors 
operating during development. The case of microphthalmia, 
mentioned on page 101, will serve as an example. This sex- 
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linked gene regularly produces blindness amongst the males 
who bear it, but apart from the blindness there are very great 
differences. The possession of the gene is compatible with 
normal, even superior, mentality ; or, on the other hand, the 
affected males may exhibit any degree of mental deficiency, 
ranging from a comparatively slight retardation to idiocy so 
gross that it is barely compatible with a few years of precarious 
vegetable existence. 

The variety of the cerebral effects within a single family group 
makes it highly unlikely that these differences are genetic. But 
they must be due to influences operating during prenatal life. 
A reasonable hypothesis in this as in many other instances is 
that the gene makes the developing embryo especially suscep- 
tible at a particular stage or stages to influences variations in 
which would be without effect on the normal foetus. It may be 
that the effect of the gene is to reduce the margin of safety, so 
that small, and normally unimportant, variations in environ- 
mental stimuli may make all the difference between normality 
and various types of abnormality. It is by no means unlikely 
that many cases of variability in the expression of genes will 
ultimately be found to fall into this group, though more will 
have to be learned about the pathology of early uterine life 
before there is much hope of identifying the non -genetic factors 
concerned. 

An indication of the importance of the relation between 
genetic susceptibility and variations in early non -genetic in- 
fluences is provided by the cases in which it is found that 
abnormalities occur more frequently at advanced maternal age. 
It is well known that the age of the mother is a factor in the 
causation of mongolism. It is likely that mongolism has a 
genetic basis, and quite possibly that basis is a dominant gene 
with a low frequency of expression. But the frequency of ex- 
pression rises as maternal age increases ; actually the proportion 
of mongols born rather more than doubles with each five years 
advance in maternal age. 

Some foetal malformations become more frequent as maternal 
age advances, for example, anencephaly and congenital heart 
disease. Presumably the effect of advanced maternal age on 
the ordinary child is a very slight one, or is perhaps non -existent, 
but if the child possesses a gene or genes which reduce the 
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margin of safety, the effect of otherwise unimportant differences 
may become manifest. 

Sex as a factor influencing the expression of genes -sex- 
limited inheritance. 
The sex of the individual may be of importance in determining 

the type and frequency of expression of genes. This introduces 
another genetic term : sex -limitation. When the expression of 
the same genotype is different in male and female, the gene 
concerned is said to be sex -limited. Complete sex -limitation 
means that the gene is expressed in one sex only, producing no 
effect in the other. In man this may be taken to include the 
case in which a gene is regularly dominant in one sex but 
regularly recessive in the other, because for sufficiently obvious 
reasons of gene frequency the recessive homozygote would be 
so rare that it would seldom be possible to distinguish between 
the two cases. 

Partial sex -limitation means that the gene is expressed either 
to a greater degree in one sex than in the other, or -the common 
case -more frequently in one sex than in the other. 

Complete sex -limitation is a rare phenomenon except in 
connexion with characteristics associated with sex itself ; for 
example, certain types of pseudo -hermaphroditism occur only 
in males, and although females possess and transmit the gene, 
in them it produces no effect. It must be stated, however, that 
instances are known in animals in which complete sex -limitation 
does occur in characteristics other than secondary sexual differ- 
ences. But this is a very rare phenomenon, and the likelihood 
of its occurrence in any particular case in man need not be 
taken very seriously. 

It was pointed out in connexion with sex -linked inheritance 
that if affected males do not reproduce, and so cannot demon- 
strate their inability to transmit the gene to their sons, it is 
impossible to distinguish between sex -linkage and complete sex- 
limitation. Sex -linkage in man, however, is so common, and 
complete sex -limitation almost certainly so rare, that the 
alternative explanation, while it cannot be disproved, must be 
considered somewhat fanciful. 

Partial sex -limitation is by contrast a very common phenome- 
non. It is often found that the, frequency of expression of a gene 
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is different in the two sexes ; in most instances it is the males 
which show the higher frequency of expression. It was formerly 
a common practice to attempt to explain a greater frequency 
amongst males by postulating the existence of an auxiliary sex - 
linked gene in addition to the main autosomal gene. A recent 
examination of data relating to several conditions in regard to 
which this explanation had been advanced disproved it in every 
instance. If in the case of a gene not invariably expressed there 
is a higher proportion of affected males, this is to be attributed 
to sex- limitation and not to sex -linkage. 

Why the sexes should differ in this way is seldom clear, though 
occasionally the mechanism is discernible. For example, the 
tendency to develop inguinal hernia is, in some family groups 
at least,. reasonably explicable on the assumption that suscep- 
tibility is determined by a gene difference. For obvious an- 
atomical reasons the gene is far more frequently expressed in 
males. At least in some family groups the tendency to develop 
congenital dislocation of the hip depends upon a dominant gene 
not always expressed. In this case the frequency of expression 
is greater in females, the reason being once again anatomical. 

Variations in the relative importance of factors jointly respon- 
sible for a defect. 
It was stated that the practical importance of influences in 

aetiology depends in one very real sense upon their infrequency 
in the population ; the rare factor appears, somewhat paradoxi- 
cally, to be the important factor. Clearly, if importance in this 
sense depends upon frequencies, a change in frequencies involves 
a change in relative importance. 

Large changes in gene frequencies are unlikely to occur during 
a limited period of time, for the population must be more or 
less in equilibrium in respect to the frequency of occurrence of 
a gene, and any change must be slow. But when an environ- 
mental influence is one of the necessary factors in the pro- 
duction of a defect there is the possibility that some radical 
change in social conditions, or an advance in medical knowledge, 
may entirely alter the relative importance of the contributing 
factors. 

Last century rickets was considered by many to be essentially 
an hereditary disease, and there is no doubt that this was true 
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in some family groups at least ; moreover, in some of the recorded 
family groups the action of a dominant gene is to be discerned. 
The discovery of the relationship of rickets to vitamin deficiency 
and lack of sunlight brought about a complete change of opinion ; 
no one would to -day think of rickets as an hereditary disease. 
Before methods of prevention and treatment were perfected the 
necessary predisposing dietary factors were common, while the 
gene which determined a high degree of susceptibility was less 
common. What seemed to be the striking finding, therefore, was 
that in some family groups, with children exposed presumably 
to the same environmental influences, some developed the 
disease and some remained free. But as soon as adequate 
preventive measures became available the dietary deficiency 
became rarer than the gene and so inevitably became the more 
important factor. 

It should be remembered, then, that the relative importance 
of factors in aetiology may not be the same in different cir- 
cumstances, and a change in environmental conditions may 
necessitate a recalculation of the parts played by heredity and 
environment. 

The estimation of frequency of expression demands systema- 
tically collected data. 
In Chapter V (p. 157) the point was made that the literature 

might prove a very misleading guide to the relative frequencies 
of genes producing indistinguishable effects. There is a strong 
tendency to record the striking dominant or sex -linked cases 
rather than the less striking recessive, and particularly the 
sporadic, cases. In the case of genes exhibiting occasional ex- 
pression bias in the available records is even more liable to lead 
to erroneous conclusions. 

Diabetes insipidus, mentioned a little earlier in this chapter, 
provides a good example. A study of the earlier literature would 
have made it plain that there were cases which could be 
ascribed to such causes as syphilitic meningitis, and that there 
were also hereditary cases. It would have been further supposed 
that in the hereditary cases a dominant gene was responsible, 
and that this gene had a high frequency of expression. In some 
extensive published pedigrees there is no departure from the 
simple criteria of Chapter II, expression being complete. Two 
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observers collected twenty consecutive cases without any selec- 
tion. Five of these could be attributed to identifiable secondary 
causes. In the remaining fifteen, affected relatives were dis- 
covered in only two instances., In one instance the gene had 
beer directly transmitted through three generations and in the 
other through two. The earlier literature had proved most mis- 
leading, and in fact if a single dominant gene is responsible for 
hereditary cases of diabetes insipidus, it can have only a low 
frequency of expression. If this be so, the pedigrees selected 
for record in the early literature were those of families in which 
the gene happened to be often expressed. Or possibly different 
genes, exhibiting very different frequencies of expression, may 
be responsible in different cases. 

So great is this source of bias that, in the case of relatively 
common conditions with relatively infrequent expression of the 
gene, records not collected in a defined and systematic way are 
of little use. This is the main reason why more has not been 
discovered about the transmission of single genes whose presence 
is necessary for the manifestation of a number of important 
diseases. Now that the conditions essential for the collection of 
useful records are better understood, there is every hope that 
there will be a rapid advance in knowledge and that the role of 
heredity in the aetiology of a number of more or less common 
diseases will be elucidated. 

Schemes postulating the combined action of two genes to 
explain the transmission of human traits. 
To pass directly from the present chapter, which deals with the con- 

ditioned expression of single genes, to the next chapter, which deals with 
inheritance involving many genes not individually recognizable, may 
require some justification. It is still the practice of some writers to 
devise two -factor schemes to account for transmission which is obviously 
hereditary but which does not fit any single- factor hypothesis. It is 
necessary, therefore, to explain why such schemes have been rejected. 

In animals and plants many differences have been observed which 
depend upon the interàction of two, or at most a few, gene pairs. In 
most cases, however, the two gene pairs do produce effects when ob- 
served independently, the interaction consisting in the appearance of 
yet another effect when genes of the two pairs are present in certain 
combinations. Another common case is that in which a gene difference 
cannot be detected in the presence of another gene; to give a human 
example, the possession of the genes for brown or blue eyes could not be 
detected in an albino. 
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The case in which genes are truly complementary, i.e. when neither 
alone produces any effect, is not a common one even in domesticated 
species, but this is the cease usually assumed in man when two- factor 
explanations are put forward. For in man, as in other animals practising 
more or less random mating and living in a more or less normal environ- 
ment, what is usually observed is a definite deviation from the normal, 
and there are then two contrasted phenotypes only: the abnormal 
variant and the prevalent type. On general grounds, therefore, a two - 
factor scheme is not an hypothesis which is likely to account for aberrant 
human ratios. 

Even if the possibility is admitted that a deviation from the normal 
in man might sometimes be determined by the complementary action 
of two genes, it would be found that one of these occurred more frequently 
than the other ; and if human genetics differs in practice from the 
genetics of the laboratory for one outstanding reason, it is because of 
the importance of gene frequency. In the laboratory the first step would 
be to fix the frequency of both genes at 100 per cent. or nothing, and then 
to derive one of the modifications of the 9 : 3 : 3 : 1 ratio encountered 
in text -books of genetics. In man, if one gene is very rare and the com- 
plementary gene common, what is observed, and what can be identified 
with reasonable certainty, is the transmission of the rare gene, modified 
by the disturbance due to the common one. And often it will prove 
impossible to decide whether the common gene is .a single gene, or more 
than one, or even whether the disturbance is due to genetic action at all. 

