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PREFACE

REcOGNITION of the fact that some diseases are hereditary is as old as medicine
itself. The observations that have accumulated in the pre-mendelian age are
indeed impressive, as is shown by the earlier volumes of the Treasury of Human
Inheritance; but these observations tended to be regarded as collectors’ items,
for they were drawn chiefly from rather uncommon affections and thus lacked
contact with the main body of medicine. So widespread was this attitude that
the pioneers in mendelian genetics, as applied to man, believed they were dealing
with special cases when they showed that the inheritance of some human affections
conformed to mendelian laws. In spite of many such findings, it was assumed
that most hereditary affections, and certainly the inheritance of normal features,
were determined in some other manner.

The general application of mendelian genetics to man in health and disease
has emerged only during the past two or three decades. In consequence the
theoretical basis of human genetics has broadened so quickly in recent years that
the original situation—a mass of data without theoretical illumination—has
become reversed.

Nowhere in clinical studies, is theory—itself rapidly changing—so much in
advance of empirical observations. Rapid progress is thus possible and is in fact
being made, so that clinical genetics is no longer the study of curiosities, but
has become essential in elucidating the common problems of health and disease.

The present volume assumes that the reader is acquainted with the elements
of genetics. In any case excellent expositions both of general and human genetics
are available, and it is to supplement rather than to replace these that the first
part of the book has been planned. The second and main part is more strictly
clinical.

A book of this type is at the present essentially a contribution to clinical
pathology. Other aspects are, however, not lacking: the diagnostic implications
of clinical genetics are obvious and far reaching, as are the therapeutic
possibilities—splenectomy in acholuric jaundice., blood transfusions in Rh
encephalopathy, and the treatment of diabetes are portents of things to come.

ARNOLD SORSBY.

August, 1953,
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CHAPTER 1

CLINICAL VARIETIES OF GENETIC DISEASE

ARNOLD SORsSBY

GENERAL CONSIDERATIONS

Genetic disease as a dynamic process
OwiNG to the historical accident that a hereditary factor was most clearly
recognized in congenital anomalies, the older clinicians tended to equate genetic
disease with congenital defects. As the congenital defects generally showed little
change over years there also grew up a belief that hereditary anomalies were largely
rigid, unchangeable entities. Both these views were erroneous. In the first place
many hereditary affections are not congenital, but begin after birth, and are
relentlessly progressive. This is seen in retinitis pigmentosa with its onset in early
adult life and in Huntington’s chorea which generally sets in in middle age;
myotonia atrophica, Friedreich’s ataxia, and xerodermia pigmentosum are furhter
examples of affections with postnatal onset and progressive course. Secondly,
the congenital anomaly present at birth does not arise as a finished entity but is
merely the end stage of an evolutionary process that has run to its conclusion in
antenatal life, and even then some congenital anomalies show progressive post-
natal changes as is seen in the increasing crippling in osteogenesis imperfecta.
The widespread belief that genetically determined diseases are unalterable
finished entities has therefore no basis in fact. The study of environmental
affections called for the isolation of the noxious agent, the recognition of its
causal relationship to the end process, and an understanding of the evolutionary
course. Likewise the study of genetically determined disease calls for more than
the recognition of the causal relationship between the pathogenic gene and the
end stage. The whole of a dynamic process, sometimes largely prenatal and
sometimes largely postnatal, needs to be laid bare.

. Interaction between genetic and environmental factors

These and other considerations make meaningless any sharp antithesis between
genetically determined disease and affections induced by environmental agents.
Only in extreme cases can hereditary and environmental factors be clearly
disentangled in the effect they produce, and there is in fact much overlap. At
the one extreme there are clinical conditions, such as, say, albinism, which are
always genetic in origin; at the other extreme there are such lesions as a stab
wound which are always environmental in character, but frequently both environ-
mental and genetic factors may be equally significant. Ewven the effects of such a
well-defined environmental factor as trauma may be influenced by the genetic

1
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CLIMICAL VARIETIES OF GENETIC DISEASE

constitution of the patient. A blow which would give little pathological dlSE"!rb'
ance in one individual may lead to fracture of the femur in a patient .“"L_lh f'rag:lli_ms
ossium of genetic origin. Exposure to tuberculous infection will precipitalc clinical
tuberculosis in members of some families as readily as it does in strains of rlahblls
bred for special susceptibility to tuberculosis, whilst similar exposure will not
harm other individuals, or animals from strains bred for special insusceptibility
to tuberculosis.

Doubtful specificity of clinical appearances _ Ny
Furthermore, the appearances of an affection definitely of genetic or definitely
of environmental origin may be clinically indistinguishable. Optic atrophy,
whether derived genetically or caused by injury to the optic nerve, will look very
much alike and will give the same blindness. Mental deficiency may be genetic
in origin or caused by many different environmental factors; disseminated sclerosis
cannot always be readily distinguished as of genetic or of environmental origin.
Pedigrees such as shown in Fig. 1, which depicts all the three members of a sibship

[ [ ) [
i s

S Cerebral syphilis

i Paralysis: aortitis
i ] Tabes

W & Juvenile tabes
2 Died, aged 57 vears, from a siroke
Fic. |.—Occurrence of syphilis of ceniral nervous system in a
family. Pedigree. (After F. Curtius cand H. Schiprter (1934).
Disch. Z. Nervenheilk,, 134, 44.) This pedigree illustrates the
difficulty in incriminating an environmental or a genetc factor
in a particular situation.
as suffering from juvenile tabes, and both their parents also affected with syphilis
of the central nervous system, suggest a genetically determined susceptibility of
the central nervous system to the pathogen of syphilis, or alternatively that these
individuals harboured a spirochaete with a special affinity for the central nervous
system. Both suppositions are speculative, but they emphasize the difficulty in
ascribing a fully developed clinical condition to a definitely environmental or
definitely genetic origin.

The same difficulty may be met in the course of an affection that has not yet
run to its end stage. Plate I shows successive stages of a generalized fundus
dystrophy that is dominant in character and sets in at about the age of 40 years.
The earliest stage is indistinguishable from the fundus reactions seen in vascular
or metabolic disturbances; i1t could be taken for an illustration of ** neuro-
retinitis ”'. At later stages appearances generally interpreted as the result of
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PLaTE |

Generalized dominant fundus dysirophy. Range of ophthalmoscopic appearances as seen i
one family. (After A. Sorshy and M. E. Joll Mason (1949). Brir. J. Ophthal., 33, 67.) (a) Earliest
stage showing neuro-retinal oedema, haemorrhages and exudates in a patient aged 41 Vears.
(b)) The same eye 22 months later, showing scar formation. (¢) Appearances in a cousin of
the patient at the age of 68 years; patterned exudates, pigmentary reaction, and early choroidal
sclerosis are all evident. (d) Appearances in an uncle at the age of 57 years. There js e
siderable atrophy. () Appearances in an aunt at the age of 77 years. There is extensive atr ophy
and considerable choroidal sclerosis, and some pigmentary disturbance. There is also a coin-
cidental glaucomatous optic atrophy. These illustrations show that lesions generally ascribed
to environmental factors occur in a clearly genetic affection.

[To face p. 2






CONGENITAL ANOMALIES

inflammatory or infective reactions are evident, particularly emphasized by the
pigmentary changes, and patches of atrophy. The end stage is again indistin-
guishable from an inflammatory reaction and is somewhat reminiscent of an
unusual form of retinitis pigmentosa—a genetically determined affection.

The difficulties in assessing the causal factors in an incompletely developed
affection become still more real in such genetic affections as may be expressed only
partially. so that no clear picture emerges. Fragility of blood corpuscles may be
all that is seen in one individual whilst another member of the family may show
acholuric jaundice with enlarged spleen and liver, as shown in the pedigree in
Fig. 2. This is discussed more fully in the next chapter, Figs. 3 and 4 of which
give yet further examples.

7 7
&e:g&;g Sheut SobeboRbaltd 4k

& 3 3

. Acholuric Jumn dice

E F'ra:,pl.t:,I of blood corpuscles

Fig. 2.—Acholuric jaundice. Dominant inheritance. (After J. M. H. Campbell
and E. C. Warner (1926). Quart. J. Med., 19, 333.) Not all individuals are affected
clinically. Some show only laboratory evidence of abnormal fragility of blood
corpuscles, but their children can nevertheless be fully affected.

A TENTATIVE CLASSIFICATION

Any classification of the clinical varieties of genetic disease is therefore bound
to be exceedingly tentative, for the manifestations of genetic disease impinge
almost everywhere on those that are traditionally regarded as manifestations of
disease of environmental origin. With these reservations the following classi-
fication has some value.

Congenital anomalies

Environmental factors.—There are clearly established environmental causes of
congenital anomalies. The conception of intra-uterine infection favoured by the
older clinicians is valid, but not in the extreme form which was previously held.
Congenital syphilis, the classical example of intra-uterine infection, is one of the
exceptions to the general rule that maternal infections are kept back by the
placental barrier from reaching the embryo. The stage of development at which
intra-uterine infection with syphilis occurs, and the severity of the infection,
determine whether there results a miscarriage, a stillbirth, or a child born with

3



CLINICAL VARIETIES OF GENETIC DISEASE

all the stigmata of congenital syphilis, or a child apparently normal at birth with
the stigmata of congenital syphilis coming on only later in life. Likewise, German
measles contracted by the mother in the first two months of pregnancy may lead
to widespread congenital anomalies including microphthalmia, mental deﬁ-::u.?nc:-,f,
deaf-mutism and congenital heart disease. Toxoplasmosis is yel another environ-
mental factor that produces widespread congenital defects. \

Apart from infection, prematurity—or rather the ill-understood causes of it—
may result in serious congenital defect. The wide variety of congenital defects
seen in the premature infant, kept alive by the fine methods developed in recent
years, may arise from semi-lethal genes or semi-lethal environmental causes.

Experimentally, many abnormalities have been produced ranging from non-
viable monstrosities to minimal anomalies. The non-mammalian embryo lends
itself readily to such studies. Relatively slight changes in the temperature, oxygen,
and salt concentration of the fluid in which the embryo grows give marked effects,
and the younger the embryo, the more marked are these effects. It would seem
that once the tissue is fully formed the effects of environmental factors are slight;
it is the developing tissue which is particularly prone to be affected.

Environmental factors disturbing a normal process may therefore be infective
as in syphilis, rubella and toxoplasmosis, ** developmental ™ as in prematurity,
or chemical as probably in some of the congenital anomalies for which no infective
agent can be established.

The causation of genetic defects.—The clinical similarity of many of the congenital
anomalies of genetic origin with those of environmental origin raises the question
whether ultimately a common mechanism underlies both types. Only a fuller
knowledge of the physiology of the embryo and of gene action will make it
possible to answer such speculations. The wide range of clinical affections con-
sequent on abnormalities in the metabolism of phenylalanine, shown in Fig. 64
on page 175, suggests that while the end result may be complex the fundamental
processes are relatively simple.

Clinical considerations.—For the present all that can be done is to distinguish
in extreme cases those anomalies that are clearly of environmental or of genetic
origin. Many of the congenital anomalies do not definitely fall into one or other
group. A genetic anomaly may be suspected if two or more children in a sibship
show fundamentally similar lesions, and if in addition the family history supports
the diagnosis. Frequently, however, the family history is negative or incomplete.
On clinical appearances a lesion in an isolated case is more likely to be genetic
rather than environmental in origin if there is a striking symmetry in bilateral
organs and if inflammatory reactions are lacking. Symmetry is, however, not
conclusive; in a family with anophthalmos there may be individuals with micro-
phthalmia on one side and anything ranging from normalcy to anophthalmos
on the other.

Abiotrophies

Abiotrophic lesions have not been studied to any extent in animal genetics.
Abiotrophy is, however, an undoubted clinical phenomenon, as shown by the
classical example of retinitis pigmentosa. Here the children are born apparently
normal and retain normal vision until the onset of the genetically determined
disturbance of the fundus. Abiotrophies affecting children and young adults

4



ABIOTROPHIES

have been recognized for many years especially in neurology, ophthalmology
and the metabolic diseases. It is only lately that there has been any clear
appreciation of the fact that genetically determined anomalies may not becoms
manifest until well in middle life, or even possibly in old age. The conception
of abiotrophy implies not only hereditary transmission of a disease process,
which is sometimes latent for many years, but also carries the implication that
the hereditary disturbance becomes manifest in a tissue that had developed
normally and had functioned normally for some years. Evidence that the tissue
was in fact normal is unlikely to be available from human observations. An
excised eye showing retinitis pigmentosa gives no information as to the state of
the retina before the affection developed.

An increasing number of abiotrophic processes are being isolated, and many
are proving to be of late—* pre-senile "—onset. Clinically, four features are
generally ascribed to the abiotrophies:

Familial stamp.—Within the same family there is said to be a striking similarity
in onset, clinical course, and appearances of the particular affection, such as say
retinitis pigmentosa or Friedreich’s ataxia. This is true to a large extent, but is no
absolute rule. Affected members of a family share not only the same pathogenic
gene, but to a large extent a similar total genetic constitution, and to a certain
extent also a similar environment. These are all factors that tend to produce
uniformity and similarity in clinical manifestations within a particular group,
and help to explain variations as between different family groups. Individual
variations within a group, however, do occur not infrequently, as different
members do not, of course, have an identical total genetic constitution or environ-
ment. In assessing dissimilarity as between different members of a group, it must
be borne in mind that the abiotrophies are generally progressive and strictly
comparable stages are not frequently seen within a sibship.

Symmetry of the lesion in bilateral organs—Symmetry as to site, general
appearance and effects is frequently present in abiotrophic lesions. The bilateral
onset of retinitis pigmentosa or macular dystrophy, and the parallel course in the
two eyes are indeed characteristic aspects of these two and of other typical
abiotrophies. Departures from this strict symmetry are, however, not uncommon,
particularly as to onset and the early stages in some other abiotrophies. Some-
times, as in the dominant chorioretinal dystrophy setting in at about the age of
40 years, there may be an interval of several years between the onset of the
affection in the two eyes, and even at a later stage the two eyes are not necessarily
identical in appearance.

A characteristic reaction.—This has been especially stressed in the ocular
abiotrophies. The pigment reaction in retinitis pigmentosa, the mottling in one
form of macular dystrophy and the hard granular aspect of dominant corneal
dystrophy are generally unmistakable. They are, however, unmistakably of the
particular affection and not of abiotrophic lesions generally. To regard as
abiotrophic only those appearances which satisfy the somewhat well defined
lesions in the better recognized abiotrophies is to ignore the fact that such un-
doubted abiotrophies as Leber’s disease, or the dominant chorioretinal affection
with onset at about the age of 40 years, show features that are ophthalmo-
scopically indistinguishable from inflammatory or oedematous reactions. It is
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CLIMICAL VARIETIES OF GENETIC DISEASE

true that frankly inflammatory reactions, such as vascularization of the cornea
and vitreous opacities, are not commonly seen in the ocular dystrophies, but any
suggestion that the abiotrophies have specific and characteristic reactions is an
over-simplification and a diagnostic pitfall.

Anticipation.—Myotonia dystrophica in particular is frequently given as an
example of anticipation—or the belief that in dominant abiotrophies the affection
appears at successively earlier ages in the younger generations. There is little
support for this view in well established and easily recognized abiotrophies, and
it is likely that the concept of anticipation has emerged in the study of slowly
evolving affections and that early cases are discovered incidentally as a result of
a systematic study of affected families. It is true that occasionally an individual
may be affected at an earlier age than his ancestors, but the opposite has also been
observed.

Phakomatoses

The anomalies known as phakomatoses show features seen in both the congenital
anomalies and the abiotrophies, the classical examples of which are neuro-
fibromatosis, tuberose sclerosis, and the haemangiomatosis group. In the
phakomatoses the lesion, as in the hereditary congenital anomalies and in the
abiotrophies, is genetically determined. In contrast to the congenital anomalies
there is no congenital defect, and in contrast to the abiotrophies the individual is
not altogether normal at birth. Minor blemishes such as café au lait spots and moles
are present on the skin, and these or similar hidden lesions burst into activity
with growth or later in life. It is thus that neurofibromatosis develops as a wide-
spread affection, or the signs of tuberose sclerosis become obvious. Sometimes
phakomatoses, or rather a particular phakoma, may become malignant—a good
example of the old theory of Cohnheim, which postulated development of cancer
from congenital cell-nests. As yet only the more extreme forms of the phako-
matoses have been recognized, and they are generally dominant. They are of
interest not only as a link between the congenital anomalies and abiotrophies,
but also as a link with the hereditary tumours.

Neoplasms

An outstanding example of hereditary tumours is presented by * glioma ™ of
the retina. There is nothing to suggest that these retinoblastomas are malignant
phakomas for there are no associated general conditions as in phakomatoses.
Direct transmission of retinoblastoma over two generations has been observed
repeatedly, and there is at least one authenticated example of transmission over
three generations. Less definite evidence with other tumours is common
experience.

Metabolic and endocrine disorders

Metabolic disorders roughly fall into the following categories:

Abnormal excretion products.—This group is the best known, and was clinically
recognized long before the others. Alkaptonuria, cystinuria, porphyrinuria and
steatorrhoea are classical examples. Here the abnormal metabolic products can
be recovered from the urine or faeces early in infancy, or possibly at birth. In
affections like diabetes mellitus and gout the onset is generally in adult life.

6



SYNDROMES

Abnormal metabolism producing somatic effecis, but no abnormal excretion
products.—Albinism is the classical example; urine, faeces and blood chemistry
reveal no abnormality, but an abnormal intracellular metabolism has been
demonstrated.

Abnormal blood and tissue chemistry—The classical instances in this group
are acholuric jaundice with its early or late onset, and the lipoid metabolic errors,
some of which appear to be congenital, whilst others develop later in life.
Considerable changes in blood chemistry and in the chemical constitution of
different organs are present.

Unrecognized metabolic anomalies.—It is not unlikely that with further refine-
ments in biochemical and biological techniques, many genetic anomalies will
ultimately prove to have a metabolic basis, and that the structural defects by which
they are now recognized will be seen as secondary features.

These different affections appear to be essentially genetic disorders. The
significance of heredity in other metabolic disorders such as gout and lithiasis is
still uncertain. As for the endocrine disorders, the outstanding example of
significance of a genetic tendency is shown by hyperthyroidism.

Functional anomalies

The psychoneuroses and the hypertensive vascular diseases are presumably
functional in origin and the significance of the heredity factor in these affections
is still obscure. Two functional anomalies of the eve, colour-blindness and
night-blindness, are generally genetic in character, though both anomalies may
be seen as symptoms in ocular disease of environmental origin, illustrating once
more the difficulty in assessing a sign or a symptom as exclusively of genetic or
of environmental origin.

Syndromes

Syndromes—a clinical conception—emphasize the lack of precise knowledge on
the nature of hereditary anomalies. It was a landmark in general medicine when
the hypertrophied heart and the contracted kidney could be visualized as different
aspects of the same underlying vascular disturbance. In the absence of the
necessary knowledge by which the changes in the two organs could be correlated,
Bright’s disease might well have been regarded as a syndrome in modern termin-
ology. In the present-day use, the term * syndrome ™ does not always carry a genetic
implication, though there is an increasing tendency for the term to be limited in
this sense. All the components of a syndrome need not necessarily appear at the
same time. In the syndrome of macular coloboma and apical dystrophy of hands
and feet both components are clearly congenital in nature. The syndrome of
angioid streaks, pseudo-xanthoma elasticum and vascular hypertension, consists
of components that become manifest in postnatal life. In the Laurence-Moon-
Biedl syndrome some of the components, such as polydactyly, are clearly
congenital, whilst others, such as the retinal lesion and obesity, might perhaps be
regarded as abiotrophic. Some syndromes are, therefore, a combination of
congenital anomalies, and others are essentially abiotrophic, whilst yet others
are a mixture of both. The phakomatoses illustrate this further still, in so far as
malignant changes may occur late in life on the basis of minimal congenital
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CLINICAL VARIETIES OF GENETIC DISEASE

anomalies. These considerations emphasize the tenuous nature of any attz?rx_':pt
to sort out different varieties of genetic disease as fundamentally different entities.
Until a clearer understanding of the mechanism of the gene is obtained, the
clinical groupings employed currently serve a useful purpose in classification and
description.

SCHEMATIC PRESENTATION

In general terms it may be said that there is strong presumptive evidence that
some pathological processes are largely genetically determined, whilst in others
disease is largely a matter of the interaction of genetic and environmental factors
with variable stress on one or the other. Relatively few affections are entirely
environmental in origin. Schematically this is represented in the following Table.

TABLE

SCHEMATIC REPRESENTATION OF THE SIGNIFICANCE OF HEREDITARY INFLUENCES
1N PATHOLOGICAL DISTURBANCES

Affections mainly genetically | Affections resulting from the | Affections mainly of
determined | interaction of genetic and en- environmental origin
vironmental factors

Some congenital defects | Some congenital defects |
Some infections | Some infections
Abiotrophics
Phakomatoses 1
Metabolic disorders {
Some endocrine disorders Some endocrine disorders |
Some neoplasms | Some neoplasms
Some functional anomalies | Some functional anomalies
Some ** senile degenerative ™ | Some *“senile degenerative ”” | Traumatic lesions
affections affections




CHAPTER 2
PENETRANCE AND EXPRESSION
LAURENCE H. SnypEr and Paur R. DaviD

SPECIFICITY, PENETRANCE AND EXPRESSIVITY

CLINICIANS recognize that the same aetiological agent (the spirochaete of syphilis,
for example) may produce any or several of a variety of effects. There are many
familiar instances, also, of infections which are frankly pathological in some
persons, and asymptomatic in others. Furthermore, it is a commonplace that any
infectious disease may vary greatly in its severity from one case to another.
Analogous phenomena are exhibited in the action of genetic factors. Variation
in the kind of effect produced by the same gene or gene complex in different
individuals has been designated as wvariability in specificity ; penetrance is a
statistical concept and refers to the frequency with which a characteristic
expression of a gene or genotype is manifested among those who possess the gene
Or genes In question or, sometimes, to the frequency with which any discernible
effect at all is exhibited ; expressiviry is the degree or severity of expression in a
particular individual.

The italicized words were first used in these senses by Timoféeff-Ressovsky
(1934) in his studies on Drosophila funebris. The term specificity, in Timoféeft’s
sense, has not been widely used by other investigators, but penetrance has achieved
some currency in the literature of human genetics, and expressivity is occasionally
used by authors in this field. More commonly, however, such phrases as ** irregular
expression ”* or *“ variable manifestation ™ are used, and it is usually clear from
the context whether the variability referred to relates to type of manifestation
(specificity), frequency of manifestation (penetrance), severity of manifestation
(expressivity), or to any combination of these.

PENETRANCE

It is worth remarking at the onset that the terms under discussion, when used
without qualification, may be subject to some ambiguity. Thus, if we use the
expression ** incomplete penetrance ™ to imply the occasional absence of any
abnormal effect of a given gene or genotype, this must necessarily be understood
in a provisional sense, because we can never be certain that we have exhausted all
possibilities of detecting the presence of the gene.

Hereditary acholuric jaundice, for example, in most pedigrees appears to depend
on the presence of an autosomal gene which is regularly manifested in hetero-
zygotes by jaundice and splenomegaly and the occurrence of acute haemolytic
crises which sometimes prove fatal. In a number of the pedigrees, however, the
disease occasionally skips a generation, that is, it would appear that the gene has
been transmitted from a grandparent who suffered from the disease, through a
parent who himself shows none of the clinical signs, to one or more of his grand-
children in whom the disease reappears. Laboratory examination of the clinically
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undiseased transmitters, however, has invariably revealed that they possess one or
another of the haematological abnormalities, particularly hyperfragility of the
erythrocytes, which characteristically are associated with the frank disease (Race,
1942). Consequently, so far as currently available data go, we may regard the
gene as fully penetrant in heterozygotes (if we are considering any and all cﬁ'ecls
of its presence which are detectable) but as variable in expressivity : u[ternutm.:lly
we might refer to the gene as completely penetrant with respect to cerlzlin_of 1ts
haematological effects, but incompletely penetrant in respect Lo its expression as
frank disease.
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Fii. 3.—Pedigree of myotonic dystrophy.  (Afrer
Thomasen, £, (1948), * Myotonia.”” Opera ex Domo
Biologiae hereditariae fomanae Univ, Hafniensis, 17.)

The extent to which an evaluation of penetrance, unless qualified, depends on
the acuity of examination may be further illustrated by reference to Fig. 3 which
shows a fairly representative pedigree of myotonic dystrophy (Thomasen, 1948).
Cataract is frequently found, and when it is not obvious, slit-lamp examination
usually (though not always) reveals lenticular opacities of a rather characteristic
type. Of the 47 patients examined by Thomasen with the slit-lamp, 6 had manifest
cataract, and the characteristic slit-lamp opacities were seen in 35 more. In the
pedigree shown here, there are 5 individuals without signs of myotonic dystrophy
among whose progeny the disease nevertheless appears ; 3 of the 5 (1, 2 and 3 on
the chart) exhibited manifest cataract, while in numbers 4 and 5 (aged 62 and
46 years respectively) cataractous changes in the lens were discovered only on
slit-lamp examination.

From the numerous pedigrees of myotonic dystrophy recorded by Thomasen
and by others, it is difficult to escape the conclusion that an autosomal gene is
involved which is manifested as myotonia and dystrophy (with or without cataract)
in about 60 per cent of the heterozygotes in whom it is present, and as cataract,
without signs of neuromuscular disorder, in 20-40 per cent more.

* Irregular dominance ™
Genes with effects which are sometimes, but not invariably, manifested in
heterozygotes are often referred to as irregularly dominant, which is another way
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of saying that they show incomplete penetrance in the heterozygous state. In
humnln material, it is usually not known whether or not an irregularly dominant
gene is completely penetrant when homozygous. In experimental animals, genes
f"h"v'" are irregularly manifested in heterozygotes are often completely penetrant
i homozygotes, but sometimes not. (Genes of this category are also sometimes
t:allled conditional dominants ; but as used by Levit (1936) and others, this term
designates genes which in heterozygotes produce detectable effects, whether
regularly or not, but whose homozygous expression is as yet unknown ; perhaps
{?r{!?.”.’i‘fﬂﬂﬂf dominant would have been a happier phrase. Conditioned dominance
1s used in experimental genetics to describe cases in which the expression of a gene
in heterozygotes is modified by genetic modifiers.)

EXPRESSION

A consideration of phenomena relating to the variable expression of genetic
factors is of especial relevance to medical genetics.  Although there 1s a large
number of conditions in man known to depend on the presence of single genes
whose effects appear to be invariably pathological (either in heterozygous or
homozygous state), these conditions are almost without exception either exces-
sively rare or, at most, rather uncommon ; even in the aggregate, they account
for only a minor portion of human disability. On current theories of evolution
genetics, we should expect this to be the case, and conversely, we should expect
that such genetic factors as are significant in the aetiology of the less rare diseases
would commonly be characterized by irregular manifestation (for a valuable
discussion of this point, see Roberts, 1940). In fact, evidence is rapidly accumu-
lating that many diseases of wide distribution, both infectious and organic, are
contingent upon the presence of genetic factors whose pathological effects are not
manifested under all circumstances. The identification of these factors in
particular diseases may be expected to assist in the discovery of the circumstances
under which they are expressed, in the disentangling of predisposing, precipitating,
and perpetuating causes, and in the elucidation of mechanisms of pathogenesis.

Modifying environmental factors

In experimental animals it has been found that the expression of many genes
can be influenced by a variety of factors, both genetic (modifying genes, so called)
and environmental. A majority of the investigations dealing with environmental
factors affecting gene expression have made use of insects, especially in cases in
which experimental treatment during developmental stages is involved, since such
treatment is technically rather easier with them than in homoiotherm animals.
There are, nevertheless, a number of instructive illustrations in mammals (and in
birds) of the dependence of all aspects of gene expression (penetrance, expressivity,
specificity) on conditions of the prenatal or postnatal environment,

Intra-uterine environment; maternal age

Alterations of the intra-uterine environment associated with age changes in the
mother have been shown to have conspicuous effects on the manifestation of a
variety of genotypes in mammals. The expressivity of some, but not all, genetic
factors for white spotting in the guinea-pig, as measured by the extent of
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unpigmented areas, increases moderately with increasing age of the mother. ‘ The
penetrance of genetic factors predisposing to polydactyly, in the same animal,
undergoes marked reduction with increasing maternal age ; in some genotypes,
the incidence of the abnormality is five times as high among the progeny of mothers
aged 3-6 months as it is in litters produced when they are a year older. The
penetrance of hereditary hare-lip in the mouse also decreases with increasing
maternal age. In man, no effect of maternal age on the incidence of hare-lip or
cleft palate is discernible. On the other hand, in a series of 582 cases of severe
congenital malformations of varied types, in some of which genetic factors are
with little question aetiologically important, Murphy (1947) found convincing
evidence for the significance of maternal age—severe malformations, in the
aggregate, appear to be three or four times as common among births to mothers in
their forties as they are two decades earlier ; specific types of malformation would
doubtless reveal considerably greater differentials.

Mongoloid idiocy, for which there is some reason Lo suspect genetic predisposi-
tion as an aetiological factor, occurs among children born to mothers in their
late forties with forty or fifty times the frequency found among children of mothers
in their twenties (Penrose, 1949). In congenital pyloric stenosis, which may
depend upon the presence of a single autosomal gene with about 20 per cent
penetrance in homozygous condition (Cockayne and Penrose, 1943) the effects of
maternal age may be in the opposite direction. The apparent excess of cases
among first-born children has frequently been commented on and the reality of
the excess has been established by Ford, Ross and Brown (1941). These ob-
servations are usually interpreted as indicating that conditions specifically asso-
ciated with primogeniture are responsible for the relatively high incidence among
first-born children ; but the data strongly suggest that there is a fairly consistent
decline in frequency with increasing birth rank, so that the intra-uterine conditions
favouring manifestation should perhaps be sought among those which change with
maternal age (or with successive pregnancies) rather than in conditions peculiar
to primogeniture.

Variations in temperature during developmental stages have been found to have
conspicuous effects on the manifestation of several score of genes in Drosophila.
It is unfortunate that there appear to have been no phenogenetic studies in
mammals in which experimental alteration of maternal body temperature during
pregnancy was attempted ; it has been shown experimentally, however, that the
localized development of pigment (after birth) in the pelage of Himalayan (C"/C")
rabbits and in Siamese cats is temperature dependent. In poultry, Sturkie (1943)
has studied the effects of temperature reduction in varying degree and at different
times during incubation on the manifestation of a gene for polydactyly. Among
control stocks, the gene was fully penetrant in homozygous condition, and about
94 per cent penetrant in heterozygotes ; with the most effective treatments,
penetrance was roughly halved in the homozygotes, and in heterozygotes was
reduced to only 4 per cent.

Nutrition

Effects of nutrition on gene expression have long been known. Yellow fat is
formed in rabbits of genotype Y/¥, when xanthophyll is present in the diet ;
feeding a diet free of xanthophyll suppresses this manifestation of the ¥ gene,
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although ¥/¥ (and ¥/y) rabbits can still be distinguished from those not possessing
the Y-allele by the fact that there is no xanthophyllase in their livers. In poultry,
the manifestation of a dominant gene for yellow shanks is similarly contingent
upon the presence of carotinoid pigments in the food. A striking illustration of
the effects of a dietary supplement on the expression of a gene-contingent patho-
logical trait in a mammal is seen in the results of administering massive doses of
vitamin A to mice homozygous for the rhino (hypotrichosis cystica) gene (Fraser,
1949).  Untreated mice of this genotype, after shedding the first pelage, remain
hairless throughout life ; there is marked hyperkeratosis of the hair follicles, and
a progressive development of cysts in the follicles and in the sebaceous glands.
Vitamin A treatment fails to restore the hair coat, and apparently it will not cause
aregression of cysts that have already formed; but it does inhibit cyst development,
s0 that old mice which have been treated from youth with the vitamin preserve a
relatively normal skin. It is of interest to note that the rhino condition in mice
has points of resemblance to human hyperkeratosis follicularis (Darier’s disease),
which appears in some families to be contingent on the presence of a single dominant
gene, and which has been reported sometimes to respond favourably to vitamin A
therapy. Conceivably, the hyperkeratosis gene may act by increasing the vitamin A
demands of the affected epithelial tissues. (That individual differences in nutri-
tional requirements can be genetically determined has been shown in experimental
animals in numerous instances : in poultry, for example, with respect to riboflavine
demands, by Lamoreux and Hutt (1948) ; and in rats, with respect to choline
requirements, by Engel (1943).)

Infection

Genetic differences in respect to susceptibility to infection of course have
obvious manifestations only when there is exposure to the appropriate infecting
organism. Differences of this kind have been amply demonstrated in experimental
animals (for review, see Gowen, 1948) and there is little doubt of their existence
in man, for example in the case of tuberculosis (Kallmann and Reisner, 1943) or
of diphtheria (Rosling, 1929). Analogously, genetic predisposition to allergic
disease (Wiener, Zieve and Fries, 1936) requires contact with an appropriate
allergen for full manifestation of the genes involved.

Hormone levels

Hormone levels in many cases conspicuously influence the expression of
specific genotypes. In so far as the nature or quantity of the hormone concerned
is itself determined by genes other than those responsible for the effect which the
hormone modifies, such cases might formally be classed as illustrative of the
effects of genetic modifiers (see below) ; but since hormone levels are rather
generally subject to environmental modification, these cases also illustrate the
effects of environmental agencies on gene expression. The most thoroughly
studied example is pituitary dwarfism in the mouse. Mice homozygous for the
dw gene fail to grow appreciably after the second or third week of life ; they remain
sexually infantile, and are completely sterile. Histological examination reveals
pathology of the anterior pituitary and abnormalities in other endocrine organs
which are strikingly similar to those found in hypophysectomized rats. An almost
complete clinical cure of these mice can be produced by the daily implantation

13



PENETRANCE AND EXPRESSION

of fresh rat pituitaries over a period of several weeks. The treated animals
resume growth, reaching a practically normal adult size; they mature sexually,
and in at least one case a treated male has proven fertile; all of the endocrine
abnormalities disappear except that of the anterior pituitary, which remains
unaffected by the treatment (Francis, 1944, includes full literature review). The
expression of the yellow gene in the mouse is also apparently subject to hormonal
modification, although the nature of the effective hormonal factor has not been
identified. Mice heterozygous for this gene (homozygotes are inviable), besides
being yellow, have a subnormal basal metabolic rate and a tendency toward
excessive obesity, often weighing, when adult, twice as much as their non-yellow
litter mates. No histologic abnormalities of either thyroid or pituitary have been
detected ; nevertheless, if a young yellow mouse is joined in parabiotic union with
a normal mouse and cross-circulation becomes established, neither the yellow nor
the normal member of the pair becomes obese ; pigmentation is unaffected
(Weitze, 1940). A somewhat comparable effect of parabiosis with a genetically
normal animal has been observed in cases of mice homozygous for the jittery gene
(De Ome, 1945). Ordinarily these animals develop signs of muscular inco-
ordination, of rapidly progressive severity, within about two weeks after birth.
Slightly later they begin to exhibit convulsions, referred to as ** tetany ™ by De Ome,
although Griineberg (1947) finds the description more suggestive of epileptic
seizures. Growth ceases shortly after the enset of the seizures, which recur with
progressively increasing frequency until terminal prostration ensues, followed
shortly by death at a mean age of 31 days. A variety of treatments suggested by
the symptomatology and pathology had no discernible effect. In jittery mice
parabiosed with normal litter mates shortly after the appearance of first symptoms,
however, growth continued at a normal rate, the convulsive seizures were entirely
suppressed, and length of life was significantly prolonged, although only to an
average age of 51" 5 days ; in the meanwhile, the signs of muscular incoordination
persisted.

Diabetes in man.—Accumulating evidence that diabetes mellitus in man generally
develops on the basis of genetic predisposition (Harris, 1949, 1950) makes the
affection a good illustration of the possibility of modifying genotype expression
by hormone treatment ; in this instance the aetiological implication of other
environmental influences is also very probable, as is suggested by the heterogeneity
of incidence in different social classes, and by the frequently wide disparity of age
of onset in identical twins. The familial occurrence of the rare abnormality,
diabetes insipidus, is almost certainly attributable to the segration of a conditionally
dominant gene with not quite complete penetrance (which, however, probably
accounts for only a minority of non-familial cases), and posterior pituitary
preparations are often effective in controlling the manifestation of the gene.

Phenocopies
Experimenial observations
The examples of the effects of environmental factors on gene expression have
involved particular genes or gene complexes which, when present in animals reared
in environments within the normal range, result in phenotypic aberrations.
Aberrations simulating the effects of known mutant genes, but produced by the
14 :
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action of unusual or artificial environmental disturbances acting effectively (as a
rule) on any of a wide variety of genotypes, are known as phenocopies. They
represent effects of environmental variables on the expression of genetic factors ;
in this case, the genotypes whose expression is modified may be * normal ”
genotypes, that is, those which are generally characteristic of the species. Since
the initial experiments of Goldschmidt, phenocopies of nearly every known mutant
type in Drosophila have been produced by temperature shocks, x-radiation, or
other treatments during larval development. The type of phenocopy produced
depends upon the stage of development treated, the nature of the treatment, its
intensity and duration, and the genetic constitution of the treated animals
(Goldschmidt, 1938).

In mice, phenocopies of several mutant-gene effects (pseudencephaly, flexed tail,
hydrocephalus and others) have been produced in the offspring of females subjected to
x-radiation at different stages of pregnancy by Kaven (1938) and by Russell (1950).
Other workers (for references see Russell, 1950) have obtained comparable results with
rats, using x-radiation, injections of nitrogen mustard and of trypan blue. Nutritional
impairments during pregnancy have also been shown to result in the production of young
with various abnormalities which resemble defects known to occur on a genetic basis in
one mammal or another. O'Dell and Hogan (1950} found more than 20 per cent hydro-
cephalics among the young of female rats whose diet had been treated with a folic acid
inhibitor; females of the same stock, on a diet without the inhibitor but otherwise identical,
yielded only about one per cent hydrocephalic offspring. The extensive studies of Warkany
and his collaborators (reviewed in Warkany, 1947) are especially noteworthy: they have
experimented with a number of differently deficient maternal diets, and have found that
each results in a characteristic type of abnormality in a large proportion of the progeny.
In poultry, several investigators have produced phenocopies, chiefly of micromelic and
rumpless mutants, by deficiencies in maternal nutrition or by injection of various chemicals
into the volk sacs of the developing embryos themselves. Of particular interest among
experiments using the latter technique are those in which injection of one substance
{insulin, for example, or sulphanilamide) had teratogenic effects which were suppressed
if another chemical (nicotinamide) was injected into the same eggs (Landauer, 1948;
Ackermann and Taylor, 1948; Zwilling and DeBell, 1950). Just as there is some reason
to suspect that the incidence of congenital malformations in man might be somewhat
reduced by greater attention to the adeguacy of maternal diet (see Murphy, 1947), it is
conceivable that investigations of this kind may ultimately point the way to more radical
methods of normalizing the expression of genetic factors which ordinarily lead to

pathological development.