Another objection to two -factor schemes is not that they do not fit 
the facts, but that they fit the facts too easily. Sometimes it is difficult 
enough to make precise tests in order to identify the transmission of a 
single gene. If another unknown quantity is introduced into the equa- 
tion the solution becomes indeterminate ; almost any scheme will fit, 
and it is impossible to prefer one to another except on general grounds. 

A conviction that two - factor explanations should be advanced only 
with the greatest reserve was strengthened by a most important paper 
published by Csik and. Mather (1938). One of the commonest types of 
two -factor scheme has been that devised to explain the phenomenon of 
a greater frequency amongst males than amongst females ; a second sex - 
linked gene is postulated in addition to a main dominant or recessive 
gene. These schemes explained the findings admirably ; there appeared 
to be no objection to them apart from their inherent improbability. 
Csik and Mather, however, applied an ingenious test, and examining data 
relating to four important cases in which this explanation had been 
advanced (low -grade mental deficiency, the Laurence- Moon -Bied1 syn- 
drome, allergic disease, and hare -lip and cleft -palate), were able to dis- 
prove it in every instance. 

The cases just mentioned were cases of sex- limitation, not sex -linkage. 
It is true that the reasons for the sex -difference in expression remain 
mysterious, but there is no reason why at the present time there should 
be any reluctance to postulate the existence of genes on the basis of 
adequate data, and then to recognize frankly that other influences are 
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contributing to the result and that these must await special studies. It 
might sometimes be thought that it is considered wrong to postulate the 
existence of a gene unless it fulfils single -factor criteria, or unless an 
explanation is simultaneously advanced to explain any discrepancy. 
Can this attitude be á survival from the pioneer days when disputed 
territory was grimly won, foot by foot, from the anti -Mendelians, and 
it was of importance to show that an apparently aberrant ratio could 
after all be explained on a genetic basis ? 

The alternative plan is to remain content with single- factor schemes, 
recognizing that while methods may be devised for testing a single - 
gene hypothesis even when the relationship of gene and expression is not 
always the same, any such explanation covers a part of the field only, it 
may be a very small part, the remainder being left indeterminate. There 
can be little doubt that improved methods will be devised for establishing 
the existence of such single genes, and that in individual cases research 
will disclose the nature and the role of other factors. It may well be 
found that these will usually prove to be multi- factor when genetic, and 
therefore susceptible in some degree to biometrical analysis ; it may also 
be found, not infrequently, that they are non -genetic. 

It is not intended to criticize adversely thorough examinations of 
genetic hypotheses, including two -factor schemes, applied to human 
data: for example, that of Penrose (1938) on epiloia. On the contrary, 
such studies are to -day producing results of the greatest theoretical 
interest ; to- morrow they may be yielding equally important practical 
applications. But it will be noticed that even in this instance the two 
supplementary allelomorphs are assumed to have a similar frequency 
and there is no dominance ; that is, the case is equivalent mathemati- 
cally to multi- factor inheritance, as its author, of course, intended when 
he devised it. 

Equally, no criticism can be levelled against algebraic deductions 
based upon definite premises, as in the studies of Hogben (1932), which 
include an analysis of two- factor schemes. But even here it is per- 
missible to point out that the premises seem rather artificial, and it is 
doubtful whether the tests devised exclude other possibilities. 

The present chapter and the next one are based upon a rejection only 
of those numerous cases in which a second genetic factor is introduced, 
and the hypothesis, improbable on general grounds, is subjected to 
inconclusive tests or to no tests at all. In the present state of medical 
genetics this rejection leaves extremely little to discuss between the 
single gene exhibiting modified expression and multi -factor inheritance 
involving many genes. Of course, it is possible that further advances 
will contribute cases to this debatable region ; but they have yet to be 
made. 



CHAPTER VIII 

MULTI -FACTOR INHERITANCE 

Multi- factor inheritance is the inheritance of the normal 
traits which distinguish normal people. 

IF an effect is due to the combined action of a number of genes, 
the inheritance of the trait or difference in question is spoken of 
as multi factor. Of course the term would be applied correctly to 
a case in which two genes were jointly responsible for the result, 
and it is conceivable, though unlikely, that a few of the cases 
discussed in Chapter VII may ultimately fall into this category. 
In some other cases previously discussed it is probable that 
while the existence of a single main gene may be inferred, the 
other influences determining frequency and type of expression 
consist in the joint action of a number of other genes; in 
such an event the term multi- factor inheritance could also be 
applied. 

Theoretically, then, a distinction may be drawn between 
effects due to a single gene and effects due to more than one 
gene. In practice this distinction is not the most useful ; it will 
be found much more convenient to consider almost all human 
cases as falling into one of two groups 

1. Those in which a single gene is wholly responsible, or in 
which the presence of a single gene is a necessary condition 
for the appearance of the trait. 

2. Those in which genetic constitution is wholly or partly 
responsible, but in which the effect is due to the combined 
action of many genes, the action of single genes not being 
individually distinguishable. 

There are special reasons in human genetics why nearly every 
case is found to fall either into the one category or into the 
other, and why extremely few should fall between them, i.e. 
why very few cases should be encountered in which traits depend 
upon the combined action of two or three genes, the existence 
of which can be individually inferred. Some reasons for this 
were given in the concluding section of the previous chapter. 

The distinction drawn above is of great importance in medical 
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genetics because it marks the difference between genes which 
produce abnormality and genes which produce the differences 
distinguishing normal people. Let us see how this comes about. 

Bodily stature is a characteristic in regard to which human 
beings display two types of difference. First of all there are the 
pathological giants and dwarfs. These represent definite depar- 
tures from normality, due to defects, sometimes hereditary, of 
the type considered in previous chapters But there is another 
type of difference in stature : the infinite variability of normal 
people, who range from the very tall to the very short. If 
10,000 normal men were selected at random and arranged in 
order of height each would be shorter than his taller neighbour 
by a very small amount. Bodily stature shows a continuous 
range of variation, without any break, from one extreme to the 
other. Traits which display this continuous range of variation 
are termed graded characters. 

Most of the differences between normal persons are differences 
in graded characters. To take another example, many instances 
of abnormalities of the skin have been mentioned in previous 
chapters, but apart from these the skins of normal people differ 
in a host of ways, in colour, in thickness, in texture; to mention 
only a few. These last differences are graded differences, for 
once again it would be possible to arrange a large number of 
individuals in order, and the difference between any successive 
two would be a small one. 

Many graded characters are largely determined by inheritance. 
In the case of bodily stature it has been shown that more than 
90 per cent. of the variability amongst people living in civilized 
communities is to be ascribed to heredity.: The type of inheri- 
tance involved is multi- factor. Many genes are concerned, each 
one alone producing a small effect, the total result being due to 
their combined action. 

In all probability one of the most important characteristics 
of the typical normal gene is that its effect is small. Actually, it 
is of more importance that the effect should be small than that 
it should be harmless. If an effect is very small it cannot by 
itself be very harmful or very beneficial ; it is by the operation 
of natural selection upon such small differences that the species 
pursues its steady, unruffled, evolutionary. course. 

The differences between normal individuals, between strains, 
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between races, are differences in a large number of genes of 
small effect, of genes the possession of which does not exclude 
the bearer from the company of the normal. Racial differences 
sometimes appear sufficiently clear -cut, for example, that in 
skin - colour between the negro and the European. But put to 
the genetic test it is found that even such a difference as this 
depends upon a number of genes. Races of normal people 
become distinct from each other not because of some large 
single -gene difference, but because of the accumulation of a 
number of individually small gene -differences. 

Contrast with all this the gene producing a definite abnor- 
mality, a pariah amongst genes. Each time it crops up, as the 
result of a mutation, natural selection immediately commences 
to operate against its possessors. The species accumulates 
modifying genes which tend to reduce the severity of its effect, 
and even to inhibit its expression altogether : this first of all in 
the less stable simplex state, and then, more slowly, in the more 
stable duplex state. Eventually it may become an acceptable 
gene, but as long as its manifestations are definitely abnormal it 
is not received into the company of the harmless or useful genes, 
the genes of small effect, busily engaged in their task of deter- 
mining the course of development of normal human beings. It 
is a lonely gene and its relations with other genes tend to be 
confined to the modification or the suppression of its effect. 
And the genes accomplishing this modification are normal genes, 
and will usually be numerous. There is little likelihood of the 
abnormal gene establishing some system of interaction with 
another single gene of large effect or with two or three other 
genes. 

The paucity of examples of simply inherited normal traits 
strongly supports the views stated above. Many years of pains- 
taking work have produced the merest handful of results : the 
blood groups, the ability to taste phenyl -thiocarbamide, which 
are extremely subtle differences ; eye - colour and red hair, whose 
inheritance is not entirely free from complication ; these almost 
exhaust the list. 

The analogy of domesticated plants and animals, in spite of 
their great usefulness in biological research, may prove mis- 
leading in this connexion. In them it is true that some of the 
differences between domesticated strains and races are to be 
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ascribed to the action of single genes or to a few individually 
identifiable genes. But, as has already been indicated, the 
stockbreeder has deliberately utilized for his purposes large 
gene -differences which have appeared as the result of mutation. 
Their possessors have been artificially fostered, and it has been 
possible on occasion rapidly to accumulate modifying genes 
which have robbed the mutant genes of their worst effects. But 
such differences have little in common with those found amongst 
normal human beings. Translated into human terms many of 
the efforts of the stockbreeder would be the wildest nightmare. 
To mention only a few instances, there is the amazing diversity 
of the canine species ; the vast quantities of milk poured out by 
the dairy -cow ; the incredible fecundity of the hen ; the patho- 
logical obesity of the prize ox ; the coat of the sheep, which 
would become entangled in every thicket, which attracts the 
destroying blowfly, and, in some cases, if not removed by the 
hand of man, would literally strangle its unfortunate owner. 
Such prodigies can be of rare occurrence/ only, and of minor 
evolutionary importance, in a species such as man, practising 
more or less random mating and living in a more or less normal 
environment. 

Genes determining the differences between normal people 
are of great importance in regard to disease. 
When the members of a species are exposed to a noxious influ- 

ence, a pathogenic micro -organism, unfavourable environmental 
factors, even a single abnormal gene of large effect, individuals 
display differences in their degree of resistance or of suscepti- 
bility. Some of these differences are genetic, and they are 
typically the differences between normal people, the differences 
due to the co- operation of many genes of small effect, the 
differences determined by multi -factor inheritance. The more 
resistant individuals are favoured, so that the genes producing 
resistance become multiplied, while the genes producing sus- 
ceptibility are diminished in number. 