Clinical observations o
There is little doubt of the occurrence of phenocopies in man. Pathological

conditions for which genetic factors appear in some cases to have major aetiological
significance may in other cases be induced by specific environmental conditions,
or may result from developmental accidents, largely without regard to genotype.
Numerous pedigrees are on record, for example, which make it fairly evident that
congenital cataract, of one type or another, may result from the presence of any
one of several genes which are fully penetrant, or very nearly so, in heterozygous
condition (Harman, 1912 ; Lutman and Neel, 1945) ; there is also evidence for
the existence of regularly recessive transmission in some cases. Extensive data
indicate that a large proportion of cases of deaf-mutism are contingent on the
presence of a gene (perhaps again, any one of several genes) which is regularly
15
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manifested in homozygotes (Lindenov, 1945 ; Hopkins and Guilder, 1949). Yet,
as appears from the observations of Gregg (1941), and of others since, either or
both of these abnormalities may be found in children who do not possess any of
the genes referred to, as a consequence of rubella infection of their mothers in the
first trimester of pregnancy. Similarly, while it is probable that familial micro-
cephaly is often referable to an autosomal gene with complete or approximately
complete penetrance in homozygous condition (Penrose, 1949), Murphy’s ob-
servations suggest that pelvic irradiation during early pregnancy can also produce
this malformation in the offspring. The data of Bartels (1941) on thyroid disease
indicate the likelihood that simple goitre, in non-endemic areas, is commonly
dependent on the presence of a recessive autosomal gene which exhibits very low
penetrance (about | per cent) in male homozygotes, but is manifested as simple
goitre in about one-third of women who are homozygous for it, and as Graves’
disease in roughly another one-third, while the remainder are apparently unaffected.
Clinically indistinguishable goitre, as is well known, may result from iodine-
deficient diet, and in regions of high endemicity, as Eugster’s (1936) twin studies
show, individuals succumb to the disease apparently irrespective of genotype,
although genetic factors may influence its severity and other characteristics.
Pernicious anaemia, there is reason to suspect, may develop only on the basis of a
specific genotype in the majority of cases, but most of its characteristic features
can be induced, apparently in persons of any genotype, through diet lacking in
Castle’s ** extrinsic factor ', or as a secondary effect of sprue, for example.

The total genic constitution

The preceding discussion should give some idea of the varied and far-reaching
ways in which environmental factors may influence genic expression. It is im-
portant not to overlook the fact, however, that even in a fixed environment, the
expression of almost any gene (to some extent, quite likely, of every gene) is
influenced by the nature of genes present at other loci.

Evidence of the foot and eve anomaly in the mouse (Little and Bagg)

A classic illustration of the extent to which the effects of a single gene can vary under
the influence of other genetic factors in the organism is provided by the foot and head
abnormalities in the house mouse, originally described by Little and Bagg. They dis-
covered that any or several of a variety of morphological aberrations including varying
degrees of agenesis or atrophy of the eyes and associated structures, malformations of
the feet (club foot, syndactyly, hypodactyly, polydactyly), and defective development in
other areas, could result from the presence in homozygous condition of a single recessive
gene. In some animals homozygous for the gene (my/imy) eyve defects alone are present;
in others, the eye defects are accompanied by anomalies of the forelimbs, or of the hind
limbs, or of both, Rather rarely, defects of the forelimbs are found without discernible
abnormality of the eyes,

In addition to the variability in the type and location of defect in the abnormal mice,
there is great variability in the severity with which any given organ or region is affected
in different mice. The effects manifested in the eye and its associated structures, for
example, range from a mimimal defect of the lids alone (such that they merely fail to
cover the eyve completely) through complete absence of the lids to the extreme cases in
which the lids are absent and in addition the eyeball itself is markedly atrophic and the
optic tract reduced or lacking.

Finally, in the original Little and Bagg stocks, matings in which each parent exhibited
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one or more of the anomalies vielded progeny of which about only 80 per cent showed
any of the defects in question, while about 20 per cent were without visible abnormality.
In all cases in which the phenotypically normal progeny were genetically tested, they
proved to be homozygous for the gene responsible for the defects in their parents. We
might say, therefore, that the penetrance of the gene in homozygous condition was
approximately 80 per cent in this material, if we consider obvious manifestations of all
Kinds. On the other hand, eve defects (without abnormalities of the limbs) were much
commoner in the homozygotes than limb abnormalities; that is, we could say that the
penetrance of the gene in respect to the development of eye defects was higher than in
respect to the effects on the limbs.

In later studies of the Little and Bagg anomalies, it was found possible to obtain, by
selective breeding, inbred strains of miy/my mice which differed conspicuously in the
distribution and frequency of the obvious defects. In one selected line, for example,
nearly 90 per cent of the animals had abnormalities of both the anterior limbs and the
eyes; in another, the eyes were affected in about 90 per cent of the individuals, the limbs.
in fewer than one per cent; in a third strain the incidences of both eye and limb abnor-
malities were reduced to below one per cent. Thus, it is evident that an appreciable
part of the variability in the manifestation of the my/my genotype must be attributed to
the action of modifying genes, that is, of genes other than the one on which the develop-
ment of the anomalies is primarily contingent.

Innumerable other illustrations of the effects of genetic modifiers on the specificity,
expressivity, and penetrance of a particular gene could be cited, among which the studies
of Timoféeff-Ressovsky, (1934) on the expression of the wifoti genotype in Drosophila
are perhaps the most detailed. But the present illustration in mice is particularly instructive
because embryological investigations (see especially Bonnevie, 1934) have at least partly
revealed the mode of action of the manifestation modifiers, as well as of the main gene
involved.

During the embryogeny of normal mice, a quantity of cerebrospinal fluid is expelled
from the fourth ventricle through a temporary opening (the foramen anterius) in the
roof of the myelencephalon; it accumulates briefly under the epidermis in the concavity
of the neck region, where it is soon absorbed. In my/my mice there is an excessive
accumulation of this fluid (whether because of accelerated production or defective
absorption is not known). The excessive fluid becomes displaced, perhaps through
pressures imposed by the elasticity of the overlying epidermis, and tends to follow the
course of concavities in the body surface, spreading along the dorsal surface of the
head and body toward the eyes and nose on the one hand, and toward the extremities
or tail on the other. The moving fluid appears to do no harm, but wherever it finally
settles it forms a small bleb or blister, the pressure of which causes haemorrhagic lesions
and local disturbances of development. Hence, if fluid comes to rest in the groove over
the snout and around the eves, abnormalities of the nose and eyes result. Blebs on the
dorsal surface of the foot produce syndactyly with dorsal flexion; on the ventral surface,
syndactyly with ventral flexion. Distal blebs on the extremities are responsible for hypo-
dactyly ; polydactyly is apparently due to minute peripheral blebs on the feet, and so on.

It is obvious that the localization of the blebs must depend to some extent on what
might be called the surface modelling of the embryo at the time of bleb formation, and
it appears from Bonnevie's findings that the genes which modify the expression of my/my
in the various strains may do this through their effects on the surface modelling. Thus
the occurrence of forefoot and shoulder abnormalities 1s associated with the presence of
a large saddle-like bleb covering the shoulder region. The settling of fluid here would
clearly be favoured by the presence of a concavity in this area. It was in fact found that
in strains characterized by a high incidence of shoulder and forelimb abnormalities there
was a large preponderance of embryos with concave profiles in the shoulder region at
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the period during which the blebs become localized (reflecting a{:tuuH:{ precocious
development of the shoulder concavity), while the converse was true in strains mn which
shoulder and forelimb anomalies were less common.

It is worth noting parenthetically that Ullrich (1949) has characterized a human
syndrome involving unilateral defects of the pectoralis muscle and atrophy ol_‘ the over-
lving skin and its appendages, together with which are frequently found major defects
in the cranial nerve region, deformities of the hand, abnormalities of the ocular adne?:a,
and other peculiaritics. From the association of defects observed in various cases, Ullrich
concludes that the mechanism of pathogenesis is essentially the same as that described
for the assortment of anomalies in the my/my mice, that is, that the defects result from
the localization of blebs containing fluid of myelencephalic origin. This of course does
not imply that genetic factors are necessarily of aetiological significance for the human
analogues of the Little and Bagg mouse anomalies, as Ullrich is careful to point out.
Indeed, it cannot be too frequently nor too strongly emphasized for students of medical
genetics, that the very same disturbances in developmental processes which are initiated
by genetic factors in the case of pathological conditions in which heredity 1s of primary
aetiological significance can also be produced in other instances by environmental
interference or by non-genetic accidents during embryogeny.

Evidence of otocephalus in the guinea-pig (Wright, 1934) .

The foot and eve anomalies in mice which we have discussed above represent a variable
syndrome of defects resulting from the presence of a single major gene in homozygous
condition, variously manifested in different strains under the influence of genetic modifiers
which are probably multifactorial. Somewhat the converse of this situation is seen in
the series of otocephalic monsters in guinea-pigs studied by Wright (1934). The
otecephalic condition in these animals ranges in severity from varying degrees of reduc-
tion of the mandible with ventral approach, and, ultimately, fusion of the ears, through
complete absence of the lower jaw (associated with reduction of the upper jaw and with
cyclopia), to types which are almost completely headless. In spite of the diversity in
superficial appearance of the various types. Wright presents convincing arguments for
regarding the whole series of malformations as constituting a single nosologic entity
{Wright and Wagner, 1934). Except in the high-incidence strain which Wright studied,
otocephalic monsters of various grades occur sporadically in guinea-pigs with an incidence
of about 005 per cent. In the high-incidence strain, comprising more than 6,000 indi-
viduals, all descended from a single mating made in 1906, the over-all frequency of
the monsters was 43 per cent. Within this strain, however, three major groups of
substrains, derived through exclusively brother-sister matings for from 13 to 19 genera-
tions, became significantly differentiated from one another in respect to the incidence of
otocephaly; the frequencies of otocephalics in these subdivisions of the high-incidence
strain were about 1'5 per cent, 5 per cent, and 28 per cent respectively. Analysis of
the history and breeding data of the substrains indicates (1) that the members of the
groups of substrains characterized by the 5 per cent and 28 per cent frequencies all
possessed in common an identical complex of genes in homozygous condition which
differentiated them from stocks in which otocephaly was non-existent or rare, while
(2) the difference between these two groups was contingent upon a single semi-dominant
modifying-gene which increases the likelihood of otocephalic development from 5 per
cent to about 20 per cent when heterozygous and to a considerably higher value when
homozygous: the modifier probably does not increase the risk of otocephaly except when
the gene complex referred to under (1) is present.

Clinical implications
It would be easy to cite from laboratory malterials many other examples of
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pathological conditions contingent upon the presence of a single gene or gene
complex whose expression may be altered by a modifying gene or by polygenic
modifiers. In respect to its relevance for problems of pathological heredity in man,
the phenomenon is of more than academic interest. Thus, we may encounter a
disease or syndrome which appears to depend on single-gene determination, but
which varies conspicuously from case to case in severity or form. It is then de-
sirable to know whether the different forms of the disease are all referable to the
same ** main ™ gene, the expression of which varies from one case to another under
the action of different genetic modifiers, or whether different main genes with
similar but not identical effects are involved. The potentially practical importance
of the distinction rests upon the fact that different major genes often produce
similar phenotypes through diverse developmental pathways. The mechanisms
of development of dominant and recessive rumplessness in poultry, for example,
have been shown to be quite different, and the same is true in mice for dominant
and recessive hairlessness, and for several superficially similar but genetically
different types of taillessness.

We would reasonably expect that the same preventive or therapeutic treatment
might to some degree be effective for all variant forms of a pathological condition
if they were all expressions of the same gene acting, in different cases, under the
influence of different modifiers. We need not expect this if the variant cases are
contingent upon different genes. There are, in fact, numerous instances in
experimental animals of the differential responses of different genotypes which
have similar phenotypic expressions.

There is, for example, in Drosophila, an autosomal recessive gene, abnormal abdomen,
which produces defects of varying degree in the chitinization of abdominal skeletal
structures in a portion of flies homozygous for it. Homozygotes which develop in a fresh,
moist culture medium are predominantly of normal phenotype, and the 20 per cent or
so in which the abnormality can be detected exhibit it in very mild degree; as the
culture medium becomes old and dry, both penetrance and expressivity increase, until
100 per cent of the developing homozygotes exhibit the defect, all in severe degree. An
entirely different gene, a sex-linked dominant, produces the same tvpe of abdominal
defects, but in this case penetrance and expressivity are decreased by the drying out of
the culture medium. Other well known genetic factors in Drosophila resulting in pheno-
types designated as Bar and Infrabar, respectively, reduce the size of the eves. Each is
fully penetrant, that is, all flies of either genotype exhibit an appreciable reduction in
eve size. Expressivity is rather variable, however, and in each case it is conspicuously
affected by the temperature at which the flies develop. For Bar flies, the higher the
temperature during development, the greater is the reduction in size of eye, while the
reverse is true for flies of fnfrabar genotype. Also in Dresophila, an almost identical
cffect on eye colour is produced by any of several genes (vermilion, scarlet, cardinal,
and so on) in homozygous condition. These genes are known to be at different loci,
and it is also known that the vermilion gene differs from the others in respect to the
process by which the defective eye pigmentation is produced; as a corollary of this fact,
it has been found that injection of kvnurenin into the larvae of vermilion flies results in
the development of normal eye colour, whereas the same treatment is ineffective for
scarlet or cardinal flies. It is conceivable that genetic heterogeneity associated with
different patterns of pathogenesis may account for the fact that in human chronic
thrombocytopenic purpura, splenectomy is spectacularly effective for some cases and
without effect for others.
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In laboratory animals, it is obviously rather easy to determine whether }rarlant
forms of an hereditary abnormality are attributable to modifiers eﬁcﬂmg the
expressivity of a single gene, or to the existence of more than one main gene. In
human material the problem is also simple if the patterns of hereditary trans-
mission are clearly different. Thus, marked differences in age of onset zmd_ in
rate of progress are seen in cases of progressive muscular dystrophy, depending
on whether they are found in pedigrees which indicate dominant, autosomal
recessive or sex-linked recessive transmission ; the same is true forL retinitis
pigmentosa, peroneal atrophy, and a number of other diseases. When differences
_in clinical type, age of onset, or severity are not associated with obvious differences
in pattern of heredity, the problem of determining whether modifiers of a single
principal gene or different main genes are responsible is likely to be more difficult.
In general, if the variability in expression is conspicuously less among affected sibs
than it is among affected members of different sibships, we have strong evidence
that different main genes are involved.

In amaurotic idiocy, for example, the familial incidence and the frequency of
parental consanguinity are both consistent with dependence on a fully penetrant,
single recessive gene. The onset of some cases is during the first year of life ; in
others, it ranges from age 4 to 11 years. But when several cases occur in a sibship,
it is invariably found either that they all have had their onset before age 1 year,
or that the onset had been after age 3 years in all cases. In this instance, there
could be little doubt of the existence of different principal genes for the infantile
and juvenile forms of the disease, even if no clinical differentiation were possible.
Not all situations in which different major genes exhibit similar pathological
expression can be expected to permit as clear-cut a differentiation as this, of
course. Nevertheless, when different principal genes rather than modifiers of a
single main gene are responsible for an appreciable part of the variability in some
quantitative characteristic of a disease that appears to constitute a clinical entity,
their existence may be demonstrable by guantitative methods.

As Haldane (1941) has pointed out, the segregation of modifiers can result in a
correlation between sibs in respect to age of onset, or other quantitative features of the
disease of as much as 0-5, but cannot vield a coefficient of correlation significantly above
this value. Hence, if the correlation between sibs is found to be significantly in excess
of 0-5, there is strong presumptive evidence for the implication of different major genes
in different families. The same principle holds, in the case of dominant genes, for
parent—child correlations. On this basis Haldane tentatively infers that dominantly
transmitted peroneal atrophy is genetically heterogeneous, that is, that there are at least
two different major genes behaving as dominants, either of which can produce peroneal
atrophy; whether they are mutually allelic, or occupy different loci, cannot be stated.
Haldane finds similar evidence of genetic heterogeneity in recessive peroneal atrophy,
dominant glaucoma, and for both dominant and recessive types of Friedreich’'s ataxia,
spastic ataxia, and spastic paraplegia. Data which vield correlations between sibs, for
age of onset, in the neighbourhood of 0-5 or below (Huntington’s chorea, optic atrophy)
are less readily interpreted. Such low correlations would be obtained if the same major
gene is responsible for all cases of the disease under consideration. But even if several
different major genes are operative, the relatively high correlations they would be expected
to produce in the absence of disturbing factors may be obscured by the effects of intra-
familial environmental variability. Consequently, while high correlations in age of onset
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and so on speak strongly for an hypothesis that more than one principal gene is involved,
moderate or negligible correlations do not necessarily exclude this hypothesis.

Genetic and non-genetic factors

The detection of genotypic heterogeneity through simultaneous attention to
clinical variability and familial distribution is well illustrated by Fogh-Andersen
(1943), in his study of hare-lip and cleft palate. As is well known, either of these
anomalies may occur separately, or, about as frequently, both may be found in
the same individual. Formerly, it was usual to regard isolated hare-lip and isolated
cleft palate, respectively, as partial manifestations of a developmental arrest which,
when more severely effective, produced both defects together ; and most genetic
studies have proceeded on the assumption of a common genetic basis for hare-lip,
cleft palate, and for the combination of the two. Fogh-Andersen’s analysis shows,
however, that among sibs and other relatives of persons with either hare-lip or
hare-lip and cleft palate, both of these phenotypes occur with frequencies sig-
nificantly in excess of their incidence in the general population ; on the other hand,
isolated cleft palate is found among these relatives no more frequently than in the
population at large. Conversely, there is an excessive incidence of isolated cleft
palate among relatives of individuals with isolated cleft palate ; but in this group,
neither hare-lip alone nor hare-lip in combination with cleft palate occurs more
often than would be expected on the basis of their respective population frequencies.
It appears, therefore, that hare-lip alone and hare-lip with cleft palate in many
or most cases may be referable to the same main gene, but that isolated cleft
palate is genetically distinct. The distinction is further reflected in the fact that
familial incidence (that is, frequency of the defect among sibs of affected persons)
is higher for hare-lip, with or without cleft palate, than for isolated cleft palate.
It is quite possible that not even all cases of hare-lip with or without cleft palate
are contingent upon the same principal gene. Indeed, it is plausible to assume
that some may be phenocopies, produced through developmental accident without
regard to genotype. Nevertheless, data on familial distribution, population
frequency, and twin concordance are all reasonably consistent with an hypothesis
that a single main gene is a predisposing cause in a preponderant majority of the
cases ; and that both penetrance (which may be in the neighbourhood of 10 per
cent) and expressivity are at least in part influenced by non-genetic factors. It is
clear, too, that penetrance is conspicuously influenced by the sex of the developing
foetus, and it is of interest to note that the effects of sex on penetrance in the case
of hare-lip with or without cleft palate and of isolated cleft palate, respectively,
are in opposite directions : hare-lip, and hare-lip with cleft palate, are manifested
about twice as frequently in males as in females, while the converse is true for
isolated cleft palate, an observation which affords additional basis for their
differentiation. In neither case do we have any evidence to indicate whether the
effect of sex on penetrance is intermediated through hormones or is in some other
way a consequence of the different sex-chromosome : autosome ratio in the two

SCXES.

PENETRANCE AND EXPRESSION IN RELATION TO DIAGNOSIS

Establishment (or disproof) of the significant implication of genetic factors in the
aetiology of a disease, identification of hereditary mechanisms (patterns of
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transmission), and differentiation among genetically different categories when t!lEY
exist, are of course only first steps toward the application of genetics to medical
science. That even these first steps may have some immediate utility has been
pointed out by numerous authors (Snyder, 1946, 1947 ; Sorsby, 1950 ; Neel,
1951). In many instances they make it possible to predict the risk that a disease
or abnormality existing in one member (or more) of a family will develop in another
member or in a prospective child (genetic prognosis) ; diagnosis of a disease in
its incipient stages may be facilitated, and on occasion its further development
may be forestalled ; and applications in the field of preventive medicine can
already be envisaged (Burks, 1943). The contributions to medicine which further
studies in human genetics can make extend, however, considerably beyond those
just indicated, and in this connexion consideration of the phenomena of in-
complete penetrance and variable expression are particularly pertinent.
Consideration of penetrance and expression lead to the conclusion that the
presence of genetic factors which are incompletely penetrant with respect to
frankly pathological expression may nevertheless be detectable through careful
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Fic. 4 —Part of a pedigree of congemital dislocation of the hip.  All
individuals shown were radiologically examined. The original pedigree
includes spouses of all persons shown here as having progeny; in each
Eﬁ&lug{ﬁt, the spouse was normal. (Adfter Faber, A. (1937). Z. Orthap.,
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clinical and laboratory examination in most or all of the superficially normal
persons who possess them. The point may be additionally illustrated by reference
to Fig. 4 which shows part of a rather typical pedigree of congenital dislocation
of the hip. In this pedigree, as in a majority of other unselected pedigrees of the
same condition, the distribution of the clinically affected individuals (solid black
symbols) affords ground for little more than a suspicion of a genetic basis for the
disability, but radiological examinations of the cognates of affected individuals
(Faber, 1937, 1938) have revealed the widespread occurrence of a dysplasia of the
acetabulum (symbols with black dots) reflected anatomically in its being shallower
or flatter than in the normal hip. The distribution of the dysplasia strongly
suggests that it is contingent on the presence of a single autosomal gene which is
manifested as congenital or early dislocation of the hip in only a fraction (possibly
10 per cent) of the heterozygotes who carry it ; in another fraction, according to
22
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Fﬂber. the anatomical abnormality associated with the dysplasia may lead to
disability later in life. The dysplasia itself, however, as the pedigree suggests, is
manifested in a very much larger proportion of those who inherit the gene, and
conceivably it may exist in all of them to a degree not always apparent on radio-
logical examination.

Whether the interpretation of these observations on congenital hip is correct
Or not, it is obvious that the discovery of subclinical effects, with high manifestation
frequency, for genes which exhibit low penetrance in respect to frankly pathological
expression, will in general greatly facilitate genetic analysis. Moreover, they are
likely to be of great importance in early diagnosis. We have already indicated
tl?al any genetic factors which are of aetiological significance for relatively common
diseases are likely to exhibit sharply reduced penetrance with respect to the
manifestation of severely pathological effects. On the other hand, as Roberts
(1940) points out, if a gene has multiple effects, which indeed seems to be the rule
rather than the exception, its less conspicuous manifestations tend to be more
regularly expressed. The more regularly expressed effects may represent abortive
or precursory stages in the development of the less frequently manifested frank
disease (as appears to be the case in the hip dysplasia mentioned above), or con-
stitutional signs of predisposition to the disease, or both. In any event, it seems
reasonable to expect that their discovery should ultimately shed light, in many
instances, on early phases in the processes of pathogenesis, the nature of which
may well have become obscured through subsequent events in patients in whom
the disease is fully developed.

It is only in rather recent years that investigations oriented by recognition of
the principles just indicated have been undertaken ; they have usually been on a
small scale, and many of them have failed to make full use of the co-operation of
clinician and geneticist that appears to be desirable for the most effective planning
of such research as well as for the interpretation of results. Consequently, it is
hardly surprising that we cannot point out examples of spectacular solutions of
medical problems that have been accomplished through this type of approach.
Mevertheless, results have been obtained in a number of studies, discussed more
fully elsewhere in this volume, which we think are highly suggestive of its potential
fruitfulness.

In several instances, the discovery of what may be regarded as precursory
abnormalities in the cognates of diseased individuals has perbaps done no more
than afford support to ideas of pathogenesis that had previously been arrived at
without benefit of genetically oriented methodology. This would be true, for
example, of the finding of abnormally elevated serum uric acid levels in relatives
of patients with gout, or of the significantly high frequency of precocious hypo-
chlorhydria and achlorhydria among cognates of patients with pernicious anaemia ;
or of the prevalence of abnormal glucose-tolerance curves in the relatives of
diabetics (for references, see Neel, 1947 ; also Smyth, Cotterman and Freyberg,
1948 : Stecher, Hersh and Solomon, 1949). Nevertheless, each of these ob-
servations suggests the possibility, through further studies along the same lines,
of identifying still earlier stages in the development of the diseases in question,
and (in the case of diabetes) of securing evidence pertinent to the hypothesis that
forms of the disease which appear to be clinically differentiable (see Lawrence,
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1951 ; Lister, Nash and Ledingham, 1951) may in fact differ in respect (0 the
primary steps of their pathogenesis. ;

On the other hand, the possible relationship between hypercholesterolaemia and
coronary (or other) atherosclerosis has been a rather controversial question. Boas,
Parets and Adlersberg (1948) found that about half of the sibs of 50 cases of
coronary artery disease beginning before the age of 50 years (unselected, except
for the exclusion of patients known to be members of xanthomatous families) had
abnormally high levels of serum cholesterol (see Stecher and ‘I-_Iersh, 1949). In
another study (Adlersberg, Parets and Boas, 1949) the propositi, most of w!mm
came to the investigators’ attention because of cardiac complaints, were patients
who exhibited one or more of the signs of xanthomatosis. Of 89 tested parents,
sibs and children of these cases, 55 were hypercholesterolaemic, and among the
39 male relatives above 35 years of age who showed elevated serum cholesterol,
there were 8 cases of coronary artery disease. These data, especially in respect to
the occurrence of coronary disease among the hypercholesterolaemics, where the
number sampled was too small to permit us to accept the rate as significantly high,
must be considered as suggestive rather than conclusive, but as far as they go they
tend to confirm the suspicion of an intimate relationship between cholesterol
metabolism and coronary artery disease, and they point toward new ways of
exploring the nature of this relationship.

Electroencephalographic abnormalities in clinically normal relatives of epileptics
and, more recently, of victims of Huntington’s chorea (Léwenbach, 1939 ; Lennox,
Gibbs and Gibbs, 1940 ; Patterson, Bagchi and Test, 1948) are also of interest.
In the case of epilepsy, it has been generally recognized that we are probably
dealing with an aetiologically heterogeneous group of conditions. The electro-
encephalographic studies of epileptics and of their non-epileptic relatives have
indicated a possible means of resolving some of the heterogeneity. They also
suggest the possibility of identifying genetic predisposition to epilepsy, under some
circumstances, in non-epileptic relatives of epileptic patients. Whether or not
these studies lead to the discovery of hitherto unsuspected factors in the environ-
ment which can precipitate the disease in some persons, it seems almost certain
that they must eventually contribute to clarifying the physiological mechanisms
which underlie the development of epileptic symptoms.

GENETICS AND CONSTITUTIONAL MEDICINE

1t should be apparent from the preceding discussion that consideration of pheno-
mena of variable gene expression and penetrance in relation to medical genetics
suggests a viewpoint and a methodology which bear some resemblance to those of
so-called constitutional pathology. In fact, the point of departure is essentially
the same, namely, the presumption that there is such a thing as organic predis-
position to disease, and that there are individual differences, in part genetically
determined, in the degree of predisposition to specific ailments. But the investigative
approach suggested by an appreciation of genetic principles is somewhat broader
than that which has characterized such constitutional studies as have restricted
their field of inquiry to the diseased patient. It would be guided by the thesis
that if there are constitutional peculiarities, anatomical or functional, which reflect
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predisposition toward the development of a given pathological state, the most
fﬂ\-‘ﬂl.lFlhlB opportunity for discovering: them will be provided by systematic
examination of the undiseased immediate relatives of affected individuals. The
principle involved is thus an extension of constitutional study to the family group.
Constitutional investigations in the narrower sense, that is, those restricted to the
diseased individuals themselves, may be helpful to the extent of revealing pre-
sumptive constitutional correlates of the disease. But they afford no means of
determining whether such correlates are constitutional in the genetic sense, or
reflect the operation of extrinsic factors : moreover, they do not permit dis-
crimination between aberrations which are antecedent to the disease and those
which are consequent upon it. Obviously, attempts at formal genetic analysis
which employ as their data only diagnosed cases of frank disease, and therefore
ignore possible constitutional or acquired correlates, can shed no light on these
questions either. But the search for subclinical and possibly pre-pathological
signs of abnormality in the families of diseased persons, accompanied by an
analysis of the familial and demographic distribution of these signs which makes
use of the techniques of the geneticist and the epidemiologist, offers fair promise,
we think, of contributing usefully to our knowledge of many diseases whose
aetiological backgrounds are currently obscure. It is a matter of some importance
to note that the utility of this type of attack is equally great whether, in a given
instance, genetic factors are of major or minor aetiological significance.
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CHAPTER 3

THE DETECTION OF THE GENETIC CARRIERS OF
INHERITED DISEASE

JAMES V. NEEL

EXcept for the minority of cases where an hereditary condition is determined by
a dominant gene with complete penetrance prior to adolescence, the parents of
an individual with a genetically determined trait may, during all or part of their
reproductive lives, superficially appear quite normal. This is true where there is
recessive heredity or irregular dominance, where the onset or recognition of the
trait is late in life, and, as a rule, where multifactor inheritance is involved. The
term ** genetic carrier ” has been applied to an apparently normal person who
serves as the transmitter of an inherited disorder.

Frequency of the carrier state

Where a dominant disease has a late onset, as in the case of Huntington’s chorea,
the number of carriers simply equals the number of persons who will later develop
the condition. Where a disease is due to an irregularly dominant gene, the number
of apparently normal carriers may be less, equal to, or greater than the number
of affected individuals, depending upon the penetrance of the gene in question.
But in the case of an uncommon, recessively determined disease, the heterozygous
carrier is always far more frequent than the homozygote who exhibits the disease.
Thus, albinism has a frequency of the order of 0-0001 in Europeans. The frequency
of the gene responsible for albinism (p), disregarding isolate and consanguinity
effects, would then be 4/-0001, or ‘01, and the frequency of the carrier, [2p(1-p)],
would be approximately 0-02, or 200 times that of the homozygote. The rarer a
gene, the higher is the ratio of heterozygote to homozygote. When one considers
the large number of diseases which are certainly or probably due to recessive
genes, the probability emerges that each of us is a carrier of not one but several
genes which in the homozygous condition would have highly undesirable effects.

Importance of the recognition of carriers

The recognition of ** carriers ” with respect to any given disease may lead to
fundamental contributions from the standpoint of understanding the mechanism
of gene action, since it provides material for the study of *° minimal " gene effects,
as contrasted to the more marked effects seen in the full-blown disease. Carrier
recognition is thus of importance in developing a picture of the physiological
genetics of man. There are, moreover, certain practical implications. There are
situations, too well known to require enumeration here, where it is of value to
know whether a given individual is heterozygous for a certain recessive gene, or
whether, in the case of a dominant gene whose effects do not appear until after
adolescence, an individual may be expected to develop a certain disease at some
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later date. However, a word of caution seems indicated regarding attempls 1o
apply our present knowledge of carrier states. The information currcrg’Ely a:vallahle
is far too meagre to permit well intended but premature attempts to utilize it except
in a few special cases. :
In recent years there has been an increasing realization that completely recessive
genes are less common than was originally thought to be the case. For instance,
Stern and Novitski (1948) studied a series of 33 sex-linked “recessive lethals™ of
Drosophila melanogaster with respect to their effect in heterozygous t‘emalcsr, and
found an average lowering of viability of 10 per cent. Recognition of the ultimate
basis for this impaired viability may be expected to proceed slowly in the fruit
fly, where the organism is so small and so much of the necessary background data
is lacking. In man, on the other hand, the detailed anatomical, biochemical, and
physiological information available and the size of the organism tremendously
facilitate the detection of small departures from the norm that might pass unnoticed
in a primrose or a fruit fly. The apparently greater incidence of * dominant
inheritance * in man than in laboratory material, so clearly pointed out by Levit
(1936), is undoubtedly due in whole or part simply to our greater familiarity with
minor departures from the norm in man. Muller (1950) has recently calculated on
theoretical grounds that in the genetic constitution of the average man there are
at least eight *‘ recessive ™ genes with some detrimental effect when heterozygous,

and possibly double or triple that figure.

Tabulation of available data
The table presents a partial summary of the available information concerning

carrier states. The 33 diseases for which some sort of data are available have
been entered in alphabetical order.

In each instance the most probable mode of inheritance has been indicated, but it
should be emphasized that in some instances the data regarding the mode of heredity
are quite deficient, and the assignment to a particular category made somewhat
arbitrarily.

There is a very wide disparity in the diseases entered in the table both as regards the
extent of the observations concerning the existence of a carrier state and the validity and
usefulness of those observations. A number of additional diseases for which a carrier
state has been suggested have been omitted because of contradictory or very dubious
evidence. An attempt has been made to indicate the rehiability and general applicability
of the observations by a grading system of 1 through 4, where 1 indicates the most
reliable. An arbitrary upper limit of three pertinent references for each disease has been
adopted. This obviously necessitates considerable selection in the case of such widely
studied diseases as epilepsy and pernicious anaemia. The present author has elsewhere
presented a more extended bibliography, as well as a critical review, of a number of the
diseases included in the table (Neel, 1947, 1949).

Some of the carrier relationships summarized in the table are probably special
for a particular family or group of families. Thus, Yamazaki (1927) has described
a family in which mild and extreme myopia may be related to one another as
heterozygote to homozygote. But while this may well be true for the particular
family under study, it is unlikely that this can be applied as a general relationship.
The anatomical bases of myopia are too diverse and complicated to permit any
such simple interpretation.
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THE DETECTION OF THE GENETIC CARRIERS OF INHERITED DISEASE

In addition to the diseases included in the Table, it should be pointed out that
there are a number of *“ dominant * genes in man which are so UNCOMMon that
individuals certainly or probably homozygous for the gene in question are very
rare indeed. However, such homozygous individuals when they do occur may
show a marked accentuation of the effects of the * dominant > gene, which must
then be regarded as an * incomplete dominant 7, with the heterozygotes * carriers ™
for a much more serious genetic disability. Included in this category may be
brachyphalangy (Mohr and Wriedt, 1919), hereditary sebaceous cysts (Munro,
1937), hereditary haemorrhagic telangiectasia (Snyder and Doan, 1944), and the
Ehlers-Danlos syndrome (Johnson and Falls, 1949).

Recognition of carriers through linkage systems

As an alternative to the clinical approach to the detection of genetic carriers,
it has been suggested that where the gene responsible for a pathological condition
is linked to one producing a harmless trait (for example, a serological char-
acteristic), one could use the lattér gene to ** tag ™ the former. While theoretically
this 1s a feasible method for the detection of carriers, in actual practice many
serious difficulties arise (Neel, 1949). The linkage between the marker and the
marked gene should be close (within 5 units), and the marker gene to be of maxi-
mum usefulness should approximate a 50 per cent frequency and be distinguishable
in the homozygous and heterozygous conditions. However, since a given pheno-
type may be inherited in several different ways, it will be difficult, unless an
extensive pedigree is available, to determine the appropriateness of utilizing a
particular marker gene. These facts combine to suggest that a very extensive
knowledge of human genetics will be necessary before the linkage approach can
be of significant practical value.
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CHAPTER 4
TWIN STUDIES
J. A. H. WATERHOUSE

Twins make a dual demand on the attention of the clinical geneticist. In the
first place there is their intrinsic interest as comparative rarities—as ill-understood
genetic and physiological abnormalities in a species normally monotocous. Here
the problem has been to devise adequate tests to assess the truth of many rather
uncritical assertions. In the second place is that Galton, in 1857, was one of
the first to recognize, the value of the ** History of Twins, as a Criterion of
the relative powers of Nature and Nurture . The nature-nurture question, which,
though he did not initiate, Galton assiduously pursued and sponsored for the rest
of his life, was too often presented as a struggle of heredity versus environment
rather than as a co-operative effort, and led to much bitter controversy and
special pleading. Nevertheless, in the form in which it is generally used today the
method of twin control can yield valuable information about the presence of a
hereditary influence, though guantitatively inconclusive.

The literature abounds with references to twins and twinning from all aspects
and of all qualities. Comprehensive reviews may be found in Dahlberg (1926),
Newman (1942), Gates (1946) and Gedda (1951). Modern work, not only on
twins but particularly in the sphere of human. genetics, has rendered much of
the earlier work obsolete, or of historical interest only, and necessitated a reorien-
tation of outlook.

ORIGIN OF TWINS

Monovular and binovular twins
It is generally held that twins arise either from (1) the early division of the

fertilized zygote into two separate, or partially separate, embryos, or (2) the
fertilization of two ova released at about the same time. By reason of its mode of
origin the former type of twin-pair—monozygous (MZ), monovular, or identical—
must be of the same sex and possess exactly the same hereditary material in
duplicate, whereas the latter type—dizygous (DZ), binovular, or fraternal—will
be no more alike in sex or heredity than any pair of children of the same parents.
And the existence of these two kinds of twins provides a natural basis for a
controlled experiment to test the relative influences of heredity and environment.
Dizygous twins, especially those of the same sex, are brought up in very much
the same environment—an environment very much more similar than that of
same-sex sibs of unequal ages—but differ in their heredity: whereas monozygous
\wins, separated very soon after birth and reared apart, provide the complementary
material, genetically identical but differing in their environment. Such a situation
might represent the ideal for a controlled biological experiment but is very seldom
realizable in practice, and in any case overlooks the period of intra-uterine life
when the environments presumptively are very closely similar. Newman, Freeman
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TWIN STUDIES

and Holzinger (1937) include a study of 19 pairs of identical twins separated in
infancy, and this number represents the useful yield of a careful search for such
pairs over a number of years. Consequently, most studies are constrained to
utilize the theoretically less efficient method of comparison between sets of like-
sex pairs reared together, one set consisting of monozygous pairs and the other
of dizygous.

Other modes of origin of twins have also been suggested. Of these, that which has
found most favour in the literature involves fertilization by different sperms of both the
ovum and the second polar body, formed from the second meiotic division. Such an
occurrence would lead to a pair of twins who were more alike genetically than sibs,
though not identical, for, apart from the chromosomal material exchanged in the first
meiotic division of the ovum, they would possess a common maternal inheritance while
differing in their paternal contribution. Such a pair could of course be of opposite sex,
and in fact it is usually to account for the appearance of unlike-sex pairs showing many
features in common that this suggestion has been made. While the possibility of the
existence of this type of twinning cannot be ruled out, it is almost certainly of rare
OCCUITEnce.

There is an urgent temptation, peculiar to the human geneticist, to explain an other-
wise apparently anomalous finding by recourse to a genetic mechanism known to exist
in some experimental animal, but not vet demonstrated in man. Sometimes a good
prima facie case can be made out for analogical extension of a genetical mechanism to
man, but somewhat superficial similarity is not sufficient justification, especially in
isolated cases, or where it is a rare occurrence in animal genetics. If such statements
are recognized as hypotheses in support of which the sceptical biologist would require
more rather than less confirmatory evidence to overcome their prior improbability, no
harm 1s done except to tend to conceal the existence of a problem. Many hypotheses of
this kind are as difficult to disprove as to prove, and to this category must be allocted
many of the theories both of the origin and of the genetics of twinning postulated in the
literature.

Conjoined twins.—Double monsters, pygopagi, conjoined or “ Siamese ™ twins,
are monozygous twins as is evident from their possession, by definition, of at
least some tissue in common—a state of affairs which could not endure for
long unless they were genetically identical because of the very high specificity of
graft tissue. Degrees of doubling from a small duplication to almost completely
separate individuals have been reported, but surgical separation is seldom
successfully accomplished. Such twins may be united at any part of the head or
trunk, but at the same position on each individual.

Placenta and chorion as eriteria

The type and condition of the membranes found in the afterbirth, once
considered as immediately diagnostic of the type of twinning, has occasioned
some controversy. A single chorionic membrane is now generally accepted as
cvidence of monozygous twinning, although the possibility of the fusion of the
two chorionic membranes surrounding like-sex dizygous twins is admitted by
some wrilers as a rarity. About one-quarter of dichorial like-sex twins are
monozygous; the presence of one or two placentae seems to depend in the case
of dizygous twins upon the proximity of implantation in the uterus, and in the
case of monozygous twins upon the stage at which separation occurs. Monochorial
twins are sometimes also mono-amniotic, but about 90 per cent are diamniotic,

36



REVERSED ASYMMETRY

according to Steiner; all the other types will of course be diamniotic. It is by no
means easy always to determine the condition of the membranes, and there are
only few reliable figures available. The frequencies given above, and the figures
in the ensuing Table, adapted from Steiner (1935), may well be subject to variation
with environmental agencies. Maternal age is almost certainly a factor affecting
these figures so that they represent an aggregate corresponding to the European
pattern of fertility by age.