It is a commonplace that individuals do differ in their powers 
of resistance to infection or to other noxious influences, and while 
immunity or relative immunity may often be acquired, it may 
also be inborn, or inborn characteristics may determine to some 
extent its degree. Thus it comes about that some individuals 
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or some family groups are more, or less, resistant than the 
average, and that there are well- marked racial susceptibilities 
and immunities. 

In the case of the graded character, degree of resistance, as 
a hereditary influence in the causation of a particular disease, 
the role of heredity is very different from the part it plays 
when a single abnormal gene is concerned. Let us take as con- 
trasted examples pulmonary tuberculosis and diabetes mellitus. 
Let it be assumed in the case of tuberculosis that genetic con- 
stitution does play some part in determining whether or not 
an individual succumbs ; no one would deny this, though whether 
it is a large or a small part is somewhat controversial. In the 
case of diabetes mellitus let us assume once again that one of 
the factors in its production is a dominant gene expressed in 10 
per cent. of cases. 

In the case of diabetes mellitus, making the above assump- 
tions, a genetic constitution of a particular sort is a necessary 
requirement before the disease can appear. A certain proportion 
of the population bear the gene and are potential sufferers ; 
whether they become sufferers in fact depends upon additional 
influences, genetic or non -genetic, or both. As regards the rest 
of the population who do not bear the gene, they cannot develop 
the disease, however favourable all the other circumstances, 
because this one essential condition is lacking. In regard to 
some diseases it might be that a gene was an essential factor in 
a proportion of cases, while in others a similar effect was pro- 
duced by a non -genetic factor. 

Presumably any one can develop tuberculosis ; however high 
the resistance of an individual, repeated inoculations would 
overcome it. The manifestations of heredity are those of a 
graded character, and of course may become manifest at 
different stages during the production and course of the illness : 

there may be varying susceptibility to the invasion of the 
organism, or varying degrees of resistance to the spread of the 
established disease. 

There can be no a priori arguments about the importance of 
hereditary differences in resistance and susceptibility ; the only 
test is the test of observation. If related individuals tend to 
resemble each other in this respect more than do strangers, 
heredity may be involved, or else family groups are tending to 



232 MULTI- FACTOR INHERITANCE 

share in common some important environmental factor. Further 
tests may suffice to distinguish between these possibilities, to 
yield some estimate of the importance of the part played by 
heredity and to reveal the nature of . the co- operation between 
the genetic and non- genetic factors. Sometimes it will be found 
that heredity is of much importance, sometimes of relatively 
little importance, and often that its importance is different in 
different environmental circumstances. 

Of course it is quite possible that in certain individual instances 
susceptibility may be so pronounced that it must be held to 
transcend the limits of the normal ; this point is discussed 
further in Chapter IX. But extreme and unusual susceptibility 
may be regarded as an abnormality, admittedly more subtle 
than, but essentially equivalent to, an outward malformation 
like brachydactyly. Extreme susceptibility in this sense may 
in fact be due on occasion to a single gene ; an example is shown 
in Fig. 94. But as in the case of more obvious abnormalities, 
such instances tend to be rare. Within what may be regarded as 
a reasonable range of genetic normality there are certain graded 
characters, less obvious than, but of similar nature to, those 
which determine the infinite variability of the colour of the skin 
or of bodily stature ; variations due to these less obvious graded 
characters produce effects of varying degrees of importance, in , 

various inter -relationships with non -genetic factors, and at 
various stages of various disease processes. 

The inheritance of traits determined by many genes. 
Inherited differences in normal people in respect of a graded 

character depend upon the combined action of many genes. 
Most produce a small effect, though some may produce some- 
what larger effects ; the effects of some genes are additive ; some 
effects depend upon the interactions of genes some gene pairs 
display dominance and recessiveness, while some exhibit inter- 
mediate inheritance. 

It might well be thought that this picture, in no wise exag- 
gerated, is so hopelessly complex that the chance of making any 
sort of useful analysis would be small indeed, and especially 
so in man, there being no possibility of planned experiments. 
Fortunately this is not the case, and it is possible even in man 
usefully to study multi- factor inheritance. 



MULTI- FACTOR INHERITANCE 233 

The methods employed are those of biometry -the science of 
measurement of living things. The medical student, if not 
already familiar with elementary statistics, would find such 
knowledge of great utility, for it is being applied to medical 
science with an ever -increasing frequency. Enough is easily 
learned to gain an insight into many diverse problems, of 
which those of genetics are only a few. The subject is fully 
expounded in text -books, and it is not proposed to cover 
the same ground in this book. But if the non -mathematical 
reader does not feel disposed to master the meaning and use 
of variances, standard errors, and regression coefficients, 
there is a particularly useful analogy which should enable 
him to form a clear picture of the effect of multi- factor in- 
heritance in the determination of a graded character. The 
analogy in question represents a notable mathematical ad- 
vance, the beginning of the union of genetics and biometry, 
and once again it is not surprising to find that scientific pro- 
gress is linked with the possibility of presenting in a very 
simple way what would otherwise be a somewhat complex 
collection of facts. 

It has been deduced that if a large number of genes determine 
a result, in the manner indicated at the beginning of this section, 
then the behaviour of the trait in question is similar to the 
behaviour of a trait depending upon a single gene pair not dis- 
playing dominance and recessiveness, i.e. the duplex state being 
intermediate. 

Bodily stature will again serve as an example. Let us fix 
arbitrary limits (separately for men and women) such that one- 
quarter of the population falls above the upper limit, one- 
quarter below the lower limit, and therefore, of course, one -half 
between the two limits. The population has now been divided 
into three arbitary classes, tall, medium, and short. Let it be 
supposed that a single gene pair, not exhibiting dominance and 
recessiveness, is responsible for these differences; as has just 
been stated, the effect is very similar to the combined action of 
the many genes which are really responsible. Then the genetic 
constitution of persons of the three groups is as follows : 

Tall . . TT 
Medium . . Tt 
Short . tt 
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The result of the mating of various types is : 

Parents Children 
TT x TT All TT 
TTxTt +TT, ¡Tt 
TT x tt All Tt 
Tt x Tt TT, , Tt, ¡ tt 
Tt x tt I Tt, t tt 
tt x tt All tt 

Given random mating (which is not strictly true because, 
contrary to some popular beliefs, like tends to mate with like), 
the following results can be deduced : 

1. Tall . fathers, or mothers, tend to have children half of 
whom are tall and half medium. 

2. Medium fathers, or mothers, tend to have children a 
quarter of whom are tall, half medium, and a quarter short. 

3. Short fathers, or mothers, tend to have children half of 
whom are medium and half short. 

It is almost equally easy to deduce the following results : 

1. Tall persons tend to have sibs who are tall, medium, and 
short in the proportions 4 : 4 : 1. 

2. Medium persons tend to have sibs who are tall, medium, 
and short in the proportions 3 : 8 : 3. 

3. Short persons tend to have sibs who are tall, medium, and 
short in the proportions 1 : 4 : 4. 

It will be realized that the analogy between multi- factor 
inheritance and inheritance determined by a single intermediate 
gene pair must not be interpreted too literally. The division of 
stature into three classes is arbitary. Nevertheless, in two 
respects particularly the analogy may be strictly applied. In 
the first place, the average stature of large numbers of persons 
resulting from particular matings, or of large numbers of sibs of 
persons of given height, may be deduced. For example, in 
terms of the analogy, matings of tall and short parents yield 
average offspring. This is true in the sense that the mean 
height of a large number of such offspring would be close 
to the average for the population; the majority would be 
grouped not far from the mean, and as the distance from the 
mean is increased, the proportion of offspring falling into those 
classes would diminish rapidly. 'Again, matings of medium 
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parents yield tall, medium, and short offspring in the proportion 
of 1 : 2 : 1. The mean height of a large group of offspring would 
also be close to the average for the whole population as in the 
last case, diminishing proportions being found at increasing 
intervals from the mean. 

In the second place, the analogy gives an excellent picture of 
the extent to which relatives tend to resemble each other in 
regard to a graded character determined by many genes. The 
tendency of various kinds of relatives to resemble each other, 
or to differ, is the same as it is in the case of a character deter- 
mined by a single, intermediate, gene pair. 

It may be asked whether dominance makes any difference, 
i.e. if there is any disturbance due to the fact that some or many 
of the gene pairs concerned display dominance and recessiveness. 
As long as the dominance operates equally in both directions, for 
example, in the case of stature, if the number of dominant genes 
determining greater stature is about equal to the number of 
dominant genes determining smaller stature, then the central 
tendencies mentioned above are unaffected. There is an effect, 
however, for if many of the gene pairs concerned exhibit domi- 
nance, parent and child do not resemble each other quite so 
closely as do sibs, whereas if the genes concerned were all 
intermediate, the degree of resemblance would be the same in 
both cases. The actual magnitude of this effect is not very 
great. 

In some instances it might be found that the majority of the 
genes showed dominance in one direction. This is true of 
stature, for it is found that there is a general tendency for 
shortness to be dominant to tallness. For example, two short 
parents occasionally have tall children, while two tall persons 
very rarely have a short child. 

It is obvious that the greater the deviation from the mean 
shown by a group of people, the greater the tendency for their 
relatives to diverge from the mean in the same direction. In 
this connexion it may be helpful to explain one direct conse- 
quence of the operation of the laws of chance : regression to the 
mean. Let us consider once again the division of the population 
into three stature groups : tall, medium, and short. A second 
generation will not differ materially from the first, and so will 
contain the same three classes in the same proportions. Now it 
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is true that tall parents will have, more' tall offspring than will 
medium or short parents ; nevertheless, medium parents will 
have some tall offspring and short parents will have a few. 
The equilibrium is preserved by the fact that tall parents will 
have many tall children but also some medium children and a 
few short children. On the average, therefore, if the offspring 
of a large number of tall parents are measured, these will not be 
as tall as their parents, although they will be taller than the 
offspring of any other stature class. Similarly, short parents 
will, on the average, have children who are somewhat taller than 
themselves. These relations will still . be true even if the tall 
persons marry only tall persons and the short persons only short 
persons, but the tendency of offspring to be nearer the mean 
than their parents, Le. the regression to the mean, would not be 
so marked. 

Let us consider a more extreme fraction and substitute 
general intelligence for stature (the two characteristics behave 
in a very similar way). The cleverest 1 per cent. of the popula- 
tion in one generation will be very similar in native endowment 
to the cleverest 1 per cent. in the next, but it could not be 
expected that the cleverest 1 per cent. of the first would be 
parents of all the cleverest 1 per cent. in the next, for some of 
the very cleverest children will be the offspring of parents who 
are slightly or definitely or greatly lower in the scale of intelli- 
gence. Thus it is perfectly true that a large group of extremely 
clever men would have sons who were, on the average, not as 
clever as themselves, and this would be true even if they married 
equally gifted women. Nevertheless, the sons of this very gifted 
fraction would themselves be far above the general average, 
and would, of course, be superior, on the average, to the sons of 
any other fraction lower in the scale of intelligence. In precisely 
the same way the parents of the cleverest 1 per cent. of 
children would not be as gifted as their children, though superior 
to the parents of any other fraction. 

Just as relatives may resemble each other or differ in a family 
group exhibiting the presence of a single gene pair, so in respect 
of a multi -factor trait may relatives tend to resemble each other 
or tend tó differ ; the one difference is that the latter trait 
exhibits continuous variation, and so large numbers must be 
observed if anything like the full range of possibilities is to be 
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realized. By reflecting on the analogy which has been made the 
basis of this section, the non -mathematical reader will gain a 
good insight into the strength of these resemblances in cases in 
which multi -factor inheritance is solely or very largely respon- 
sible. By translating stature into terms of inherited resistance 
and susceptibility an understanding will be obtained of the role 
of heredity in regard to many disease processes. In these, 
however, it will usually be found that inheritance is not as 
important as it is in the case of stature, but the appropriate 
adjustment is easily made ; all that is necessary is to reduce in 
imagination the extent to which relatives tend to resemble each 
other. 

It should perhaps be stressed once again that a knowledge of 
elementary statistics is very useful in medical science, for those 
who acquire it are able to form more precise conceptions in 
regard to this and other problems, and to think in terms of 
actual figures instead of analogies, however useful. 

An example illustrating the consequences of multi- factor 
inheritance. 
General intelligence, which may be regarded as basic native 

intelligence, can be measured in children with much success by 
the application of suitable tests. Needless to say, temperamental 
qualities are also of much practical importance, but these are not 
measured by the tests. General intelligence in this sense is 
closely related to the potential capacity of the individual, 
though what use the individual makes, or is permitted to 
make, of his endowments is another matter. 

No one doubts that general intelligence, as measured upon, 
say, the Binet Scale, is determined to some extent by heredity, 
though how great that part may be is somewhat controversial. 
It would probably be denied by many that it is great enough to 
account for 90 per cent. of the variability, as in the case of 
bodily stature, and it is 'believed by the authors of several 
researches that their results point to a figure more like 75 per 
cent. If we exclude low -grade mental defectives, who are to be 
likened to the dwarfs of bodily stature, it is the differences 
between normal people that are being studied, and inheritance, 
to the extent that it is responsible, is multi- factor. 

The following results are based upon a group of 3,400 children 
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of school age, representing a complete cross- section of the 
population. The children received mental tests and on the 
results three special sub -groups were selected. They were : 

1. The brightest 4 per cent. 
2. The middle 4 per cent. 
3. The dullest 8 per cent. 
The sibs of school age of the children of the three groups were 

also tested. Fixing limits i for the test results such that one- 
quarter of the whole.. population would fall above the upper 
limit and one - quarter below the lower limit, and so providing 
three groups of sibs, bright, average, and dull, the results were : 

Children in original group 

Sibs 

Bright Average Dull 

Brightest . 66 33 7 
Average . 36 89 38 
Dullest 14 153 215 

Or turning these figures into percentages : 

Children in original group 

Sibs 

Bright Average Dull 

Brightest 62.3 31.1 6.6 
Average 22.1 54.6 23.3 
Dullest 3.7 40.1 56.3 

It will be noticed that the sibs of the average children realize 
quite closely the expectation 3 : 8 : 3, mentioned on ,page 234. 
Neither of the other groups yield the ratio 4 : 4 : 1; the brightest 
children have more bright than average sibs, and the dullest 
children have more dull than average sibs. This of course is not 
unexpected because, in the first place, the children of groups 
1 and 3 were not just bright or dull as defined above ; they were 
the very brightest and very dullest in the population, so 
naturally a considerable swing would be expected in the direc- 
tion observed. Another factor is this : there is a strong tendency 
for like to marry like ; the bright tend on the average to marry 
each other, and the dull also tend to marry each other. The 
effect is to make sibs more like each other than they would be 
if mating were random. 

1 Bright, Stanford -Binet I.Q. = >113; Average = 91-113; Dull = <91. 
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It should perhaps be said that . some kinds of environ- 
mental influences might behave rather like numerous genes 
acting in co- operation. This would be the case if in certain 
influential environmental particulars the members of family 
groups showed a special tendency to resemble each other, and 
if the environmental factors concerned, deleterious or beneficial, 
were very numerous, acted in different directions, and indi- 
vidually produced only a small effect. In the example here 
quoted it is unlikely that much of the family resemblance is to 
be ascribed to environmental factors, because they have been 
carefully searched for by many observers and almost in vain. 
But in connexion with susceptibility to disease, the possibility 
that environmental factors too may sometimes behave like a 
single intermediate gene must not be dismissed without investi- 
gation. 

This example provides a good illustration of the extent to 
which sibs tend to resemble each other in regard to a graded 
character, the determination of which is to be ascribed largely 
to multi- factor inheritance. It may be translated into terms of 
susceptibility to disease, but, as has been pointed out, with this 
proviso : in very few cases would it be found that the strength 
of heredity was nearly so great. It is easily possible, however, to 
visualize the effect in cases in which the part played by heredity 
is less important. All that is necessary is simply to reduce in 
imagination the extent to which relatives tend to resemble each 
other. 

Predictions based upon the resemblances between relatives 
due to multi- factor inheritance. 
The tendency of relatives to resemble each other in traits 

dependent upon the combined action of many genes may be 
regarded as an average tendency : a statistical or actuarial ex- 
pectation. Given a certain family history, the chances could be 
stated that the child is more, or less, likely than the random 
person to suffer from a particular disease, and by approximately 
how much. Of course all that was said in the preceding chapter 
about the homogeneity of the material applies here too. The 
usefulness of the calculation and its force as applied to an 
individual instance are weakened if a number of cases which 
are fundamentally different have all been added together. 
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Such researches are not easy to carry out, and in particular 
the assessing of the relative parts played by heredity and en- 
vironment may prove an intricate matter. There is no doubt, 
however, that the future will see advances in this field also, and 
the assessing of the influences of multiple hereditary factors will 
play an increasingly important part in connexion with preven- 
tive medicine and with the care of the individual. 



CHAPTER IX 

HEREDITY AS A FACTOR IN THE CAUSATION OF 
DISEASE : SOME GENERAL CONSIDERATIONS 

The approach to genetical researches and their results. 
THERE can be little doubt that the near future will see a rapidly 
increasing flow of publications dealing with the part played by 
heredity in the causation of various abnormalities and diseases. 
Moreover, improvement in methods has been so great that these 
monographs, or reviews, or encyclopaedias will certainly be of a 
more crisp and definite character than the publications of the 
past, containing far less that is vague or general or of doubtful 
relevance, and identifying more surely the precise part played 
by genes, singly or in combination, in the causation of each 
disease. It is hoped that this book will serve as an introduction 
to accounts of researches which otherwise might prove some- 
what technical to the medical reader. It is also hoped that it 
will serve as an introduction to works presenting summaries of 
existing knowledge in regard to particular diseases or individual 
bodily systems, and to those works which present, more 
ambitiously, summaries of what is known as to the part played 
by heredity in the entire human field. 

It is no part of my task to include brief, and therefore neces- 
sarily dogmatic, statements on the influence of heredity in the 
production of various important ailments. If this book were 
addressed to the general reader it would no doubt be useful to 
point out that hereditary constitution is of some importance in 
regard to tuberculosis ; or that hereditary influences play some 
part in determining the production of cancer, and may be recog- 
nized sometimes in regard to general incidence, sometimes in 
regard to a particular site, &c. But the medical reader already 
knows all this perfectly well; he wants to know much more and 
with far greater precision. For this he must be referred to works 
dealing with these special topics, in which evidence is presented 
in sufficient detail for reasonable assessments to be made. And 
it may not be long before the basis will be provided for greatly 
amplified sections, under the heading of aetiology, in text -books 
of medicine and surgery. 

R 
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Of course nothing could be more satisfactory than authorita- 
tively to reveal in a few felicitous sections the precise -part 
played by inborn potentialities in the production of the major 
bodily and mental scourges of mankind. But such a proposition 
has only to be stated for its fantastic nature to become evident. 
The few general considerations treated in the present chapter 
are intended, like the rest of the book, to help in understanding 
the manner in which hereditary influences may react in the 
production of disease, and to serve as a guide in comprehending 
and assessing the knowledge presented in, or based upon, 
special publications. 

Analysis of the part played by heredity in disease. 
Hitherto in this book the existence of genes determining, 

wholly or in some measure, the appearance of abnormality or 
disease has been assumed on the basis of previous work, and the 
consequences have then been pointed out. In practice, of course, 
the problem is presented in the converse fashion. Certain ob- 
servations are made and the part played by hereditary influence 
is then deduced from them. The first sign that heredity may be 
playing a part in the production of abnormality or disease is the 
discovery that relatives tend to resemble each other to a greater 
extent than do strangers. In other words, if the family history 
is taken of a number of persons suffering from some disease, it 
may be found that more of their relatives are similarly affected 
than are the relatives of a control sample of persons not suffering 
from that disease. 

The mere discovery of a familial incidence, however, is not 
necessarily a demonstration that heredity is involved ; more- 
over, even if heredity is responsible for the greater incidence 
amongst the relatives of affected persons, much more must be 
learned before the nature of the hereditary influence -a single 
gene, always or partially expressed, or multi -factor inheritance, 
or different hereditary influences in different cases -can be 
identified. A familial incidence is not necessarily a proof that 
heredity is involved because families tend to share in common 
certain environmental factors, for example poverty, insufficient 
nutrition, and, of course, exposure to the same infection. 

The method of analysis, once an undue familial incidence has 
been found, may follow several lines. For example, if guesses 
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can be made as to environmental factors which might be respon- 
sible, the data may be grouped accordingly. If these environ- 
mental groupings are in fact significant, it will be found that 
the incidences observed are different in different groups. 

An example is provided by mongolism. It has long been 
known that mongols tend to appear late in the family, or, what 
is much the same thing, tend to be born to relatively old 
mothers ; actually it has been shown that it is maternal age and 
not position in the family which is important. The chance of 
having a mongol child rather more than doubles with each 
increase of five years in maternal age. There is a small but 
definite familial incidence, i.e. mongols have, on the average, 
rather more mongol relatives than do non -mongols. If mothers 
who have had at least one mongol child are grouped by age, it 
is found that the proportion of affected children rises steadily 
from the group of youngest mothers up to that of the oldest. 