TABLE

= = g ! !

s = = | All | Like | Unlike .

= A = MZ | like X sex | Al | Al
o 2 G (e SEX D7 DZ | DE | Twins
| Tk {161 3 T v e s
1 ] B e A i s
Eiinihe ] sl S| AT s
S e 2l e e s o i s
Total - s6 | 132 | 76 | 104 | 180 | 236

Circulatory anastomoses

There appears to be no evidence in human twinning of the * freemartin effect ™
observed in cattle, where the female of unlike-sex twins is infertile. In cattle this
has been shown to be due to anastomoses between the placental circulations of
the two embryos, and though such anastomoses have been recorded in human
iwin placentae no such drastic effect of interchange of sex hormones has been
observed. The subject of circulatory anastomoses between the embryos in twin
pregnancies, and in particular the dynamic asymmetry of the resulting mutual
circulation, was studied in detail by Schatz in the latter half of the nineteenth
century. Several later writers have also suggested that inequalities in the mutual
circulation often found in monochorial pairs may well play a large part in the
causation of the observed differences between monozygous twins at birth. It is
true that there has been no comparable repetition of the detailed work of Schatz
since his time, and that the effects of such circulatory derangements in producing
modifications of the phenotype attributable to the prenatal environment might be
to underestimate the effects of heredity, thus reducing the value of monochorial
monozygous twins in twin-control experiments (see, for example, Price, 1950).
But although the extent of the influence of such factors is uncertain, it is unlikely
in most cases seriously to affect the results of adequately controlled experiments.
It remains as a reservation to be borne in mind, particularly in studies involving
low values of the penetrance and expressivity of a gene, where a division of the
monozygous pairs into monochorial and dichorial, and analysis of the results in
these terms, might be advantageous.

REVERSED ASYMMETRY

The noticeably higher frequency among twins of various manifestations of
“ mirror-imaging * and visceral transposition, from superficial pattern reversals
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with or without left-handedness to partial or complete situs inversus viscerum, has
long excited speculation on its relationship to twinning. Sifus inversus viscerum
is not only very rare (a recent estimate of its frequency is 1 in 10,000), but it is
not readily noted unless specially sought. With the advent of mass radiography,
if the picture includes enough of the viscera, more information about the distri-
bution and extent of situs inversus should become available, comparable for
instance to that of Torgersen (1950). Cockayne (1938) has shown visceral inversion
to be inherited as a simple recessive condition, independent of left-handedness,
and not closely related to twinning—a view with which Torgersen concurs. It
seems at least not improbable that superficial mirror-image effects between the
members of a twin-pair, such as those of hair whorls and fingerprints, might
result from the disturbance of normal development caused by the fission of an
embryo to form a monozygous pair, and that the later such fission occurs the
more difficult it becomes for the embryos to recover from the amount of asymmetry
development already determined. Of all monozygous pairs, conjoined twins
exhibit most reversal of asymmetry. As such pairs result from incomplete fission
of the embryo at a relatively late stage of development, and are monochorial, it
suggests that monochorial but separate monozygous twins might show more
frequent inversion than dichorial pairs. Thus while a certain degree of asymmetry
reversal may serve as an indication of the monozygous origin of a twin-pair, it can
also in rare instances result from a purely genetic effect, possibly of variable
expression, acting in one twin only of a dizygous pair.

FREQUENCIES OF TWINNING

Presented with the numbers or proportions of the three sex-groups in a sample of
twins, it is comparatively easy, if the sample has been taken at random, to
determine the ratio of monozygous to dizygous pairs. Weinberg (1901) pointed
out that if dizygous pairs are in effect no more than sibs who happen to be occupying
the uterus at the same time, then the sex-groups will be distributed just as they
would be for pairs of single-birth sibs. If M denote a male and F a female, there
should then be } MM : } MF : } FF pairs, if the numbers of the sexes at birth are
equal. Thus the numbers of like-sex and unlike-sex pairs will be equal, and this
1s also very nearly true if the sex ratio diverges slightly from 1. All monozygous
pairs must, of course, be like-sex pairs, so that to obtain the number of monozygous
pairs in the sample the number of MF pairs is deducted from the number of like-
sex pairs (MM - FF). This may be expressed symbolically as follows.

MM MF FF Total

Number of twin-pairs in sample - A B I N
Number of monozygous pairs = A+ C—B=N — 2B
Number of dizygous pairs = 2B

If the sex ratio is estimated from the sample and taken into account in computing
the relative numbers of monozygous and dizygous pairs, the formulae above become

Proportion of males = (2ZA+ B)/2N
Number of monozygous pairs = (4AC — B?) [ (2A + B}B + 20)
Number of dizygous pairs = 2NB/(2A + BXB + 20)
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If lheae formulae are applied to the gross birth statistics of most European
countries it is found that monozygous twins form approximately one quarter of
all twin-pairs. The total rate of twin maternities to all maternities averages about
I per cent, but varies quite widely from one country to another. When statistics
of twin maternities are tabulated by the age of the mother and are compared with
the nuthm of all maternities by maternal age, it is found that the proportion of
maternities resulting in twins increases with the age of the mother. To this fact is
attributable almost the whole extent of the variation in gross twinning rates
between countries which are composed mainly of white European populations,
and possibly that between other countries also, sometimes ascribed to such
ambiguous differentials as race and latitude.

-’3‘_
i
g
THl= oy
a,
Saf- g,
o s 12
B E
h Sy,
o L]
8" s
=]
wo | £
% L
20 &
& 2o
g, £
=) i
2 é 2
T X BN KN - f-fs A Ol Z2% 2507 JO-OF HF FO-T 45
Age of moifer Age of matfer
FiG. 5.—Rate of twinning for FiGg. 6—Results as in Fig. 5
England and Wales over 104 expressed as proportions of
vears. Mote variation with total maternities by age, after
maternal age. application of Weinberg's

method.

Fig. 5 shows how the rate of twinning varies with maternal age for England and Wales
over a 103-vear period. If Weinberg's method is applied to distinguish the relative
numbers of monozygous and dizygous twin maternities for each maternal age-group,
and if the results are expressed as proportions of the total maternities by age, Fig. 6 is
obtained. Thus monozygous twinning is virtually independent of maternal age, only
rising from 3-2 to 3-8 per 1,000, while the dizygous rate rises sharply to a maximum of
13 per 1,000 in the maternal age-group 35-39 years, and falls again after this age. There
is some evidence (Waterhouse, 1950) that the dizygous rate at ages under 20 vears is
well below the monozygous rate, and it is possible that any twins born to mothers of
15 vears old or younger are exclusively monozygous. If this is so, the low rate of dizygous
twinning found in some Eastern countries (Japan, for example) may be explicable on
the basis of a relationship sensibly the same as that depicted in Fig. 6, taken in con-
junction with the early age of marriage customary in such countries, and Fig. 6 may
perhaps represent a physiological relationship between polyovulation and maternal age.
Parity has also an effect, as several authors have observed, but one which is difficult to
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distinguish from that of maternal age. Taken together they suggest that the internal
environment of the mother may exert a powerful influence on the expression of any
genetic mechanism concerned in the production of dizygous twins. ' o
Kuczynski (1933), among others, has pointed out some of the shortcomings of official
statistics, particularly in countries new to them, or where the population is scattered over
a wide area. When almost the only method of analysis is statistical and must bL bage:d
on very large numbers, as it is here, it is important to recognize the assumptions implicit
in the method. They include both a certain degree of homogeneity and an absence of
bias in the collection of the data: unless the basic data are impeccable in these respects
the conclusions drawn may be erroneous. Consequently it is possible that the different
rates of twinning between the white and coloured populations reported by I;|1ders and
Stern (1948) in America may be partly due to the heterogeneity of the population over so
vast an area, or to the relatively small size of the coloured population, or may even be
ascribable to wide differences in parity by maternal age between the two pupufati?ns.
Such questions can only be decided by very much extended and more detailed investigation.

OTHER MULTIPLE BIRTHS

From gross figures for multiple births Hellin (1895) discovered a simple empirical
relationship between the frequencies of twins, triplet and quadruplets. If p
denotes the frequency of twin maternities in a population, then the frequency of
triplet maternities is very nearly p?, and that of quadruplet p*; by analogy this has
been extended to quintuplets and the expected frequency, p*, appears in accordance
with that observed. If there are two types of twins, monozygous and dizygous,
there will be three types of triplets: monozygous, dizygous and trizygous. In the
first type, a single fertilized ovum twice divides to form three individuals genetically
identical; dizygous triplets differ from dizygous twins only in that one of the two
zygotes divides to produce a pair of monozygous twins, the other continuing to
develop normally: and trizvegous triplets of course arise from the fertilization of
three ova. If u denotes the frequency of monozygous twinning, and v that of
dizygous, then
p=u-v
and p:=u*+ Zuy + v?

Here the first term (u*) represents the frequency of monozygous triplet maternities,
the second term that of dizygous, and the third term that of trizygous. The relative
frequencies, however, may well be distorted at birth by differential mortality
in utere according either to sex or to mode of origin. Obviously this method of
analysis can be carried further: Hellin’s law can be applied separately to each
maternal age-group—a more rational procedure than its application to gross rates
if 1t is interpreted as the chance of a second occurrence of an event known to be
linked with age. Jenkins and Gwin (1940), and Waterhouse (1950), have each
adopted this method in a more detailed examination by the technique of regression
equations.

HEREDITY OF TWINNING

Several varieties of pedigree material contribute to show that there is an hereditary
factor in twinning, but the determination of the type of genetic mechanism involved
1s made much more difficult by its very low penetrance.

40



HEREDITY OF TWINNING

In the first place, some very long pedigrees have been published showing an incidence
of twinning higher than normal. But a single pedigree extensive enough to provide the
numbers of twins required for adequate statistical analysis must include at the same time
so much admixture of other stock that it cannot be regarded in any relevant sense as
homogeneous, unless it contains a large and known amount of inbreeding. Secondly,
there are in the literature numerous isolated pedigrees with a remarkable concentration
of twins among close relatives. No figures of incidence in any way comparable with those
from the first type of pedigree are calculable from such incomplete data, and it is difficult
to class them otherwise than as suggestive but essentially anecdotal.

A third method, comparable to the first but in another dimension, obtains the incidence
of twins among sibships of index pairs determined in some unbiased manner. In 1902
Weinberg found, on data from Stuttgart, that the incidence of twins among the sibs of
monozygous twin-pairs was no greater than that in the general population, but that the
incidence was more than twice as great among the sibs of dizygous pairs. And in 1909
he came to the same conclusion from a larger sample. Dahlberg, on less numerous data,
claimed also an increased number of monozygous pairs among the subsequent children
of mothers of a dizygous pair. He was led to postulate the existence of a doubling
tendency, an hereditary disposition of the egg (or possibly of the sperm also) to double
formation, responsible for both monozygous and dizygous twinning.

The fourth type of pedigree analysis involves the systematic collection of family
material. These data may then be analysed either by determining the incidence of twinning
among various classes of relatives of the propositi, a method exemplified by Greulich
{1934), or by internal comparisons of one form of relationship with another, typified by
Waterhouse (1950). Each of these methods depends upon the grouping of a sufficient
number of individual pedigrees, all ascertained in the same way, and free from serious
bias, to be of significance statistically.

By means of this latter form of pedigree analysis the frequency of twinning
among the relatives of dizygous twins has been found to be raised above its
normal value, whereas in the families of monozygous twins the incidence does not
differ from that in the general population. It would appear reasonable to suppose
the production of dizygous twins to be sex-limited, exhibition being confined to
the female;, and the part of the male being that of an intermediate host for the
factors responsible. And indeed most studies agree in finding the incidence generally
to be higher in the female line, except for some results which appear to show a
direct effect attributable to the father. Unless, as has been proposed, polyovulation
is of much more frequent occurrence than there is evidence to suppose, and the
genetic constitution of an embryo—to which of course the father contributes—
determines its survival to birth alive, it is difficult to envisage how this could be
accomplished.

Animal investigations have revealed the existence of polyovular follicles in the
ovaries of some females, in some cases as a rarity and in others as a rule, and
similar findings have been reported from examination of some human ovaries.
Dizygous twinning might thus be the result of the inheritance of ovaries containing
at least some binovular follicles, or it may result from a defect of timing such that
two or more ova are released nearly simultaneously, either from different follicles
in one and the same ovary, or separately from each ovary. In any event, the
condition must admit of considerable variation in exhibition with age and parity,
And if the hypothesis referred to above, that polyovulation is more frequent than
is generally assumed, be admitted, then it may be that maternal age and parity
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affect the penetrance of the genes determining the intra-uterine survival of dizygous
embryos. Several other conditions partly genetic in origin, such for example as

mongolian idiocy, are known in which the expression depends upon one or both
of these factors.

DIAGNOSIS OF ZYGOSITY

Criteria

For investigations involving the relative numbers of monozygous and dizygous
twins in a large sample drawn at random, Weinberg’s differential method effects
the distinction easily and accurately. But it does not of course specify which
individual pairs within the sample belong to each class, nor is it strictly applicable
without modification to later age-groups. For selective mortality will disturb the
sex ratio, as it must indeed be disturbed even if there is no difference between the
mortality rates of monozygous and dizygous individuals, by differential mortality
rates between the sexes, and the method is invalidated. As the twin method is
frequently employed in heredity-environmental studies it is necessary to know
which pairs are monozygous and which dizygous. Inevitably the diagnosis can only
be based on the manifestation of a comparatively few genes from the whole genetic
complex, which is equivalent to founding a judgment of genetic identity upon
the statistical unlikelihood of the simultaneous occurrence in both members of a
dizygous pair of a number of characteristics known to be determined genetically,
but independently of one another. Though it is exceedingly unlikely that any pair
of individuals even possessing the same parents would possess precisely identical
complements of genes unless of monozygous origin, two individuals alike with
respect to all of a small number of tests would not be hard to find.

Evidently the desiderata for tests of zygosity are for each test that it shall
depend upon a characteristic determined genetically and subject to the least
environmental variation in its expression—a character, in fact, of full penetrance—
and for all tests that, taken together, they are sufficient in number and discrimin-
atory power to leave a residue undecided which is negligible for the size of the
sample in question. In practice such high-penetrance genetic substitutions are
not always readily available nor sufficient in number or power to leave a negligible
residue, so that other characteristics of lower penetrance, or subject to greater
environmental variation, must be included in the armoury of diagnostic eriteria.
A difference between the members of a pair with respect to any one of the
qualitative criteria is usually enough to discredit the assumption of monozygosity,
but for graded or quantitative tests a standard of rejection must first be established.
It is difficult to establish such standards without incurring the risk of a circular
argument, and in consequence qualitative tests are in general to be preferred to
quantitative ; another reason for the preference, where a quantitative test may
break down because of the intrusion of an environmental influence of unexpected
magnitude, will be referred to later.

Sex: blood groups
The first and most obvious criterion to apply, that of sex, belongs of course to
the first category, and so also do the blood groups. In fact if the present rate of
discovery of fresh groups and new subgroups continues, blood group tests will
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very soon suffice for nearly all ordinary samples, if the necessary antisera are
conveniently available. Blood groups constitute the purest known examples of
the ideal diagnostic criteria, for they are simply determined genetically and as
completely free of environmental influence in their manifestation as the genes
themselves. Other characters subject to only small environmental variation are
the “taste-sense™ (wherein a simple recessive gene substitution confers the inability
to taste phenyl thiourea and certain substances related to it) and the ** secretor
property (a simple dominant gene being responsible for the property of secreting
blood group antigens in body fluids; this property appears to be closely related
to the Lewis blood group system). Although the various blood group systems
differ widely in their ease of determination, some of them requiring considerable
skill and experience to perform successfully, it is interesting to compare their
discriminatory power on the assumption that all the necessary antisera at present
known are available. This power is dependent on the * local * frequencies of the
genes involved, as indeed the power of any test of this kind is, and the figures
quoted here are based on the gene frequencies given for England by Race and
Sanger (1950). The MNS system, if anti-s is used, is the most effective, leaving
an undiscriminated residual of about 44 per cent, and the Rhesus is next with
about 46 per cent; the Landsteiner groups leave a residual of about two-thirds
undiscriminated, while none of the rest (including both the taste and secretor
properties) leaves less than about 75 per cent. If all are used in combination
(thatis: ABO; MNS; P; Rh; Lutheran; Kell; Duffy; Kidd; Taster; Secretor)
there remains a residual of about 4 per cent undiscriminated. The most effective
single system could not leave a residual of less than one-quarter of the population,
supposing the most advantageous distribution possible—a multiple allelomorphic
series with an indefinitely large number of alleles each of vanishingly small
frequency, and possessing no dominance relationships.

Fingerprints and other physical factors

The use of fingerprints in the diagnosis of zygosity requires some method of
assessing their degree of similarity, for they are never precisely identical, as their
value in criminal investigation might testify. Stocks (1930) has developed a
technique for this purpose, and considers pairs possessing seven or more corre-
sponding patterns to be monozygous. Of the eyes, their colour and more precisely
the iris structure and pigment pattern should correspond in monozygous twins;
of the hair, its colour, form, and texture should correspond. Dahlberg has put
forward the structure and pattern of ears as a criterion; other suggested criteria
are the order of development of the carpals, and indeed the order of ossification
of all bones is considered to be more concordant in monozygous pairs; the structure
of capillaries; the presence or absence of hair on the dorsum of the first and second
phalanges of the fingers; electrocardiographic, and electroencephalographic
traces. Very many other criteria have been employed or proposed for the diagnosis
of zygosity, some of them—and not only the more recondite—upon inadequate
evidence of their mode of inheritance and susceptibility to environmental influence.

Anthropometric measurement : :
A general physical resemblance, particularly in the features, though unreliable is, as

Dahlberg remarks, quite good as a guide. This is also true of such quantitative
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criteria as height and weight, and other anthropometric measurements: identical
twins tend to be very much alike in these respects but not always so.

Maternal age

The mother’s age at the birth of the twins is sometimes useful as a gulde for
in the region 35-39 the chances are about 3 : 1 in favour of a dizygous pair (see
Fig. 6). As a check on the accuracy of the diagnostic methods, the proportions
of dizygous twins of similar and dissimilar blood groups, for instance, should be
in fair agreement with the expectation for pairs of sibs, and the results for the
whole sample should conform to the average local incidence.

Skin graft

The most effective test of zygosity is that of a skin graft. Though somewhat
drastic perhaps as a method of diagnosis for use in most twin control investigations,
it has been used as a conclusive test of identity in some forensic cases.

RESEMBLANCES AND DIFFERENCES BETWEEN MONOZYGOUS
TWINS

There are many cases in the literature of close resemblances between the members
of a twin-pair, not only in general physical similarity, but in respect of the
occurrence of similar events: for example, each member has the same disease at
the same time, with similar outcome. Such cases are well summarized by Siemens
(1924) and by Gates (1946) and need not concern us here. Those of greater
interest and importance concern the differences observed between monozygous
twins, of which, if the diagnosis of zygosity is accurate, the only cause must lie in
some environmental agency. Two cases showing opposite effects of the pituitary
gland may be cited: in the first, of unknown origin, the effect was to retard
growth and to produce symptoms of diabetes insipidus in one twin; in the second,
the effect of a cranial injury received at about the age of 12 was to cause pituitary
hyperfunction resulting in a very marked dnﬂ'::rcncc in height and weight and
pronounced acromegaly. Two other instances of wide divergence between
monozygous pairs in height and weight were attributable to disease in infancy,
one to severe rickets in one twin of a pair when only a few months old, the other
to severe paralytic poliomyelitis affecting one twin only. In all these instances,
except possibly that first cited, the cause of the large size differences was evidently
environmental in origin (in the first case, a pituitary fossa smaller than usual for
the age of the boy was revealed, though no cause was found), but although the
diagnosis of monozygosity was established on a basis of mainly qualitative
criteria, any criterion dependent upon differences in gross size would have rejected
the diagnosis with a high probability.