At the same time as analysis in respect of possibly important 
environmental factors, genetic analysis, too, may be carried out. 
Naturally the most secure basis for a genetic hypothesis is the 
fitting to the data of a Mendelian ratio. Another type of fitting, 
not rendered conclusive quite so easily, is the detection of the 
influence of a gene of occasional or variable expression. Multi - 
factor inheritance, too, may be detected by suitable biometrical 
methods. 

It has been so frequently mentioned throughout this book 
that identical or apparently identical results may be due to 
different causes that it is almost unnecessary to point out that 
any given body of.data may not be homogeneous. In the first 
place, certain general tendencies, i.e. an undue familial incidence, 
may be recognized, and the more likely environmental in- 
fluences tested, but far more precision is then obtained when it 
is discovered that the data are not homogeneous, and by suitable 
classification it may be possible to subdivide them and after- 
wards make a more fruitful analysis in regard to the different 
groups. 

It will also be recognized that hereditary influences may play 
their part at different stages of the disease process. It may be 
that undue familial incidence is first detected in regard to the 
occurrence of the disease as an entity. It may then be found 
possible to split up this general effect. Age at onset, the course 
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of the disease, its site; various clinical or pathological peculiari- 
ties may serve to indicate that different hereditary influences 
are operating in different ways, at different times, on different 
structures, or on different processes, and that these hereditary 
influences are of various kinds. 

Twin studies. 
Observations on twins occupy a special and valuable place in 

researches oñ human genetics. Human twins are of two kinds, 
fraternal and identical. Fraternal twins arise from two separate 
fertilized ova ; it has so happened that at ovulation in the female 
two ova have matured and have been shed simultaneously. If 
both are fertilized two embryos develop, and it is clear that as 
regards genetic constitution they will resemble each other only 
to the extent to which brothers and sisters do who are born at 
different times. And, of course, fraternal twins may be of the 
same or of opposite sex. 

The origin of identical twins is quite different. In this case a 
single fertilized ovum splits into two, very early during develop- 
ment, and two separate individuals are thus produced. Identical 
twins are always of the same sex, depending of course upon 
whether the original fertilized ovum was of the constitution XX 
or XY. Identical twins, as the name indicates, are the kind of 
twins who resemble each other very closely; sometimes friends 
may not be able to tell them apart, and even their parents make 
mistakes. 

As they are derived from a single fertilized ovum, identical 
twins have precisely the same complement of genes, i.e. they 
are of the same genotype, using the word in its wide sense to 
indicate total genetic constitution. Fraternal twins certainly 
tend to have the same genes, but only to the extent that 
ordinary brothers and sisters do so. Both kinds of twins tend to 
share the same environment, and to much the same extent. 
It is evident, therefore, that a comparison of the two kinds of 
twins furnishes very valuable evidence as to the role of heredity 
in the determination of the characteristics of the individual. 

The usefulness of the comparison depends upon the possibility 
of distinguishing between the two sorts of twins. As regards 
extreme cases, and in fact the majority of cases, there is no 
difficulty. Naturally, twins of opposite sex must be fraternal 
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and certain wide differences, for example, a difference in blood - 
grouping, or a marked difference in eye -colour, or hair- colour, 
would also show that the twins were derived from different ova. 
Similarly, extremely close resemblance in a number of charac- 
teristics leaves no doubt that the twins are identical. There 
remains, however, a certain proportion of cases in which it is 
not so easy to determine the category to which the twins belong. 
Unfortunately the nature of the birth -membranes is not an un- 
failing guide, and in any event no record may have been made 
at the time of birth. Certain statistical techniques are of much 
value : measurements may be made and on the basis of the 
comparison of many known sets most of the doubtful pairs may 
be assigned to one category or the other. Finger and palm prints 
are of special value in this connexion. The great majority of 
twin pairs may, with some trouble, safely be classified, but in 
most series of data a very few doubtful cases may remain. The 
existence of these introduces some complication into the inter- 
pretation of twin studies. It should also be pointed out that in 
connexion with biometrical data, the measurements of graded 
characters, twin studies are not always easy to interpret, 
though they are of great value in this as in other fields. 

There is another consideration which complicates twin studies 
to a certain extent. Identical twins, if division has taken place 
relatively late, may exhibit mirror -imaging. For example, one 
will be right- handed and the other left- handed ; the occipital 
whorl of hair will be clockwise in one, anti -clockwise in the 
other ; various bilateral asymmetries may be noted and found 
to be reversed. This mechanism may possibly tend to make 
identical twins rather less alike than they otherwise would be.; 
it is not, of course, to be regarded as a genetic influence. It is a 
notable fact that conjoined Siamese twins are not usually as 
much alike as are ordinary separate identical twins ; this is to 
be attributed to the fact that Siamese twins have separated 
relatively late in the life of the fertilized ovum. It is doubtful, 
however, whether the asymmetry mechanism should be re- 
garded as responsible for much of the observed difference 
between identical twins. 

It is clear that the extent to which identical, as against 
fraternal, twins resemble each other is a useful measure of the 
importance of heredity in determining the trait in question. It 
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has already been pointed out that if a trait is entirely determined 
by heredity, e.g. the blood -groups, identical twins are invariably 
the same, whereas fraternal twins resemble each other no less, 
but no more, frequently than do ordinary brothers and sisters 
born at different times. Studies on twins may provide useful 
information regarding the importance of heredity in the causa- 
tion of disease. For example, it would be impossible to miss the 
significance of one case in which a young woman suffered from 
pernicious anaemia while her identical twin sister, although she 
did not suffer from the disease; had achlorhydria and a colour 
index above 1.0. 

It has been shown that if a large number of twins be studied, 
one of whom suffers from pulmonary tuberculosis, the other 
twin also suffers in a much higher proportion of cases where 
he or she is identical than where he or she is merely fraternal. 
But not all the identical twin sibs of tuberculous persons suffer 
from tuberculosis, which shows that, as might be expected, 
hereditary influences are only a part of those responsible for the 
development of the disease. The influence of heredity is shown 
in other ways in regard to these tuberculous twins, for the 
members of identical pairs both of whom are affected tend to 
resemble each other more than do the affected fraternal twins, 
both as to the site of the lesions and in the mode of onset and 
course of the disease. Another interesting point has also been 
noticed. If one member of an identical pair suffers from pul- 
monary tuberculosis while the other escapes, the prognosis is 
good in the case of the affected twin. The affected twin is a 
person who has succumbed in spite of a relatively high resis- 
tance. The prognosis in the case of a single affected member of 
a pair of fraternal twins presents no special feature. 

As a contrast, the proportions of affected amongst identical 
twin sibs of persons who contract pneumonia is little greater 
than the proportion amongst the fraternal twin sibs of persons 
who suffer from pneumonia. This shows that on the average of 
a large number of cases it does not appear that heredity is a 
factor of much importance in the production of this disease. 

Schizophrenia exhibits a relatively high incidence amongst 
sibs as against other relatives of affected persons, and consan- 
guineous marriages amongst the parents are unduly frequent. 
It is probable that a recessive gene, or genes, is involved in 
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many cases. But it is found that while far more identical twin 
sibs are also affected than are fraternal twin sibs, the concor- 
dance in the case of the identical twins is not complete. For 
this reason it has been suggested that the gene (or some of the 
genes) for schizophrenia is not always expressed, although it is 
recessive ; the figure of 60 -70 per cent. for frequency of expres- 
sion has been given. It is also found that the features of the 
disease in two members of an identical pair may be different. 

Thus, in spite of some difficulties of interpretation, it is suffi- 
ciently obvious that twin studies are very valuable in the 
assessment of the role of heredity in the production of human 
diseases. 

Graded characters and extreme variations. 
It has been pointed out that graded characters, characters 

determined or partially determined by multi -factor inheritance, 
may be of much importance in the causation of disease. 
Individuals may differ, forming a continuously graded series, in 
respect of various features, anatomical, physiological, immuno- 
logical, which are of consequence in determining whether the 
individual contracts a particular disease. 

It will be realized that extreme variants making for suscepti- 
bility present problems of special interest. Once again let us 
take bodily stature as an example. Some very short people are 
short simply because they possess a large accumulation of genes 
determining shortness ; they represent one extreme of the range 
of variability found amongst ordinary people. Whether they 
should be regarded as being abnormal is a matter of opinion, 
and may be decided by reference to a social criterion : do these 
persons fit into the ordinary social scheme, or does their exis- 
tence raise special problems for the community ? In the case of 
bodily stature the answer is an easy one: there is no reason why 
very short people should be regarded as abnormal, for they do 
not raise problems of any particular difficulty in present -day 
conditions of life. Of course, there is a certain tendency for some 
other and more serious faults of development to be associated 
with a reduction in stature also, but it is the associated faults 
that are important and not the mere shortness itself. 

Shortness of stature may, however, be the result of a definite 
pathological process. Dwarfs are not common, but, on the other 
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hand, they are not particularly rare. And there is a number of 
types, some of which are illustrated in Fig. 93. First of all 
dwarfing may be due to rickets, which in present -day circum- 
stances must be regarded as essentially a non- genetic condition. 

FIG. 93. Some varieties of dwarfs, with a normal man for comparison. 
From left to right: 

Cretin . 

Age 
Yrs. 

. 30 

Height 
ft. ins. 
2 11f 

Midget (Ateleiotic dwarf) . 20 , 3 3 
Midget (Ateleiotic dwarf) . 28 3 4f 
Achrondroplastic dwarf . 27 3 9 
Achrondroplastic dwarf . 47 4 0 
Normal Indian . .. 5 6f 

(Rischbieth and Barrington.) 

Another type of dwarfing is due to cretinism. In this case 
genetic and non -genetic influences are jointly responsible, for 
while it is true that cretins tend to occur in certain areas in 
which there is an iodine deficiency, not all the persons exposed 
to apparently the same unfavourable conditions display the 
disease, and these differences show clear evidence of some degree 
of genetic determination. 
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Another type of dwarf, illustrated in Fig. 93, is the true 
midget, or ateleiotic dwarf ; it is doubtful, however, whether 
they represent a single clinical type. The skeleton tends to 
remain in the state found in a child. Many parts normally bony 
remain cartilaginous, and some epiphyses and centres of ossi- 
fication do not appear at all. There is the clearest evidence of 
hereditary transmission, though it does not conform to any 
uncomplicated single- factor type. Perhaps the most likely 
hypothesis is a gene, or genes, of occasional expression, together 
with, perhaps, a relatively high mutation rate. 

Yet another type of dwarfism, illustrated in Fig. 93, is that 
due to achondroplasia, a type very familiar to most people, 
for achondroplastic dwarfs are frequently seen in theatrical 
variety shows. They display the same range of intelligence 
as do normal people. Dwarfs of this type were frequently 
court jesters in medieval and later times, and have often pro- 
vided models for painters. Some of them attained positions of 
eminence. 

The condition of the skeletal system is quite different from 
that found in ateleiosis, for there is arrest of development and 
premature bony union. The long bones of the limbs are espe- 
cially affected, while the membrane bones of the skull and the 
bones of the trunk generally are little affected. Again the con- 
dition is found to be essentially hereditary, and probably the 
majority of cases at least can be explained on the basis of a 
dominant gene, with a high frequency of expression, but with 
a high mutation rate, so that a considerable proportion of cases 
encountered is directly due to mutation, or to a mutation one 
generation earlier. Until the days of Caesarian section it was 
practically impossible for an achondroplastic woman to produce 
a living child. Families are now on record, however, in which 
the gene has been transmitted through several generations with- 
out any departure from the characteristics of simple dominant 
inheritance. 

Similarly, at the other end of the scale, exceeding even the 
tallest normals are the rare pathological giants. 

We see, therefore, that if a graded character like bodily 
stature is studied, at the extreme ends of the range of variation 
there are found individuals who are certainly abnormal and who 
owe their abnormality not to the accumulation of many genes of 
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small effect all producing a cumulative action but to single - 
factor abnormal genes, or to environmental causes, or to the 
joint action of abnormal genetic and non -genetic influences. 

It is true that in this instance the abnormal variants fall out - 
side the range of normal variation, but this may not always be so. 
It might be found that a relatively extreme variation was due 
to a single abnormal genetic or non -genetic cause, but tat it was 
not so extreme as some of the results of the concentration in one 
individual of many of the genes of small effect ; in other words, 
the abnormal' and `normal' extreme variations might overlap. 
Even in the case of stature there is an indication of this, for 
some pathological dwarfs may be taller than African pygmies, 
who of course are to be regarded as an extreme normal racial 
variation, and who no doubt owe their small stature to the usual 
cause of racial differences -the possession of many normal genes 
of small effect. 

Another obvious example may be mentioned briefly, for in 
this case the extreme minus variations in the range of multi - 
factor effects cannot be regarded, socially, or perhaps medically, 
as entirely normal. This is the graded character, general intelli- 
gence. The majority of persons who fall below certain low levels 
are unable to cope with modern conditions of life, and need care 
and supervision, institutional or otherwise. Yet they are merely 
extreme variants in one direction, due, in so far as heredity is 
responsible, to the operation of multi -factor inheritance in the 
determination of general intelligence. 

There exist, however, other types of mentally defective per- 
sons, corresponding roughly to the legal classification of idiots 
and imbeciles. These persons owe their state to the operation of 
single influences, or simple systems of influences, of large effect. 
Sometimes they are genetic, sometimes non -genetic, but most 
often, in all probability, both types of influence are concerned 
to some extent. Another point of interest is that there is a 
certain amount of overlapping ; a few at least of those who owe 
their backwardness to the joint effect of many genes may be 
lower on the scale of intelligence than some of those whose 
mental deficiency is due to the action of definitely abnormal 
factors. 

These obvious cases are helpful in the consideration of the 
much more subtle graded differences which may be factors in 
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the causation of ordinary and common diseases. Ordinary 
degrees of resistance or susceptibility to the extent that they 
are genetic may be determined by multi- factor inheritance. But 
it is always possible that extreme degrees of susceptibility may 
depend upon abnormal genetic or non -genetic influences just as 
in the case of dwarfism. Thus the investigation of a large 
number of family histories of patients suffering from some com- 
mon disease may show some degree of familial concentration, 
marked or slight, and in general this concentration will display 
the features of multi -factor inheritance. But very occasionally a 
family group will be encountered in which the incidence of that 
particular disease is so marked, it may be, so phenomenal, that 
it is very likely that some special and extreme hereditary sus- 
ceptibility exists. 

An excellent example is provided by the family group of 
Fig. 94. One out of eleven sibs was affected by an extreme 
tendency to inflammation of the nasal sinuses, and, as will be 
seen from the pedigree chart, the same tendency has been shown 
by many of his children and grandchildren. The inflammation 
was of a chronic relapsing type, affecting the frontal, maxillary, 
and ethmoidal cavities, the middle ear also being affected in 
some instances. Most of the cases exhibited empyema. The 
slightest rhinitis brought on severe relapses. Medical and sur- 
gical treatment was of little avail. The ten sibs of the original 
sufferer did not suffer from sinusitis, and in the case of one 
brother eleven children and twenty -one grandchildren exhibited 
nothing of note, except that one male who died at the age of 23 
was said to have suffered from catarrh of the frontal sinuses and 
another had acute otitis media, a very ordinary record for a 
group of thirty -two people. The ,descendants of both brothers 
lived in very similar circumstances in Berlin and in various 
towns in the Rhineland. 

It will be noted that this extreme susceptibility to very severe 
infection has behaved just as though it were determined by a 
dominant gene expressed in a very high proportion of cases. 
Two persons in generation II shown as unaffected had affected 
children, but in the case of one of these there was some history 
of nasal trouble. 

In all probability, if the family histories of a large number of 
unselected cases of nasal sinus infection were studied, it would 
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be found that there was little evidence of any hereditary deter- 
mination, but, as in this case, very occasionally it might be 
found that there was quite unusual and extreme susceptibility 
with every indication of simple genetic determination. Such a 
case is to be regarded as a rare abnormality, like brachydactyly 
for example. Of course, it is of a much more subtle character, 
though had it been possible in the cases of Fig. 94 to make 
thorough pathological studies it is conceivable that the mechan- 
ism underlying the susceptibility might have been revealed. 

It should be borne in mind, therefore, that while general ob- 
servations, or studies on large numbers, or twin studies, may 
show that on the average there is little tendency for relatives 
to resemble each other more than do strangers, it is likely that 
in connexion with many diseases, those due to micro -organisms 
amongst the rest, every now and then some rare gene determines 
an extreme of susceptibility which is something quite outside 
the ordinary range of normal variability. And this may be so 
whether heredity, in the shape of multi- factor inheritance, is of 
importance or not in the causation of disease in the usual case. 
For example, twin studies show that hereditary constitution is 
apparently of little moment in determining whether a person 
develops lobar pneumonia or not. But one or two family groups 
have been described which show an amazing concentration of 
cases, far too many to be reasonably explained on the basis of 
chance distribution. It should not be assumed, therefore, that 
the remarkable pedigrees showing extreme concentration of 
certain relatively common diseases in certain family groups can 
be dismissed as the result of chance. It is far more likely that 
they are evidence, of the type discussed in this section, of special 
rare abnormal factors. 

The discovery that heredity is a factor in aetiology is not an 
indication that further medical progress is impossible. 
It might sometimes be thought that it was considered almost 

irreligious to advance the hypothesis that heredity was a factor 
in the production of this or that condition. Once let it be ad- 
mitted, so runs the argument, that heredity is an important 
factor in the production of tuberculosis, and a deadly blow will 
be struck against the whole system of prevention -and besides, 
how depressing for the patients and their relatives to be told a 
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thing like that. Or how terrible to admit that the most impor- 
tant single factor in the aetiology of mental deficiency (con - 
sidered as a whole.) is heredity -how inhibiting to researches 
which might lead to prevention, and again, how cruel to inform 
the unfortunate parents of such a fact. 

It is not, of course, that any scientifically minded person would 
refuse to accept irrefutable and plain evidence ; it is more a 
tendency to require of an hereditary hypothesis that it must be 
tested and retested, and completely established beyond any 
faintest shadow of doubt in the mind of the most perverse critic, 
before it is, at long last, reluctantly accepted: then to appear, 
perhaps, as the sort of proposition that has been accepted without 
question by the stock -breeder for some thousands of years. A 
genetic hypothesis is not, on the above view, to be treated equally 
with other hypotheses, to be used as a convenient experimental 
tool, knowledge being built up gradually as incorrect hypotheses 
are discarded or modified. There is a general reluctance to accept 
an hereditary hypothesis as a portion of, or one of, a working 
hypothesis or hypotheses, playing its due part in the advance- 
ment of knowledge, and serving, until more perfect knowledge 
is forthcoming, as the basis for the best means of treatment 
available at the moment. 

Such a gloomy and negative view of the influence of hereditary 
constitution in the production of disease is surely quite unjusti- 
fiable. It is true that if an abnormality is solely due to the 
presence of a gene, and the presence of the gene always results 
in the abnormality, no method of treatment can save the bearer 
of the gene from exhibiting the trait. But even here curative 
measures are not always out of the question. The polydactylous 
or syndactylous hand or foot may sometimes be rendered more 
or less normal by operation, and it is not impossible that treat- 
ment may be devised that will correct the anomaly of the blood 
in the haemophiliac. Moreover, it may in the future prove pos- 
sible on occasion to inhibit the expression of a gene and so bring 
it into the category next to be discussed : that of the genes which 
are not always expressed. 

It has been emphasized throughout this book that the vast 
majority of simply inherited abnormal traits are rare; it is not 
these that the critic has in mind in advancing his caveats, 
though the impression they have made may be responsible for 
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the background of arguments in other fields in which such cases 
are of little relevance. 

We have seen that the existence of many single genes produc- 
ing abnormalities can be inferred, but the effect is not produced 
in all cases. It was pointed out that in all probability many 
relatively common and important diseases behave in this way. 
The additional influences whose presence is also necessary if 
mere possession of the gene is to lead to the appearance of the 
trait itself may be other genes, but will often be environmental 
influences, or other genes and environmental influences may be 
jointly responsible. In any such instances there is always the 
hope that the environmental factors concerned may be identified 
and their effect counteracted or abolished. 

If, once again, it is accepted for the purposes of argument 
that underlying diabetes mellitus is a dominant gene expressed 
in about 10 per cent. of cases, this fact has not interfered with 
the discovery of insulin and its clinical application. If it is 
accepted that a gene, sometimes manifest, underlies a group of 
variable effects including hypochlorhydria, achlorhydria, raised 
colour -index, and finally pernicious anaemia and sub -acute com- 
bined degeneration of the cord, this has not militated against 
the success of liver therapy. In short, as long as factors con- 
trollable in the individual are a part of the scheme of causation 
there is always the hope that means will be discovered not only 
to treat the condition successfully, but also to prevent its 
appearance altogether. 