THE TWIN METHOD IN HEREDITY-ENVIRONMENT STUDIES

Several methods of exploiting the occurrence of the two forms of twinning have
been used in attempting to assess the parts played by heredity and environment
in the causation of various conditions.
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Uniovular twins reared apart

Newman, Freeman and Holzinger (1937) succeeded in collecting over a period
of some years 19 pairs of monozygous twins who had been reared apart from one
another from a very early age. These they compared, for a number of charac-
teristics, with three other groups: one of 50 pairs of identical twins reared
together, one of 50 pairs of like-sex fraternal twins reared together, and one of
52 pairs of like-sex sibs compared where necessary at the same ages. Mean
differences and correlation coefficients showed the monozygous pairs, whether
reared together or apart, to resemble each other very closely, and showed a very
close parallel between the figures for dizygous twin-pairs and for sib-pairs.

Quite apart from the considerable difficulty of collecting a large number of
monozygous twins reared apart, there are some objections to the method on
theoretical grounds. It is of the essence of every controlled experiment that the
experimental and control groups should be as alike as possible in every relevant
particular except that under test, and this is not strictly true of monozygous twins
reared apart. The method of co-twin control provides an alternative to the fore-
going method by using as a control the monozygous co-twin of each individual
included in the experimental group. This method is of rather limited application
in the field of heredity-environment studies, and has in fact been most used with
voung children (see Gesell and Thompson, 1929); it is most suited to assessing
the effect of environmental differences on a constant genetic background. though
the genetic differences between different twin-pairs may bias any but a null result.

Concordance for a character

Probably the most widely used method employing twins to assess the extent of
hereditary influence is due to Siemens. The method consists in a comparison
of the relative proportions of pairs concordant for the condition under investiga-
tion among monozygous and dizygous groups of twins. The dizygous group is
usually chosen to comprise only like-sex pairs in order to eliminate any bias due
to sex, but occasionally unlike-sex pairs are retained to form a third group for
comparison with the first two. The concordant group embraces all those twin-pairs
both members of which exhibit the effect in question, the discordant those of
which only one member exhibits the effect. The method usually applied is to seek
for the co-twin of an affected propositus, so that pairs concordant in that neither
member is affected are excluded.

Some very extensive studies employing this method have been made, particularly
into susceptibility to tuberculosis by von Verschuer and his school, and by
Kallmann and Reisner (1943). Many other conditions, pathological and psycho-
logical, and processes of development and behaviour, have been investigated in
this way: the Maxim Gorki Medico-Biological Institute had embarked on a
programme of very intensive research largely planned on such lines, and reported
some of the results in its Proceedings (vol. 3, 1934), before the scheme was given
up. There has been no other integrated scheme of comparable magnitude, but
from published studies, in the field of pathology for instance, there appears a
grading of conditions from infectious diseases possessing little or no hereditary
component to those known also on other grounds to be chiefly of genetic causation.
But such a graduation should be regarded with the utmost caution for, though the
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extremes may receive confirmation from ancillary sources, the inevitable hetero-
geneity of the environmental circumstances in such a composite collection, quite
apart from differences in penetrance and expressivity, renders comparison very
difficult.

The method is principally of value in showing qualitative effects and is unreliable
or even misleading in attempting to assess results in a quantitative manner. [t
provides a rapid and easy first test for the presence of a genetic factor and is best
regarded as the forerunner of a more detailed investigation.

In broad terms the same conclusions apply to any use of twins in clinical genetics.
In certain circumstances twins provide a natural opportunity of performing a
controlled experiment where it might be otherwise impossible. But an experi-
mentalist wishing to utilize the method has only a limited range of control within
his own volition: for the rest he must discover the extent of the control provided
by nature,
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CHAPTER 5
SEX LIMITATION
E. B. Forp
THEORETICAL CONSIDERATIONS

THE GENES interact with one another and with the environment to produce the
qualities for which they are responsible. Provided a gene is situated in the same
genetic background and environment, it will always produce the same results.
The variation consequent upon placing it in different genetic settings is not here
our direct concern, though it will have to be kept in mind. On the other hand,
environmental variation, with one aspect of which this chapter deals, is a wide
term; it comprises all the diverse circumstances in which the genes may act,
apart from changes in the gene-complex itself.

Highly evolved organisms are more independent of their environment than
are primitive forms, and in this respect the mammals are particularly well
* buffered ”. They are indeed so protected from external variations in tem-
perature or humidity that the effects of such changes can rarely be studied in
them. It is otherwise with their physiology. Here, too, we find the body
* buffered ” with great exactitude in certain respects, but not in others. It is
often highly sensitive in its response to the activity of the ductless glands, but to
an extent which certainly differs on a genetic basis from one individual to another.
Now of all the physiological and anatomical distinctions which subdivide
individuals of a given race, those due to sex are the most profound. They provide
not only different organs for the genes to control but sharply contrasted alternative
backgrounds for their action.

Terminology

It is to be expected therefore that the expression of some of the genes should
be dependent upon the sex of the individual in which they operate. When a
gene produces certain of its effects more often, or differently, in one sex than in
the other, not because it is sex-linked (situated in the X- or Y-chromosomes) but
because of the physiology or the anatomy of the setting in which it has to act,
such qualities are said to be sex limited. This is the sense in which that expression
is used here, though I am inclined to favour the expression “ sex controlled ™
as applied to such characters, since it is less easily confused with sex linkage.

Some writers (for example, Stern, 1949) have used sex limitation and sex control in
different senses: taking sex-limited qualities to be entirely restricted to one sex, in contrast
with those that are sex-controlled in which the restriction is partial, or the manifestation is
of a different kind in the male and female. This terminology leads to confusion and is
to be avoided. It has even caused Stern to combine as * sex-limited ™ features like
milk-yield, which can normally be judged only in one sex, with total sex-linkage in the
Y -chromosome. In fact, sex-linkage (in apy of its three forms) must be rigorously dis-
tinguished as a separate phenomenon, due to the location of a gene in a sex chromosome.
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Apart from this, it must be recognized that all gradations may exist between those con-
ditions which are normally confined to one sex and those slightly affected in frequency
or type of expression by the sex in which they occur.

Partial sex limitation

Sex limitations therefore may be partial in the sense that the penetrance or the
expressivity of a gene may vary with sex. There are two reasons for this: the
obvious one, that genes modifying the organs appropriate to one sex have httle
or no opportunity of working in the other, or that certain genes act only, or
more frequently, in the environment provided by one of the two sexes, though
they may not affect the sexual organs or the qualities directly associated with sex.

Thus in sex-linkage a character appears in one sex more frequently than in
the other for purely mechanical reasons. The genes responsible for sex-limited
conditions, on the other hand, may be situated anywhere in a sex chromosome,
whether in the pairing or non-pairing segments, or in an autosome; usually the
latter, since the number of autosomal loci is so much the greater. There is no
tendency, so far as we know, for the male or the female, the heterogametic or the
homogametic sex, to be the one to which sex hmitation is more usually confined.
Here we note a further contrast with sex-linkage: for recessive sex-linked char-
aclers must appear in man more frequently in males than in females, whereas
with the sex-linked dominants the reverse is true.

Determination by multifactorial action

The great majority of the characters of the human body are genetically deter-
mined by multifactorial action. That is to say, they have not been brought under
the major control of a single pair of genes which act as a switch in determining
one or another of the phases they assume. The development of the primary,
secondary, and accessory sexual organs is certainly in normal circumstances
multifactorial (the switch-mechanism here being chromosomal). These multi-
tactorial qualities, controlling, for instance, the development of the functional
breast or of the penis, must necessarily be sex-limited. Yet the genes concerned,
being in general autosomal, are transmitted equally by males and females: in
consequence, each sex possesses the entire genelic equipment necessary for the
complete and successful development of the other.

It is obvious that sex slightly affects the action of many of the multifactorial
systems, whether these be polygenic or due to the interaction of a number of
major genes. A good example is provided by human height in which, though
women are on the average the shorter, the two parents contribute equally to the
genetic control of height in both their sons and their daughters.

SOME CLINICAL ILLUSTRATIONS
Baldness
The effect of sex upon the expression of single genes has been studied exten-
sively in many animals and it is unfortunate that we know so little of this subject
in man. One of the examples most fully investigated is that of hereditary early
baldness. This 1s controlled by one gene the effect of which is generally described
as dominant and sex-limited to the male. That is, however, but an approximation.
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CHAPTER 1

EVALUATION OF LINKAGE
ALASTAIR G. MACGREGOR

THE TERM linkage is applied to any two pairs of genes which are situated upon the
same pair of chromosomes. The word is applicable whether or not the genes are
on the same, or opposite, chromosomes of the pair. If the two genes for the
characters in question are upon the same chromosome of the pair, with their
normal allelomorphs at the corresponding sites on the other chromosome of
the pair, then the genes are said to be linked in coupling. If, on the other hand,
they are on opposite chromosomes, and each chromosome of the pair carries
one abnormal gene, and one normal allelomorph, then the genes are said to be
linked in repulsion. Fig. 11 shows that when genes are linked in coupling they
tend when transmitted to remain together, whereas, if they are linked in repulsion

they invariably separate.
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Fic. 11.—Diagram illustrating mode of transmission of linked genes in the absence,

or presence, of crossing over.

The effects of crossing over )
* Crossing over ” may disturb this simple arrangement (Fig. 11). It is obvious

that the further apart are a pair of genes the more likely it is that the chromosome

Clin. Gen.—5
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divides between them. Therefore the linkage between two pairs is closest when
the least number of crossings over occur when gametes are formed. If the genes
are so far apart that crossing over occurs in over half the cases, then it is apparent
that it will not be possible to state that the genes are in fact linked, as their
behaviour in transmission will be the same as though they are being carried on
different pairs of chromosomes. If the * cross-over value ”, which represents the
percentage of times that crossing over occurs between two gene pairs, is low,
only 5 or 10 per cent, then linkage between the characters is probable, and the
probability of its existing diminishes with a rise in the cross-over value for the
pair of genes in question.

MARKER GENES

It is possible in some cases that gene pairs may be shown independently to be
definitely linked to a third characteristic, and this is good evidence that they are
in fact carried on the same chromosome pair. The occasion seldom occurs in
human genetics to study two or more abnormal traits simultaneously in the same
group of people, and the opportunity should therefore always be taken to record
any such simultaneous occurrence of abnormal characteristics when they do
occur. What can, however, be done more often is to record, with any abnormal
trait, the presence or absence of one or several of various well defined, normal,
and widely distributed characteristics. If in such circumstances, linkage can be
proved between, for example, the ABO blood groups and an abnormal char-
acteristic x in one set of data, and in another set of data an abnormal char-
acteristic y 1s also proved to be linked to the ABO groups, then it can be shown that
x and y are in themselves linked. By such studies detailed chromosome maps
can eventually be formed.

Accordingly there has been an intense search for suitable characters, and a
considerable number are now available (such as the blood group factors, and the
ability to taste phenylthiocarbamide). Kloepfer (1946) has been able to examine
large groups of families for numerous characteristics including the size of the
ear, type of the ear lobe, colour of the hair and eye, relative length of the second
and fourth finger, and so on. By such work it is possible to define linkage
between certain characters and thereby to find ** marker genes ™ for each chromo-
some pair in man. When markers have been established for each pair of chromo-
somes, another important stage in human genetics will have been achieved, but
this as yet is only a distant prospect. If linkage can be established between an
abnormal gene and any or several marker genes, the clinical application is obvious,
because then the characteristic carried by the marker gene may be used to trace
out the presence of the abnormal characteristic in a family, a characteristic which
may not necessarily manifest itsell at the time of the investigation, but knowledge
of whose presence, or absence, in an individual may be of value.

SEX LINKAGE

A particular trait is said to be sex linked when it is carried on the X or Y chromo-

somes (see Chapter 10, page 108). In these chromosomes crossing over of genes is,

of course, limited to the homologous parts. The three different types of sex-linked
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inheritance depend, of course, upon whether the gene is carried on the homologous
portion of the chromosome, or on the non-homologous portion of the X or of the
Y chromosome. By convention, when * sex-linked ™ inheritance is indicated,
the type of inheritance referred to is that in which the character is carried upon the
non-homologous portion of the X chromosome.

There are a few characters known to have been transmitted on the non-
homologous part of the Y chromosome (holandric inheritance). A pedigree of

such a character is quite typical, there being father-to-son transmission
throughout.

Characters transmitted on the non-homologous portion of the X chromosome
are, with only a few exceptions, recessive in their transmission. The few dominant
!{]laliy sex-linked characters carried on the X chromosome are twice as common
I women as in men, as females have twice the chance of carrying an affected
X chromosome. Transmission from an affected female is exactly like that of auto-
somal transmission, half the offspring being affected, and the affected sex ratio
is equal. Only the daughters of an affected man can show such a characteristic,

as the son of an affected mian inherits his X chromosome from his unaffected
mother.

Recessive sex-linked transmission gives a highly characteristic pedigree, and is
typically illustrated by pedigrees of colour-blindness and haemophilia, discussed
elsewhere. The striking feature of such a character is the way in which affected
males have normal sons and daughters, but the latter, all of whom must be
heterozygous for the character, transmit the ailment to half their sons, and to
half their daughters who themselves act as carriers. A sex-linked recessive trait
can therefore be carried through several generations down a female line of descent.
The final striking feature about such inheritance is the extreme rarity of affected
females, for their production is dependent upon the marriage of an affected male
to a heterozygous female carrier, or, even more rarely, to an affected female. The
chances of this occurring are most remote. Only very recently has the first fully
authenticated female haemophiliac been discovered and described (Israels,
Lempert and Gilbertson, 1951).

Partial sex linkage

It is extremely difficult to detect the third type of sex linkage, partial sex linkage,
which refers to genes which are carried on the homologous pairing portions of
the pair of sex chromosomes. Crossing over can occur among these genes but
normally the transmission of such characters will appear to be autosomal in
nature, and it is only when bulked pedigrees of the character are studied that it
can be seen that there is a tendency for the traits to be transmitted in a particular
fashion. In the absence of crossing over partially sex-linked dominant genes will
tend to remain on the same chromosome of the pair, and there is the probability
that there will be a greater proportion of affected grandchildren of the same sex
as their father’s affected parent than is likely to occur if the gene is born on an
autosomal chromosome pair. Similarly, with regard to a recessive partially sex-
linked gene, one of which may possibly be achromatopsia (Fig. 12), pooled
pedigrees of such characters show a distribution of affected persons different from
the normal 1: 3 ratio expected for autosomal transmission of a recessive character.
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RECOGNITION OF LINKAGE

Linkage between inherited characters can be recognized and determined by several
techniques, some simple but others fairly complex.

Pedigree analysis

In certain circumstances it is possible to exclude the possibility of linkage from
a study of a single, or of very few, pedigrees; it may become apparent that in a
particular line of descent the two conditions are absent, together, or appearing
separately, too frequently to give the low cross-over value necessary before
linkage can be adduced. This can be seen in a typical example illustrated in Fig. 12
where is charted the transmission in part of a large family of two common inherited
dominant conditions, otosclerotic deafness and essential hypertension, and a very
rare recessive character, achromatopsia, or congenital total colour-blindness.

: '}4, |£ L %
Fig. 12.—Pedigree illustrating transmission of

8 dominant otosclerosis and essential hyperten-
m é é sion, and of recessive achromatopsia {r:nny.‘:mid]
total colour-blindness). (From Macgregor, A

v é é) é é é é é &ﬁé"é aned Harrison, B. (1950). Anwn. Eugen., 15, 2 Lw'}

E 5 DHosclerosis
X Congenital total
E 5 H'Fpgr'lgnjiu.n colour blmdmness

If it is desired to test the possibility of linkage between otosclerosis and hyper-
tension, then in the individual I1 2, where both conditions are present, they may be,
if linked, either on the same chromosome (coupling) or on the opposite chromo-
some (repulsion) of the pair. If linked in coupling on II 2, then, in the absence of
crossing over in her offspring, the conditions should appear either together, or be
totally absent, but never separately. Therefore four of her offspring, 111 4, 5, 8 and
9, in whom the conditions appear singly, must be crossovers, and similarly six of
the offspring of her daughter, III 2, must be crossovers (IV 3, 4, 6,9, 10, 11), giving
a proportion of 10 crossovers in the 19 children of the two generations.

If, on the other hand, the conditions were originally linked in repulsion in
IT 2, then, in the first generation, III 2, 3, 6 and 7 must be crossovers, for the
condition should only, in the absence of crossing over, appear singly and not
together or be absent altogether. Appearing once again together in III 2, who
must now be a crossover with the genes linked in coupling, there are again the six
crossovers in her offspring.

In any event, therefore, linkage between those two conditions is highly
improbable.

With regard to the recessive character, achromatopsia, both III 1 and III 2
must be heterozygous for this defect for it to appear in their children. If the
dominant gene for essential hypertension were linked to the recessive gene for
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achromatopsia in III 2, then a similar analysis as that carried out for otosclerosis
and hypertension shows that this linkage is most improbable.

It is always more probable that any two gene pairs are on different rather than
on lhﬂ same chromosome pair, that is, they are transmitted independently, but
in this pedigree it can be seen that there is the possibility that otosclerosis and
achrorqalupsia are linked and that the linkage is in coupling, the two conditions
appearing together in all the four individuals who are totally colour-blind. If
they were linked in repulsion in III 2, then there would be 4 crossovers in the 11
offspring, but if in coupling then the distribution found here could be accounted for.
The 10 deaf members of the family have all received the chromosome from their
mother which bears the recessive gene for achromatopsia and the dominant gene
for otosclerosis, but only the 4 colour-blind children have also received the chromo-
some bearing the recessive gene from their father, the others receiving the
other chromosome of the pair carrying the normal allelomorph of the abnormal
2Cne.

The possibility of such a linkage being actually present can, of course, be
demonstrated only by poolin g several pedigrees in which both conditions exist
together or by being able to demonstrate linkage between hoth of these conditions
with another marker gene for a particular chromosome pair.

FiG. 13.—Pedigree illustrating the simultaneous occurrence of two
rare dominant characteristics, elliptocytosis and hereditary
haemorrthagic telangiectasia. (From Penfold, J. B., and
Lipscombe, J. M. (1943) Quart. J. Med., N.S. 12. 157.)

l I
NV H
™ & cjliplocytosis

E E Hereditary hoemarrhagic
Lelangieciasa

The potential value of isolated records such as this can also be appreciated
from a study of the pedigree published in 1943 by Penfold and Lipscombe of two
rare traits occurring simultaneously, elliptocytosis and hereditary haemorrhagic
telangiectasia. A simplified portion of their pedigree is reproduced in Fig. 13
and it can be seen by analysis similar to the above that whatever the source of the
elliptocytosis in generation I, be it from the father or from the mother, the sub-
sequent transmission of the defects is such that the high incidence of crossovers
makes this linkage most improbable.

These cases illustrate the use to which small pedigrees may be put in the
establishment or refutation of the possibility of linkage between any two conditions.
But this is not a technique applicable to the study of large numbers of individuals.
Complicated mathematical analysis of the data obtained from the examination of
parents and children, or of grandparents, parents, and children, with respect to
two characters enables conclusions to be drawn about linkage.
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Sib-pair method

Penrose, in 1935, first showed that it is possible to deduce linkage between
characters on the autosomes by examining numbers of pairs of siblings all of one
generation without knowledge of their parental characteristics, and this technique
has the very great advantage that by it large numbers of family groups, such as
school children, can be examined.

The principle of the technique is that if linkage exists between two conditions,
then examination of large numbers of pairs of siblings with respect to these
conditions reveals that there is a greater number of cases in which the sibs are
similar in both characters, or dissimilar in both, than there are cases in which the
sibs are similar in respect to one character and dissimilar in respect to the other.

This principle can be simply illustrated as follows.