The recognition of a gene as an essential factor in aetiology 
is not merely no impediment to success in therapy ; the recogni- 
tion of its presence may simplify the task of the research worker 
and be of assistance in the treatment of the individual. If it can 
be established that only a proportion of the population, the 
bearers of a particular gene, are susceptible to a certain disease 
the task of identifying the other factors responsible is obviously 
made easier. 

One of the difficulties often confronting the investigator is that 
while a given noxious influence may be almost certainly con- 
nected with the appearance of a condition, it seems only occa- 
sionally to produce its effect. There are strong statistical and 
other grounds for supposing that alcohol has a connexion with 
cirrhosis of the liver ; but only a small proportion of alcoholics 
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develop the disease, while persons who never take alcohol may 
do so. But suppose that it were discovered that only a minority 
of the population, conceivably perhaps the bearers of a gene, 
were able to develop the disease in any circumstances, or even 
if it were discovered that there were very different grades of 
inherited susceptibility, how much easier would become the task 
of interpretation. A clear recognition of genetic susceptibility 
might be the best approach to the identification of the con- 
trollable factors. 

If the proposition of a single gene were established in such a 
case, preventive measures would become easier to apply. A man 
might see little reason for curtailing his consumption of alcohol 
because a very small proportion of his intemperate fellows con- 
tract cirrhosis of the liver. But if he knew that his genetic 
make -up was such that any undue indulgence would be ex- 
tremely likely to have this unfortunate result, his opinion might 
be a different one. And large numbers of the population who 
for genetic reasons were almost or quite immune need not be 
bothered about a danger that did not apply to them, as regards 
this disease at least. Or suppose that a definite genetic basis 
were found for the liability to develop peptic ulcers : onerous 
dietary rules could then be reserved for those who needed them. 

The knowledge that a special hereditary susceptibility existed 
might sometimes lead to the institution of earlier treatment 
than would otherwise be the case. These considerations of 
prevention and early treatment would become even more im- 
portant if routine medical examination at intervals (particularly 
when applied to family groups) becomes a popular practice. 

The foregoing considerations apply also to instances in which 
multi -factor inheritance is concerned. A recognition of the 
existence and importance of varying grades of susceptibility 
could not fail to be helpful in research and treatment. 

So far, then, from the discovery of hereditary influences in 
regard to a given condition proving a misfortune,, that discovery 
may be the beginning of more fruitful research. And so far from 
a frank admission of its importance leading to an attitude 
of therapeutic hopelessness, it may be just this one piece of 
enlightenment that is needed to revitalize a campaign for pre- 
vention, or for the institution of early treatment. Preventive 
measures cannot fail to gain in effectiveness when they are 
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aimed at the people who need them instead of indiscriminately 
at the whole population. 

The attitude of the patient to hereditary abnormality and 
disease. 
The gloomy and negative attitude of some medical men 

towards a recognition of the importance of hereditary constitu- 
tion has its counterpart in quite illogical fears and feelings of 
guilt on the part of many patients. Hereditary disease often 
has awful Biblical associations, or is connected with fears of 
syphilis, or with feelings of remorse for past indiscretions. It is 
surprising how often even educated people imagine that such an 
event as the birth of a child with hare -lip and cleft palate is the 
result, for example, of previous over -indulgence in alcohol. And 
these fears will often be concealed from the doctor. 

In view of the prevalence of such wrong beliefs, the medical 
man will surely be wise to have a simple explanation ready, and 
even to provoke questions on the subject. It can very simply 
be explained that certain qualities are hereditary -for example, 
the colour of eyes or of hair -and that other characteristics, not 
so harmless, are also hereditary. Many hereditary qualities lie 
hidden, and neither the person himself nor any one else can 
know which he possesses. What comes to light in the child is a 
matter of pure chance, and just as the child may have red hair, 
or be very tall, or may later become bald or grey unusually 
early, so he may happen to manifest a serious abnormality ; for, 
in all probability, at least a few undesirable hereditary qualities 
lie latent in us all. It is the purest accident; nothing could 
have been done to prevent it ; it is no one's fault. Some such 
simple exposition may well dispel an ugly cloud. 

It is curious that it should sometimes be considered cruel to 
tell a woman that her child owes its mental deficiency to 
heredity. If her child had suffered because of lack of suitable 
food, or of sufficient clothing, or because of exposure to needless 
risks, there would be some reason for remorse, but she need feel 
no guilt about an accident as little under her control as if her 
child had been struck by lightning : unless, indeed, she happened 
to be mentally defective herself, in which case the problem 
would be unlikely to worry her. 

s 



CHAPTER X 

A FEW NOTES ON THE RECORDING OF GENETIC 
DATA 

Tags book is not a manual for research workers on human 
genetics, and if genetic data did not present certain peculiar 
features there would be no reason for including the brief notes 
which form the present chapter. One peculiar feature about 
genetic observations is that they are so frequently made inci- 
dentally during the course of work primarily concerned with 
other departments of medicine. Thus a physician comes across 
a family group displaying a rare hereditary abnormality and 
decides to place the facts on record; actually far more accounts 
of the transmission of rare traits have been published by such 
observers than by research workers, with a special interest in 
genetics, who have searched for cases. Another source of genetic 
information is the recording and analysis of family data ob- 
tained during the course of statistical, clinical, or pathological 
researches, of which the genetic interest is secondary. 

A further peculiarity of genetic observations is that they do 
not lose their usefulness with the passage of time. Unlike 
observations in most departments of medicine, which are com- 
paratively rapidly replaced by the new results of newer methods, 
fresh genetic observations are simply added to the old. In 
many fields of research it would be true to say that if the re- 
search worker knows the literature of the previous ten years he 
will seldom have to concern himself with older work; for the 
practical purpose of planning his own observations the older 
work, confirmed, corrected, modified, superseded, by the new, 
will be adequately summarized for him in a few reviews or mono- 
graphs. In contrast to this, a careful family history may be 
more useful a hundred, or two hundred, or any number of years 
later than on the day upon which it was written. 

Little need be said about the recording of family histories of 
rare hereditary abnormalities ; the requirements will be suffi- 
ciently obvious to any reader of this book. It is almost unneces- 
sary to stress the fact that negative information is as important 
as positive information, so that all available relatives should be 
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described, whether they are . affected or not. The nearest rela- 
tives are the most important, parents, sibs, and children, and 
every effort should be made to give an adequate description of 
all of these, including, of course, such particulars as sex, age, 
&c.,in addition to clinical data. Information about more distant 
relatives may be obtainable and the same regard should be paid 
to completeness. Should it prove impossible to obtain informa- 
tion about any particular relative of the generations and 
degrees of kinship studied, the reason for the failure should be 
stated. 

Consanguineous marriage is a point of special importance, 
and this information should always be obtained if possible. If 
the information is negative it is most necessary to record that 
fact. A further point is that for some purposes it is very 
helpful not merely to state the relationship between husband 
and wife but to specify it exactly ; for example, not merely to 
state that husband and wife are first cousins, but that, say, the 
mother of the husband and the father of the wife were brother 
and sister. 

The usefulness of a family history depends, of course, upon the 
firm establishment of the diagnosis, and, in cases of more detail, 
upon any relevant clinical or pathological examination. Some- 
times it may be possible to secure quite good second -hand 
information, e.g. from relatives, but it is important to state the 
nature of the evidence upon which the diagnosis has been based. 
In an extensive study it might be useful to classify the indi- 
viduals according to some such grouping as : certainly affected, 
almost certainly affected, possibly affected, certainly unaffected, 
almost certainly unaffected, unknown, &c. But it is far pre- 
ferable to append, in addition, notes on each individual, quoting 
the evidence itself. 

Throughout this book the importance of frequencies has been 
stressed, and, even in connexion with a single family group 
displaying a rare abnormality, the recorder may be able to help 
subsequent workers who are using his material together with 
that of others. If the observer has never encountered any other 
case of the abnormality in question it would be helpful to state 
the fact. Or he might be able to say, for example : `During the 
past ten years my records show that I have seen in hospital or in 
private four cases of epidermolysis bullosa ; of these three were 
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apparently sporadic, no history of any other case in the families 
having been obtained ; the fourth is the subject of the present 
paper.' Or else it might be possible to say: `I should estimate 
that during the past ten years I have seen approximately ten 
cases of optic atrophy of the Leber type. No history was 
obtainable of any affected relative in any of those cases. the 
present instance....' 

Of course the ideal would be for each observer to state his own 
complete experience, of the condition in question during a given 
period of time. It might be that his notes were still available, 
or some patients might be communicated with again. But even 
if the observer has few notes available, or has to rely largely 
upon memory, some statement as to frequency would always 
be worth while recording. He should also distinguish between 
those cases which he saw as new patients, i.e. primary cases in 
the genetic sense, and those which he saw because he had already 
seen an affected relative ; these are, genetically speaking, 
secondary cases. 

There is, however, another type of investigation,' in which 
genetic information is obtained for a large series of cases of some 
relatively common condition. Such an investigation might be 
essentially a piece of genetic research, and in that event it is 
unnecessary to say anything further in an elementary book. 
But often there is the possibility of incorporating a genetic 
study in a scheme the main interest of which may not be genetic. 
Actually, genetic investigations could easily and very profitably 
be incorporated in any schemes of research which involve 
the investigation of large series of unselected cases. In this 
connexion a few notes may prove helpful. 

In the first place there is no need to be daunted because of 
the difficulty of seeing, or obtaining information about,,remote 
relatives. ' The close relatives are much more important. 
Actually, records of parents, sibs, and children only, with inquiry 
as to consanguineous marriages, would be thoroughly adequate 
for some of the most useful studies. Even less than this could 
be utilized. For example, records of sibs alone may yield 
many kinds of genetic information ; it has already been pointed 
out that, given sufficiently large, numbers, genetic linkage can 
be detected amongst sibs without any knowledge being neces- 
sary as to other relatives. While the inclusion of more remote 
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relatives would certainly be useful, it would be easy to over- 
estimate its value, which often would not justify the extra 
work involved. It may be stated quite definitely, therefore, that 
full, accurate, and systematic observations on close relatives 
are much the most important requirements. 

By far the most important point, however, concerns the 
selection of the cases, and it is uncertainty or definite bias in 
this respect which not merely robs many records of all 
genetic value, but which may produce results literally worse 
than useless. The medical research worker is fully alive to the 
necessity for a good selection of cases from the point of view of 
the clinical features they present, though statistical refinements 
would sometimes help him more successfully to translate his 
aspirations into practice. Now the genetic characteristics of a 
case are, at the simplest, the number of affected and unaffected 
relatives of various degrees of relationship. Bias in this matter 
is far less obvious. Yet its effect is just as disastrous from the 
genetic point of view as would be gross bias, from the clinical 
point of view, in the selection of cases in regard to some 
important feature. 

The modern methods available for the analysis of data depend 
entirely for their applicability and the reliability of the results 
they yield upon the nature of the ascertainment of cases. From 
the point of view of the observer, the requirements need not be 
intricate, but they must be rigid, and must be adhered to 
scrupulously. To the extent that this consideration is neglected 
so will uncertainty creep into any interpretation of results. 
One method of ascertainment, an obvious and a good one, 
would be to collect all the cases of a given condition in a given 
area on a given date. If this were done a body of data 
would be obtained which would lend itself very readily to 
analysis. It will be realized, however, that this requirement, 
though simple in theory, would usually be highly trouble- 
some in practice. Fortunately there is another method of 
procedure which lends itself far more conveniently to the usual 
routine. 

If consecutive cases are recorded, and if those seen are only 
a proportion of those theoretically available in the population, 
then the correct proportion amongst sibs (the most important 
figure) is obtained by calculating the proportion amongst the 
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remainder, ignoring the original sib who brought the family to 
notice (the original person who brings a family to notice is called 
the propositus). Should two sibs of a sibship present themselves 
independently, that sibship is counted twice over. For example, 
if a sibship consists of four normal and three affected persons, 
of whom two of the affected individuals present themselves for 
examination, while the third is discovered only as the result of 
the family inquiry, that sibship would then be counted twice, 
each time as four normal and two affected sibs of an original 
propositus. 

All the calculations are quite straightforward if it is clearly 
shown in every case which members, one or more, of each 
family were independently ascertained by coming forward as 
affected persons, and which affected persons were discovered 
only as the result of the pursuit of family inquiries starting with 
the propositi. This requirement might not always be quite easy 
to apply ; for example, if at a particular hospital there were an 
asthma clinic, some patients might present themselves because 
a relative had been previously treated, and so the ascertainment 
of the second case might not be quite independent of the first. 
But it should not be difficult to devise a system that would 
reduce cases of doubtful status to small proportions. 

There would be no objection to limiting the propositi, if the 
condition were a common one and the numbers adequate, by 
concentrating entirely on patients first seen during a given 
limited period, and also limiting the propositi to those of a 
certain age -range only. In fact, any limitation of this sort, 
which would yield an unbiased selection, would be an advantage 
because the cases of doubt as to the status of particular patients 
would be reduced in number. 

The all- important point, then, is the selection of the propositi, 
and the normal procedure can simply be the recording of consecu- 
tive cases, with a recording in every case of the family history to 
the extent predetermined, whether that family history is positive 
or negative. If by any chance the particulars cannot always be 
completed, the case must not be omitted ; as much as possible 
should be recorded, with a statement as to reasons for failure to 
collect the remainder. The propositi may be limited by con- 
centrating on those of given ages only, if this does not introduce 
complications from the clinical point of view. Or, of course, if it 
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happened to be convenient there would be no objection to such 
a limitation of propositi as the selection of those presenting 
themselves initially on, say, one day of the week. The second 
extremely important point is to distinguish carefully in the 
records which is the propositus who brought each family to 
notice, and if there is more than one in any family to distinguish 
clearly which they are. 

The selection of propositi having been fixed it remains to 
obtain information about all relatives of the degrees of kin- 
ship to be included. If some are not available, or are dead, &c., 
as much as possible should be discovered. It is true that 
it might often prove a great convenience to limit the in- 
vestigated relatives to those easily available, and, in the case 
of a common condition, it might be easier to obtain records of 
a proportion only of the close relatives of a large number of 
propositi, rather than all the close relatives of a few. It is 
permissible to do this provided that the selection of relatives 
for investigation is random and does not produce a biased 
sample. Whether a suggested method of limitation would in 
fact still yield a random sample would have to be judged for 
each particular investigation. A general discussion would thus 
not be particularly useful, but it can be stated that it will 
usually prove a difficult matter to limit the relatives investi- 
gated without introducing bias into the sampling. Should the 
attempt be made it would be highly important to describe in 
full detail the methods employed, i.e. the reasons why indivi- 
duals were included or omitted. 

It is unnecessary to add any remarks as to the type of exam- 
ination, the relevant points to be recorded, the establishment of 
the diagnosis, &c., for all these will depend upon the nature of 
the condition and will, of course, be well known to the expert 
who is examining the cases ; the student of genetics who may 
subsequently examine the data will rely upon him in these 
respects. 

Some of the methods of analysis are somewhat complex, but 
this need not deter the research worker who feels disposed to 
add a genetic inquiry to the study upon which he is primarily 
engaged. If the cases are selected systematically, without bias, 
and if the family information is fully obtained for close relatives, 
and if it is adequately recorded, there are plenty of research 
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workers who would use that body of data for a variety of 
analyses. So fax from the data not being fully used because 
the research worker himself has not felt disposed to make a full 
statistical analysis, or has not the knowledge to do so, any good 
records will be welcomed, and not merely by a few contem- 
poraries ; they will scintillate through the years, an ornament 
in the treasury of the science. 



INDEX 
Albinism, 33, 51 -6, 59, 61 -2, 70-4, 

80-3, 150, 158, 191. 
Alkaptonuria, 20-1, 62, 147, 150. 
Allelomorph, defined, 10. 
Allelomorphs, multiple, 126 -33. - defined, 126. 
Allergy, 225. 
Amaurotic idiocy, infantile, 62, 74-5, 

150. - - juvenile, 75-6, 150. 
Anencephaly, 220. 
Asthma, 212. 
Autosome, defined, 87. 

Blood groups, 127 -35, 169 -70, 174-5, 
229, 245-6. 

Brachydactyly, 8 -17. - minor, 47 -9, 195-8, 217. 

Cancer, 188, 241. 
Cataract, congenital, 43-4, 47. 
Chromosomes, abnormal behaviour of, 

143-6. - in cell -division, 1 -2. - in fertilization, 3. - in reduction division, 2-3. - mapping of, 170-7, 189 -90. 
Cirrhosis of liver, 255-6. 
Colour -blindness, 106 -11, 120, 132-3, 

144-6, 177 -80, 205-6, 211, 216. - total, 188. 
Consanguineous marriages, 60-70, 79, 

82-3, 93-4, 99 -100, 211, 214, 259. 
`Criss -cross' inheritance, 109, 114. 
Crossing -over, 164 -73. - double, 165-6, 172-3. 

Darier's disease, 36, 117 -20, 215 -16. 
Diabetes insipidus, 150, 208-9, 223-4. - mellitus, 210 -11, 231, 255. 
Dislocation of hip, congenital, 212. 
Dominant, defined, 10-11. 
Duplex, defined, 46-7. 
Dwarfism, 247 -50. 

Enamel of teeth, defective, 114 -15. 
Epidermolysis bullosa, 151 -3, 156-7, 

189. 
Epiloia, 34-6, 63, 158, 193, 199, 226. 
Eunuchoidism, 212. 

Gastric ulcer, 212. 
General intelligence, 236-9, 250. 
Genotype, defined, 141. 
Gout, 212. 
Graded characters, defined, 228. 
Graves's disease, 212. 

Haemophilia, 90-9, 102-5, 132,155 -6, 
177 -80. 

Hair colour, 176-7. 
Hare -lip and cleft palate, 225. 
Heart disease, congenital, 220. 
Hernia, inguinal, 212. 
Heterozygous, defined, 10. 
Homozygous, defined, 10. 
Huntington's chorea, 37 -40, 177. 

Ichthyosis hystrix gravior, 122-4. 
Incisors, absence of central, 204-5. 
Intermediate inheritance, 11, 46-50, 

116 -20, 210. - - defined, 11. 

Keratosis follicularis, see Darier's 
disease. 

Laurence- Moon -Biedl syndrome, 199- 
200, 213, 225. 

Lethal factors, 74-5, 78, 102-3. 
Leukaemia, 209 -10. 
Lipoidosis, 75. 
Locus, defined, 10. 

Maternal age, effect of advanced, 220, 
243. 

Mental deficiency, 35, 36, 52, 101, 
153, 214, 220, 225, 250, 254, 257. 

Microphthalmia, sex -linked, 101 -2, 
219 -20. 

Modifying genes, defined, 195. 
Mongolism, 220, 243. 
Multiple telangiectasia, see Osler's 

disease. 
Mutation, 27 -36, 63-4, 75-7, 103-5. - defined, 27. - reverse, 30. 
Mutation rate, in epiloia, 36. - - in haemophilia, 103. 

Nasal sinuses, extreme tendency to 
inflammation of, 251 -3. 

Night -blindness, congenital station- 
ary, 21 -3, 147 -8, 211. 

Non -disjunction, 143 -6. - defined, 143. 
Nystagmus, hereditary, 202-4. 

Oguchi's disease, 189. 
Osler's disease, 30-2. 

Paroxysmal tachycardia, 212. 
Pedigree symbols, explained, 15. 
Pernicious anaemia, 212, 219, 255. 
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Phalangeal synostosis, 23 -6, 191, 193. 
Pharaohs, brother -sister marriages of, 

69 -70. 
Phenotype, defined, 141. 
Phenylketonuria, 153-4, 158 -9, 201. 
Phenyl -thiocarbamide, ability to 

taste, 174, 229. 
Piebalding, 27-30, 32-3. 
Pneumonia, 246, 253. 
Polydactyly, 193 -4. 
Propositus, defined, 262. 

Recessive, defined, 10 -11. 
Regression to the mean, explained, 

235. 
Retinitis pigmentosa, 147 -50, 156-8, 

180, 185, 189, 199. 
Rickets, 222-3. 

Schizophrenia, 213, 246 -7. 
Sebaceous cysts, multiple, 47 -9. 
Sex -chromosomes, 85-90. 
Sex -determination, 86-7, 89 -90. 
Sex -limitation, 102, 221 -2, 225. - defined, 221. 

Sex -limitation, partial, 221 -2. 
Sex -linkage, partial, 88 -9, 125, 180- 

90. -X -borne genes, recessive, 91 -111. - - dominant, 111 -16. - - intermediate, 116 -20. = Y- borne genes, 88-9, 120 -4. 
Sex- ratio, 18, 87. 
Sib, sibling, sibship, defined, 14. 
Simplex, defined, 46 -7. 
Skin colour, 228 -9. 
Stature, 228, 233-6, 247 -50. 
Synphalangy, see Phalangeal synos- 

tosis. 

Tooth deficiency, 176 -7. 
Tuberculosis, 231, 246, 253-4. 
Tuberose sclerosis, see Epiloia. 
Twins, 244-7. 

Webbed toes, 121 -2. 

Xeroderma pigmentosum, 186 -8. 

Y -borne genes, 88 -9, 120-4. 
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