If there are n children in a family, then the number of ** sib-pairs  that can be

n(n-1).

studied is Thus a family of 4 children represents 6 sib-pairs. If 2

characters, P and Q, are studied in these children, then each sib-pair will fall
into one or other of four categories: (1) the pair is similar with respect to both
characters. This group we shall describe as ** similar-similar ™ (5.5.). (2) Both
children are alike with respect to character P, but they differ with respect to
character Q. This group is similar-dissimilar (S.D.). (3) The children are unlike
with respect to character P, but alike with respect to Q. This group is dissimilar-
similar (D.S.). (4) The children are dissimilar in respect of both P and Q. They
are in the category dissimilar-dissimilar (D.D).

After all the sib-pairs have been allocated to one or other category, the totals
of the groups S.5., S.D., D.S,, and D.D. are noted, and linkage can be suspected
if the product of S.S. and D.D. exceeds that of S.D. and D.S.

It is then necessary to apply the standard statistical 72 test of significance to
the figures to determine the probability that the two conditions are associated by
chance. A probability of under 0-05 is usually taken as possibly indicating linkage,
and linkage can be definitely established if the #* test indicates a probability of
0:01 or less.

The value of %* is determined by the formula
g n(3.8. x D.D.-8.D. x D.S.)?
. (8.8. + 8.D)(D.S. 4+ D.D.) (5.5. + D.S)) (5.D. + D.D.)

A typical example of the demonstration by this technique of linkage between
two characteristics is shown in the Table, adapted from Taillard (1951). In this
case, sib-pairs, totalling 171 pairs, from 20 families have been studied with regard
to the incidence of two characteristics of the ear: (1) the manner by which the
ear is attached to the skull, whether it is flat or whether projecting from the head,
and (2) the fashion of attachment of the lobe of the ear: whether it is completely
free or whether it is attached to the skin of the cheek at the angle of the jaw. The
Table shows the incidence of similar and dissimilar pairs in each family with the
totals in each category, and y* has been calculated according to the above
formula. Its value of 9-:55 indicates a probability of 0-001 (derived from standard
statistical Tables) which means that there is only 1 chance in 1,000 that the associa-
tion of these two characteristics so frequently could be due to chance.
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TABLE
FREQ‘UENE‘T AMOMG 171 Sie-PAaIRS 1N 20 FﬁMIL1E51 OF PAIRS WHO ARE SIMILAR
AND DissiMiLar For Two INHERITED CHARACTERISTICS OF THE HusMan Ear
(TamLLarD, 1951)

Fam. MNo. 55 SD Ds | DD MNumber of pairs
1 i ' 3 (3
2 1 1 2 2 &
3 3 { G
4 3 { 3 i
5 k! 3 0
] 3 3 0
T 3 3 0
b 3 3 0
9 2 4 G

10 1 2 2 | G
11 2 4 (i
12 4 6 3 2 15
13 fy 4 10
14 | 1 4 4 10
15 2 3 5 10
16 [} 4 10
17 f 4 1 4 15
18 6 4 10
19 10 10
20 4 (i 5 k5
70 20 45 36 171
a c d

Calculation of »*

Mode of attachment of the ear

S D Total

s | a0® | bED) | 0G@+b
c@s) | d@6) | 8le+d)

Total 115 36 171 (n})
(a4 ¢ b+ d)

| s
Lobe of the ear ]l—_
I [}

nfad — be)? _ 171 (70%36 — 20x45)* _ o
(a4 b)ic-+ dy(a-+ c)(b4d) S0 %81 x 56115
Probability: 0:001.

ri=

By similar techniques to this linkage has been established between, among other
characteristics, red hair and the ABO blood groups, and between congenital
absence of certain teeth and hair colour. If information is also available regarding
parental characteristics, or from members of several generations in a group of
families, other statistical techniques have been evolved which greatly increase the
accuracy of the deductions that can be made from the available data. The
mathematical computations involved are rather more complex, and are outwith
the scope of this article.

71



EVALUATION OF LINKAGE

Clinical applications _

The value of these techniques is that if a group of individuals is tested for
some of these tracer characteristics such as the blood groups and hair or eye
colour, at the same time as spontaneously occurring inherited defects, then it is
probable that after several such pedigrees are pooled it may be possible to allocate
the inherited defect to one or other of the known linkage groups.

The sex chromosomes act in themselves as markers, and sex-linked characters
such as haemophilia and colour-blindness are themselves therefore Im!-_:gd.
Consequently, a careful search through the somewhat rare haeltr}uphiliac faml%les
should reveal examples of the more common defect of colour-blindness occurring
in the same families. This has in fact been done in Great Britain by Riddell,
who has carefully investigated 14 haemophiliac families, and found colour-
defective persons in 3 of the families. His work has brought the total of such
families found to about 19 in all.
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FiG. 14.—Pedigree illustrating the simul-
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One of his pedigrees is shown in Fig. 14, where it can be seen that a haemophiliac
male, Il 2 married a woman obviously heterozygous for colour-blindness and
among their offspring were 2 colour-blind sons and 2 daughters who transmitted
haemophilia to their offspring, one of whom also was colour-blind. As the
recessive genes for the two conditions in III 7 must have been on opposite X
chromosomes, their appearance together on the X chromosome of [V 13 shows
that crossing over must have occurred.

If the evidence for the linkage of haemophilia and colour-blindness is considered
in all the reported families it is found that there is a cross-over value of about
4-5 per cent, meaning that the linkage between the two genes is fairly close, and
that therefore their loci on the X chromosome must be near each other.

It is by the accumulation of data intelligently collected and interpreted in this
fashion that increasing knowledge will be obtained which will enable us to make
more detailed chromosome maps of some of the autosomes. This can already
tentatively be suggested for the X and Y chromosomes and some of the genes
carried on this particular chromosome pair can be approximately mapped.

Role of the clinician
The role of the clinician in the gathering of the evidence of linkage of inherited
characteristics is essentially that of the collector, and detailed interpretation of
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f‘*iﬂgIC and pooled pedigrees can be left to the statisticians and geneticists. The
important aspect is that available information be recorded when it is first
encountered and for this purpose there are several cardinal principles.

(1) Information should be sought of all members of an affected sibship in a
family tree rather than isolated details from cousins.

(2) Parents should if possible be examined for the character detected in their
offspring, and the grandparents as well, if they are available.

(3) When practicable, studies of the inheritance of abnormal characteristics
should be combined in the same group of individuals with notes of the dis-
tribution throughout the family of some at least of the known * marker ” char-
acteristics. For this purpose blood grouping can be done and the co-operation
of the National Blood Transfusion Centres should be sought for genetic studies.
Supplies of solutions of phenylthiocarbamide can be obtained from the Galton
Laboratory, Gower Street, London, W.C.1, in order to test for the dominant char-
acter of ability to taste the substance, and, if possible, note should be made in
members of the family of some characters similar to those that have been
described and used by Kloepfer (1946).
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CHAPTER 8§
MUTATION
F. A. E. CREw

SPONTANEOUS MUTATION AND CHROMOSOME BREAKAGE
AND RE-ARRANGEMENT

MNorMALLY, the process of chromosome reproduction is associated with self-
copying on the part of the genes. Like begets like, and so similarity between parents
and offspring in respect of their genes and therefore of their inherited characters
is ensured. Exceptionally, however, a gene, before copying itself, undergoes a
permanent change in its internal constitution—it mutates. Alternatively, the
process of copying is not exact so that the new gene is, in respect of its internal
constitution, unlike the one that brought it into being. A mutant gene of either
of these kinds, when reproducing in its turn, brings into being a new gene like
itself. It will, in its action upon the developing individual, affect the evolving
characterization of the same tissue, organ or organ-system structurally or function-
ally as does the gene from which it sprang, but it will affect this evolving charac-
terization to a different degree or in a different way and so give rise to a different
end result. The mutant gene can be a hypomorph, doing its appointed job less
efficiently than the original unmutated gene ; it can be a hypermorph, doing it
even more efficiently ; it can be an antimorph, opposing the action of the un-
mutated allele or it can yield a new character, being a neomorph.

Gene mutation, the transformation of one allelic form of a particular gene into
another form of the same gene, is not the only cause of novelty in characterization.
The same effect can follow a faulty distribution of the chromosome material itself.
A daughter nucleus can come to include within it more than the standard number
of chromosomes, one or more or even the whole set of the chromosomes being
present in triplicate, whilst in the other daughter nucleus there can be but one
member of one or more or. of every homologous pair. In many instances this
abnormality in respect of chromosome number, of the number of loci, is reflected
in specific changes in characterization and is commonly followed by abnormality
in respect of the distribution of chromosome material in gametogenesis on the
part of the individual concerned.

Quantitative abnormality of a similar kind frequently occurs when, following
the breakage of chromosomes, sections of one or more become included in or
absent from daughter nuclei. Following such breakages inversions and trans-
locations can arise.

Age and sex in relation to mutation

In man a correlation would seem to exist between the frequency of the spon-
taneous mutation that yields chondrodystrophy and the age of the mother, older
mothers having a significantly higher rate of mutant births. Birth rank is not
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involved. It is not finally established as yet, however, whether the age of the
father is also a factor that has to be taken into consideration. But in the case of
haemophilia a separation for the two sexes has been made. Since haemophilia is
the expression of an X-borne recessive gene, and since one such gene in the male
vields the character, whereas for its expression in the female the gene must be
present in duplicate, it follows that if the mutation rate were the same in both egg
and sperm then the number of affected males in the population in relation to the
number of ** carrier ” females would be as 3 : 1, for after fertilization one half of
the ova carrying the mutant gene would develop into males and the other half
into females, and all of the sperm carrying the mutant gene would yield females.
If the mutation was restricted to ova, then equal numbers of afflicted males and
carrier females would result. On the other hand, if mutation was restricted to the
spermatozoa then carrier females would be expected. The available data con-
cerning haemophilia strongly suggest that the mutation rate for haemophilia is
much higher in male than in female gametes, possibly ten times higher.

The frequency of spontaneous mutation

Spontaneous gene mutation is an exceedingly rare event, being of the order,
it has been estimated, of 1 in about 100,000 germ cells in man. But since in a given
individual the total number of genes is so great (somewhere between 5,000 and
120,000 in man), mutation in the genotype as a whole i1s by no means uncommon.
It can be accepted that any crop of germ cells contains, in addition to a few mu-
tations of recent origin, ten or a hundred times as many mutant genes that arose
in the individuals of the preceding generations and which have accumulated in the
population. Every individual in a population like our own comes to differ from
every other individual (save in the case of identical twins) in respect of the number,
and especially in respect of the kind, of mutant genes within the genotype. That
this remains largely unsuspected, prior to mating and reproduction, is due to the
fact that most of these mutant genes, being present only in the simplex state, exert
only a minute influence upon the individual’s characterization.

Calculation of mutation rate

In the case of a dominant mutant gene with full penetrance and yielding an
abnormal character that is never simulated by an acquisition, it is possible to
estimate the mutation rate by taking a census of afflicted offspring born to parents
who do not exhibit the abnormality. Thus in one genetic investigation of chondro-
dystrophy, 10 afflicted children were found among 94,075 born in a Copenhagen
maternity hospital. Of these 10, two were found to have an afflicted parent. There
were thus 8 cases which must have been the result of a gene mutation, or 1 in
nearly every 12,000 births. Since each of these individuals received from its
parents the two alleles, one from each, and since the mutant chondrodystrophy
gene is a dominant, one mutant birth ir_1 12,000 represents one mutant allele in
every 24,000, or a rate of about 4 > 107~

But this direct method of estimating the mutation rate cannot often be applied
and another and indirect one has to be used. According to the genetical theory
of evolution, generally accepted in Great Britain, all living organisms and all their
characterizations have arisen through the preferential survival of those mutations
that conferred some advantage upon the individuals possessing them. Between
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the characterization of the species and of the individuals comprising it on the one
hand and the conditions and circumstances of the external world on the other
there has slowly come into being an equilibrium. If this be granted and if the
conditions of the external world remain unchanged, then it follows that a change
in the genotype of any considerable magnitude can mean the disturbance of this
equilibrium. Since mutation is accidental and pursues no particular direction, it
must in most instances be disadvantageous. It is the case that most gene mutations
(99 per cent) are, in fact, demonstrably deleterious when judged by the yardstick
of continuance and reproduction. The smaller their effects the less harmful they
tend to be. The very rare ones, which turn out in experience to be advantageous
and which therefore become incorporated into the genetical constitution of the
species, usually represent quite small deviations in characterization from the pre-
existing. Thus it is that evolution tends to proceed by slow accretions under the
guidance of natural selection.

Gene equilibrium.—Since most mutant genes are harmful, interfering with the
prospects of survival and reproduction on the part of the individual possessing
them, it follows that their action can be revealed in the early mortality of individuals
possessing them and in the size of the family in pedigrees in which such genes
operate. Such elimination and such relatively small family size mean that such a
mutant gene will not be transmitted to the same extent as are their * normal ™
alleles. If, for example, a dominant mutant allele leads to the death of its carriers
before their families are completed, so that the size of family is on the
average only half that of the population as a whole, then the frequency of this gene
would decrease by 50 per cent in every generation and in the course of time would
tend to disappear. If every case of epiloia or of chondrodystrophy was the off-
spring of a parent who was similarly affected then the incidence of these conditions
in the population today should be far less than it was a few centuries ago. But
this is not so. As far as can be ascertained, their incidence now is not lower than
it was. Thus, if the records of the last few centuries are to be relied upon, elimina-
tion must have been paralleled by fresh mutations and considerable numbers of
cases of such conditions as epiloia and chondrodystrophy must be the offspring
of unafflicted parents.

Itis commonly accepted that a population undisturbed by the action of mutagenic
agencies of an artificial kind tends to reach an equilibrium between the numbers
eliminated by early death or non-propagation and the number of fresh mutations
arising in each generation, between loss and gain. It is this presumed equilibrium
that allows calculation of mutation rates to be made also for recessive genes.

Some mutation rates

There are exceedingly few inherited human abnormalities among those that have
been examined which have a frequency in the population exceeding 1 in 10,000,
and the reason for this rarity is, of course, the rarity of mutation. In certain
investigations colour-blindness has been found to have a frequency of about
7 per cent among males in the population of the United Kingdom. Premature
baldness is even more common. But these need not be classified as pathological
states even though they are deviations from the present standard of normality.
Thalassaemia major, it has been estimated, occurs in about 1 in 2,500 individuals
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Of certain Mediterranean ethnic stocks in the United States of America. Sick_Je-
cell anaemia in certain population isolates is even more common. The recessive
forms of retinitis pigmentosa in Great Britain has a frequency of about 1 in 5,000,
but possibly more than one gene produces this condition. It has been estimated
that the mutation rate in haemophilia is 1 in 10,000 for the male and 1 in 100,000
for the female, that the rate for epiloia is 1 in 60,000-120,000 and for achondro-
plasia 1 in 20,000. It is established that in a wide range of animals and plants
different genes within the genotype of the same species can vary widely in respect
of their mutability. This presumably is also true for man.

The frequency of spontaneous mutation in Drosophila is regarded as being
much too high to be completely accounted for by the amount of natural radiation
that is received during the brief lifetime of the individual. A human life is far
longer than that of a fly and the amount of natural radiation received by human
genes is thus many hundred times as great. Yet for the most part the mutation
rates that have so far been determined in fly and man are not too dissimilar. There
are a number of human genes which have a much higher mutation rate than do
any of the genes of Drosophila. But in spite of this, and in spite of the far longer
period of exposure of human genes to radiation, it is generally agreed that in man,
as in the fly, most mutations are caused by random energy fluctuations and internal
mutagenic influences.

INDUCED MUTATION AND CHROMOSOME BREAKAGE
AND RE-ARRANGEMENT

Gene mutation

A gene is known to be compounded of protein and nucleic acid. The spontaneous
mutation of a gene would appear to be due to localized mishaps which occur
during the course of thermal agitation, taking the form of random movements on
the part of molecules and of their component parts. Since temperature affects the
frequency of molecular and sub-molecular collisions, it is not surprising to find
that the frequency of spontaneous gene mutation 1s increased several times when
the germ cells (of selected exper:mental material) are exposed to a raised tem-
perature. Nor is it surprising, in retrospect, that it should be found that a variety
of chemical and physical agencies applied in particular ways and at particular
times during gametogenesis affect the mutational frequency. High energy radiation,
mustard gas, ethyl eurythane and formaldehyde, for example, being able to pene-
trate the cell and nuclear membranes, have been shown to have a pronounced
action of this nature. OF these mutagenic agencies radiation is the only one to
which human beings are likely to be exposed in the ordinary course of events and
in quantity sufficient to yield any significant increase in the frequency of mutation.

Radiation R T
Exposure to such radiation, x-rays and radioactive substances generally, can

result in the production of a wide range of gene mutations, but they are the very
same as those that are the outcome of spontaneous mutation. When classified
according to the effects they produce in certain forms of experimental material
these artificially induced mutations are found to appear in substantially the same
proportions as they do among spontaneous mutations.
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The mutagenic action of radiation is held to be proportional to the total dose.
It is not affected by the distribution in time of the dosage ; the effects are cumu-
lative. There is good reason to conclude that there is no threshold dose, no dose
so small as to have no effect. The intensity of radiation appears to be without
effect upon the frequency of the mutation induced by a total dose. Thus in
Drosophila the spontaneous mutation rate for certain sex-linked lethals is of the
order of 015 per cent, and much higher than this for mutations in general. A
dose of 50r induces a frequency of mutation in the immature germ cells equal to
this spontaneous mutation rate for the whole generation time and becomes added
to this. A dose of 50r, given in a fraction of a minute, appears to have the same
effect as does the same dose spread over several weeks.

The mutation rate in general in Drosophila is about one mutation in every twenty
newly produced germ cells. It has been found that 100r received by immature
germ cells induced gene mutation with a frequency about equal to this, and that
200r doubled this rate.

Most kinds of radiation differ but little among themselves in respect of mutagenic
effectiveness, but neutrons are exceptional in that their effectiveness is only about
two-thirds that of x-rays.

Other mutagenic agents

Mutation is not an adaptive response to the action of a particular mutagenic
agent ; there is no known relation between the kind of stimulus and the kind of
mutant gene produced. There is some evidence, however, that the amount
of mutation provoked by the action of a mutagenic agent is affected by a number of
conditions. Chromosomes in the condensed state, as in the spermatozoon, would
appear to be more susceptible to mutational changes caused by radiation, but not
by chemical mutagens, than when they are in other states. Ovarian tissues appear
to be somewhat less sensitive than testicular tissues. The concentration of oxygen
in the immediate micro-environment of the chromosome, and the temperature of
that environment (because temperature affects oxygen concentration) affect the
frequency with which mutations are induced.

When once a mutation has occurred or has been artificially produced it is
permanent so long as it does not itself undergo mutation. Individuals breeding
long after exposure continue to produce gametes bearing the mutant gene(s). It
commonly happens that following the exposure to the mutagenic agent there
is a period of infecundity, but when this has ended the mutagenic effects are
revealed.

Chromosome breakage

Mutagenic substances likewise cause chromosome breakage, which can be
followed by maldistribution of the chromosomal material—inversion, translocation
and deletion of whole chromosomes or of sections thereof. Breakage followed by
abnormal reconstitution of the chromosome, as in inversion and translocation,
results in a rearrangement of loci within the chromosome. Such rearrangement is
sometimes followed by a change in the effect of the genes themselves upon develop-
ment. A gene in a new position can have an effect upon characterization equal to
that of a mutant gene. Such reconstituted chromosomes reproduce themselves
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permanently in their novel form and can be responsible for much embryonic
death,

The frequency of chromosome breakage following upon artificial radiation has
been found to be somewhat higher than that of gene mutation. When it is followed
by rearrangement its frequency is proportional to the total dose received. Neutrons
are more effective in causing chromosome breakage than are x-rays.

SOMATIC AND GAMETIC MUTATIONS

Mutation occurs both in body cells and germ cells. Somatic mutations are, of
course, not transmitted to succeeding generations. The irradiation of an individual
may produce mutations of both kinds, the first affecting the individual’s own body,
the others not affecting the individual but being transmitted to its progeny.
Aberrations in the distribution of chromosome material in both somatic and
gametic cell are ikewise produced by irradiation.

Somatic mutation

The effect of a somatic mutation is determined by the kind of cell in which it
occurs, whether or not the cell is one which will undergo further multiplication.
The effect of the mutation upon a cell that is to undergo no further division can
vary from nothing discernible to the death of the cell, which will be a matter of no
moment so far as the individual is concerned. If, on the other hand, a gene
mutation has occurred in a somatic cell which can thereafter undergo division,
this gene mutation will be transmitted faithfully to all its descendants, unless of
course the mutation has been of such magnitude as to kill the cell itself, If the
mutation is of a recessive kind no effect will be manifest ; but if it has been either
a dominant or else a hemizygous sex-linked mutation these effects will be ob-
servable in the descendants of the cell. If these descendants remain together as a
definite part of a tissue, organ or organ-system, then a sector of mutant cells will
develop. On the other hand, if the daughter cells originating in a mutant cell of
this kind become dispersed, as do the white blood corpuscles, then a proportion
of the total number of the circulating cells will include the mutant genotype.

Since the majority of mutant alleles are recessive, it follows that most somatic
mutations will remain unnoticed. But further mutation may occur which trans-
forms the heterozygous into the homozygous recessive, when the abnormal
characterization will become displayed. The same effect may be due to the un-
usual distribution of chromosome material, so that a daughter cell may come to
possess (wo chromosomes each carrying the recessive allele.

Another method whereby the homozygous recessive form may appear is by
chromosome breakage and faulty reunion in such a way that the daughter cell
comes to possess two sections of a particular chromosome pair each carrying the
recessive allele.

Chromosome fragmentation in the nuclei of somatic cells can lead to cellular
death. Fragments without a kinetochore will become lost during mitosis so that
the resulting cells will be deficient in respect of such segments. In many instances
such loss will mean either the death or the abnormal functioning of the cells
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concerned. The effect of such cellular loss upon the individual may be indeed
small since the death of such abnormal cells is commonly compensated for by an
increased reproduction of other cells which did not undergo such abnormal
chromosome distribution.

At the present time but little is known concerning the quantitative aspects of
somatic mutations induced by radiation. It would appear that different kinds of
cells present a different grade of sensitivity, as do all of the same kind of cells in
different stages of cell division. Radiation certainly yields a high incidence of
chromosome breakage.

Gametic mutations

In gametic mutations the autosomal dominant with full penetrance becomes
phenotypically manifest amongst the immediate children. Sex-linked alleles
appear in an easily predictable fashion in an early generation. Recessive autosomal
alleles will become visible only when two like gametes meet. This probability is
affected by the breeding structure of the population, by the amount of inbreeding,
by the formation of isolates and so forth.

Chromosomal aberrations can occur either in the immature or in the mature
germ cell.  Should they occur in the immature then their behaviour is the same as
those present in the somatic cells and will lead to unbalanced relationships in
respect of chromosome material in the cells derived from them. Such daughter
cells with considerable abnormality in respect of chromosome material either die
or are non-functional.

Fertilization involving a gamete with a less marked quantitative abnormality
can result in the formation of an abnormal zygote. Investigations on the mouse
and the rat have shown that many, if not all, zygotes with such chromosomal
imbalance develop abnormally. According to the extent of the imbalance and also
to the effect of the genes themselves upon the individual characterization develop-
ment may come to an end at a very early stage, resulting in abortion or, at a later
stage, in stillbirth.

Other grades of chromosome imbalance may produce a phenotypically normal
individual but one which in its turn will produce abnormal offspring due to
abnormalities in respect of the distribution of chromosome material during
gametogenesis. Such individuals may therefore tend to be infecund.

It seems probable that in man the genetic effects of irradiation will be displayed
more frequently among individuals which were conceived shortly after the
irradiation of the mature sperm of their sires than amongst those which are
the products of sperm produced much later, the reason for this being that the
frequency of abnormally developing zygotes derived from sperm irradiated whilst
mature is much higher than among such as originate in sperm which are descended
from spermatocytes so irradiated.

MEDICAL AND SOCIAL ASPECTS OF MUTATION

If evolution has been the outcome of the interaction of the processes of mutation
and of natural selection, it would seem reasonable, at first sight, to make deliberate
use of the techniques of radiation to increase mutation frequency in order to pro-
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SOME CLINICAL ILLUSTRATIONMS

The homozygotes are more seriously affected than the heterozygotes, while at
least the majority of homozygous women also show some degree of baldness
(Snyder and Yingling, 1935). The heterozygous expression is, however, not
absolutely restricted to the male, for the condition is occasionally apparent in a
heterozygous woman, though this is rare. Moreover, the age of onset and degree
of the symptoms are variable, so that a heterozygous male occasionally escapes
detection.

The situation therefore may be summarized by saying that half the sons of an
affected male will develop early baldness, that his daughters will usually, though
not quite always, be unaffected, and that the condition can be transmitted equally
by either sex. Thus baldness may be brought into a family through a normal
woman who shows no evidence of it, though her relations will do so.
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FiG. 7.—Inherited early baldness (omitting those who died before 33
vears of age).
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A fairly typical pedigree is illustrated in Fig. 7. The affected woman in the
fourth generation is probably an instance of exceptional female manifestation in
the heterozygote, already mentioned; but this is not certain, since the necessary
details for her mother’s family are lacking. If her mother were a heterozygote,
then the affected woman in question would probably be a homozygote; though
if that is the correct interpretation, it i1s rather surprising that only one of her
three brothers is affected since, on the average, three-quarters of them are expected
to be <o.

Owing to the small size of human families, it is not usually possible to say
whether or not a normal woman carries the gene for early baldness when her
maternal grandfather was bald. This is a matter of some consequence, for it is
applicable to all similar conditions of sex-limited inheritance. Consider the
family of three sons and one daughter, all unaffected, in the third generation of
the pedigree. The father (in generation IlI), though from a family in which the
condition is hereditary, has retained his hair; therefore it is very unlikely that he
has transmitted the gene. The mother comes from a family in which the necessary
details have not been recorded. Let us suppose that it was an affected one, and
that early baldness had appeared among her brothers. The chances that she
carries the gene in question or its normal allelomorph are, of course, equal. But
her three unaffected sons (in generation III) are quite insufficient to exclude the
possibility that normal and affected males would appear in equality if the family
were a very large one. We should in fact require a minimum of eight sons, all
unaffected, to reach reasonable security on this point. That is to say, taken at
its face value, we have no ground for concluding that the single daughter under
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consideration in generation 111 1s not a carrier because her three brothers are all
normal, supposing her mother’s family to be affected.

White forelock

The inheritance of dominant white forelock appears to be very similar to that
of premature baldness. Indeed, as far as the evidence goes, its appearance in the
female is even rarer, though the data available for forming such an opinion are
less extensive (Cockayne, 1933).

Oligophrenia and the Laurence-Moon-Biedl syndrome

Several recessive conditions show evidence of partial sex-limitation, some
appearing more frequently in the male and others in the female. In the majority
of these, however, the information available to demonstrate the inequality of
expression in the two sexes is incomplete. However, sex-limitation has been fully
established both in a form of oligophrenia and in the Laurence-Moon-Biedl
syndrome (Csik and Mather, 1938). In the families studied, recessive oligophrenia
occurs about twice as often in the male as in the female. The Laurence-Moon-
Biedl syndrome, due to a single gene recessive, in efiect involves a series of features
varying relatively in their intensity from one case to another. Rather less than
twice as many men as women are affected.

It should be noticed that such results as these could not be produced by sex-
linkage, whether total or partial. With recessive total sex-linkage the excess of
affected males over females is, for rare conditions, immense ; the ratio being
as (:q* or as 1:q. That is to say, a disease affecting one male in a thousand
appears only in one female in a million. Partial sex-linkage may, on the other
hand, result in any degree of association with sex, depending upon the distance
of the gene concerned from the non-pairing region of the X-chromosome. How-
ever, owing to crossing-over, affected individuals will be more frequently males in
some families and more frequently females in others: there is no consistent
tendency in the population as a whole for the gene to affect one sex more often
than the other, as with sex-limited inheritance.

Allergies

The sex-limitation of the allergies has special importance clinically. It is of the
semi-dominant type resembling, on the whole, the behaviour of early baldness.
At least the majority of allergic conditions are due to a variety of environmental
stimuli operating on those individuals which carry a single gene producing general
susceptibility to them. When homozygous, the effect appears before puberty:
when heterozygous, it first develops later in life or may never do so at all. In-
dividuals of the latter type act as normal * carriers” . Moreover, manifestation is
sex-limited in the heterozygotes, but apparently not in the homozygotes, about
twice as many men as women being affected (Wiener, Zieve and Fries, 1936).

We have not yet sufficient data to determine the genetic relationships of all
the various forms of allergy: asthma, hay-fever, urticaria, light-sensitized skin,
the food allergies, migraine, angioneurotic oedema, and others. However, it is
clear that in some instances at least the form taken by the allergy is due to other
genes modifying the action of the single controlling one already mentioned.
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Thus asthma, for example, may be inherited for some generations in a family,

then to be replaced by hay-fever in one individual of the pedigree, among whose

gCSCEHdEIIHR that particular allergic form may be perpetuated on the same genetic
asis.

It should be stressed that the evidence for the genetics and partially sex-limited
inheritance of these various allergies is not all of equal value, and there is much
danger in generalizing in regard to conditions insufficiently studied or even due
to distinct genes having similar effects. Of this latter possibility we here have a
clear warning, for a non-allergic form of angioneurotic oedema also exists. This
is inherited as a simple heterozygous condition (usually, though incorrectly,
described as a dominant in the literature); it does not appear to be sex-limited.
Indeed, one of the outstanding needs of human genetics is the study of a sufficient
number of pedigrees to make possible statements in regard to the frequency of
manifestation of the genes, both their penetrance and expressivity, and their
differential effects in the two sexes.
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CHAPTER 6
POLYGENIC INHERITANCE
KENNETH MATHER

MAN is a difficult animal for genetical research. His families are small, his
generations slow and his mating is uncontrolled—except, of course, for certain
traditional prohibitions, such as the forbidden degrees of relationship in marriage
in western civilization, which eliminate matings of types which are frequently
among the most informative from the genetical point of view. Attempts have
been made, notably by Galton and the biometrical school which followed him,
to use man as a subject for primary genetical research, but these all failed. Our
understanding of the nature, transmission and action of genes has come from
experimental work on plants and other animals. Of these the most outstanding
has been the fruit fly, Drosophila melanogaster, in which control of mating is
easy, the generation time as short as two weeks at 25°C, families so large as often
to run into hundreds or even thousands from a single pair, and culture so un-
exacting that several hundreds of flies can be raised in a half-pint milk bottle.

The rules of genetical behaviour have been gradually established by experiment
with these more tractable species, and they have proved to show a remarkable
similarity in all the great groups of the living kingdom, with the possible exception
of bacteria which have yet to be tested adequately. Armed with this knowledge
we can return to man, and even though we could not hope to elucidate the rules
of genetics from his study, once knowing them we can show that he also conforms.
Indeed, in view of the virtually universal validity of these basic principles, it would
be very surprising if man did not behave in the same way.

Even, however, the demonstration that man’s genetical behaviour conforms to
principles fully elucidated from other species is far from simple. We must generally
infer the genetical constitution of parents from their offspring, and such inference
must often be highly uncertain where the families are so small. To take an example,
individuals showing the effects of a recessive gene will generally occur in the
offspring of apparently normal parents. Having seen such an individual we can
infer that the parents were both heterozygous for the gene. But only one child
in four is expected to show the character. So with families of, say. two, an affected
child will fail to appear in nine-sixteenths of cases. Thus we shall miss over half
of the families of two which would be of interest to us. We shall obtain in fact
a biased sample in-so-far as we must rely on finding an affected child in order
to detect carrier parents; and in the families we actually find more than one-
quarter of the children will show the affection. Only by the use of suitably
elaborate mathematics and statistics can we show that the segregation does in
fact conform to the mendelian expectation of # : 1 of all children from such
parents. And with more complex phenomena like linkage the necessary mathe-
matics become more elaborate still.
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Thus man is, and indeed must remain, to a great exient, what might be called
an object of secondary genetical study. There are exceptions to this rule. Our
knowledge of blood group determination and of the properties of twins springs
largely from human studies, but by and large the human geneticist must rely on
observations of other species for his general guidance and his basic principles.
At present this is perhaps more strikingly true of the study of polygenic systems
than of any other branch of genetical science; for the real attack on the genetics
of continuous variation, from which the theory of polygenic inheritance directly
derives, is very recent. Although continuous variation was first considered in
relation to man, and although much of the early work on its analysis related to
man, the recent investigations have been on other species and their results have
still to be applied to man himself. That they will apply can hardly be doubted.

CONTINUOQUS VARIATION AND POLYGENIC SYSTEMS

Mendelian genetics has been concerned with discontinuous variation. Mendel
could classify his pea plants as talls or dwarfs, as having coloured flowers or
white. The classes did not merge: the tallest shorts were clearly shorter than the
shortest talls. Such discontinuous variation allows the mendelian method of
experiment to be used, since the genotypes are easily inferable from the sharply
distinct phenotypic classes. The situation is different, however, with continuous
variation, such as, for example, that in human stature. There are tall people and
short people, but every intermediate grade is also to be found and indeed the
medium heights are the most common (Fig. 8). No sharp dividing line exists
between tall and short people as it does between Mendel's tall and short peas.

e

Fii. B.—Continuous variation. The
frequency distribution of stature Py
in 1,376 women. All zrades of
stature occur between wide limits,
the central heights being the most
common. The data are grouped
into 1 inch classes in order to
facilitate representation as a his-
togram. This grouping is purely
artificial: the character shows a - _
smooth gradation of expression. P -
(Data from Fisher, * Statistical b e 1 :
Methods for Research Workers™. - i
London: (Miver & Boyd.) L = rr ot

%
1

Frequency

- 7 .-
o __.-__". "
2

85 )
Height a1 inches
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Now such continuous variation has been known since the time of Galton to
be in part heritable, though clearly its heritable differences cannot be traced to
genes of large effect. Rather we must refer them to genes whose differences produce
only small variations of the phenotype, variations as small in fact as the very
fine gradations we can detect in the expression of the character. Since extreme
phenotypes are to be found, these must differ in large numbers of genes, whose
small effects must therefore be capable of supplementing each other. The genes
of continuous variation are thus acting in swarms, or as we say in polygenic
systems. The member genes of a system are interchangeable in effect, and inter-
mediate expressions of the character are due not to the action of specific genes
of intermediate effect, but to the simultaneous actions of intermediate numbers
of genes all of like, or nearly like, efiect.

Thus in a polygenic system we are concerned less with the individual gene,
and more with the number acting in a given direction in the individual. The
intermediate phenotypes can therefore be produced by several, often many,
different genotypes. With, for example, a system of only 4 genes lacking dominance,
the phenotype given when 4 of their total of 8 allelomorphs act together in one
direction, the other 4 acting in the other direction, would be produced by 19
different genotypes (Fig. 9). Clearly the mendelian method of experiment and
analysis must break down with continuous variation, for we cannot infer a par-
ticular genotype when a particular phenotype is found.

={ANED

e Fi. 9.—The genetical theory of continuwous variation.
b The upper histogram shows the frequencies to be ex-
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As soon, therefore, as we turn to continuous variation governed by such
polygenic systems, our genetics becomes statistical, somewhat in the way that
physics becomes statistical in the theory of gases. We must devise statistical
means of detecting, measuring and analysing segregation, linkage, dominance and
all the other phenomena that mendelian genetics has taught us to associate with
nuclear genes. We need in fact more general methods of genetical investigation.
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These have been achieved over the last thirty years or so. Progress was slow at
first, but has been much more rapid in the last decade. We have learned how to
show statistically that genes which cannot be followed as individuals in experiment
are nevertheless just as surely borne on the chromosomes as those that can.

THE TESTS OF NUCLEAR INHERITANCE

Since the assumption of nuclear, or as we might say mendelian, behaviour of
these genes is basic to our methods of analysing the continuous variation mediated
by polygenic systems, it is worth considering the evidence upon which our con-
fidence in the validity of the assumption rests. Nuclear genes have three essential
properties by which they can be recognized (Mather, 1949 a and b). (1) They
are equilinear in transmission, that is, they are handed on equally by father and
mother to offspring, apart from special cases of which sex-linkage is the most
important. (2) They segregate at gametogenesis in heterozygotes. (3) They show
linkage.

Wherever these properties are shown, nuclear genes borne on the chromosomes
can be inferred with confidence.

Eguilinearity in transmission

The property of equilinearity in transmission is tested by the comparison of reciprocal
crosses, If mother and father are contributing equally to the genotype mediating a
particular character in the offspring, it does not matter which way round a cross is made.
Reciprocal crosses will give similar families. Many examples are recorded of reciprocal
crosses between true breeding lines of both plant and animal species differing by con-
tinuous variation. In a very few cases differences were found between the offspring of
the reciprocals where none would be expected on the basis of nuclear transmission; but
these are exceptional. In the vast majority of experiments the reciprocal families did
not differ. Genic transmission was equilinear. Furthermore, reciprocal differences do
occasionally occur in mendelian experiments with discontinuous variation. 'We are thus
in a position to say from the evidence of reciprocal crosses, that although extra nuclear
genes may play a small part in the mediation of continuous variation it is no larger a
part than they play in discontinuous variation. Nuclear genes are as predominant in
one as in the other.

Segregation

When we turn to our next test, of segregation, the evidence is equally clear. Individuals
of true breeding lines may vary continuously in respect of the manifestation of a character
by reason of non-heritable, or environmental, effects. The F, of a cross between two
such lines, which though heterozygous, not homozygous, is as genetically uniform as its
parents, can show the same non-heritable variation. But in F, the genetical segregation
which took place at gametogenesis of the F, will become apparent as genetical differences
between the individuals, These will be added to the non-heritable variation, so that the
variation should be larger in F, than in F; and parents. Furthermore, F, families
should again show variation due to segregation in gametogenesis of F, individuals, but
this should be on the average only half that of F, since individuals of the F, are on
the average heterozygous for only half as many genes as those of F,. Thus the average
variance within F, families should lie midway between that of F, on the ons hand and
those of parents and F, on the other. Furthermore, the means of the F, families should
differ from one another and should be correlated with the expression of the character
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in the F, parent individuals, for these F, individuals will differ in the various genes for -
which they are homozygous.

The predictions which follow from the principle of segregation are, therefore, many
and precise. They have been confirmed wherever adequately tested in both plants and
animals. There can be no doubt that the genes mediating continuous variation segregate
in just the same way as the major genes of mendelian experiment.

Linkage

The third test, of linkage, can be applied in a variety of ways. The polygenes of con-
tinuous variation must show linkage with mendelian genes borne on the same chromo-
somes. They must also show linkage with one another. Linkage with major genes has
been tested by observing the continuous variation of a character in classes separated by
the segregation of major genes affecting other characters. We find that these classes
commonly differ in their mean expressions of the continuously varying character just as
would be expected. We also find that the association is not a final one, that is, it can be
changed and even reversed, just as it should if it were the outcome of linkage and not
of a multiple, or pleiotropic, action of the major gene. The linkage of polygenes with
one another is best tested by selection experiments. These tests are, however, complicated,
and it will suffice to say that they regularly yield evidence of linkage wherever it would
be expected to show clearly.

The phenomenon of linkage can also be used in Drosephila, where many special tester
stocks exist, to assay the contributions of the various chromosomes to the control of
continuous variation. Such assays are, for various technical reasons, unlikely to trace
every determinant of continuous variation that is carried on the chromosomes; but even
=0, it has proved possible to show in a comprehensive experiment that some 90 per cent
of the heritable portion of continuous variation for a hair character in Drosophila
melanogasier must be referred to genes in the chromosomes (Mather and Harrison, 1949).
There can be little doubt that the remaining 10 per cent are subject to nuclear deter-
mination but have escaped detection because of the technical difficulties just mentioned.

There can therefore be no doubt not only that nuclear genes play their part in the
mediation of continuous variation, but also that they play as predominant a role here
as they do in the determination of the major differences used in mendelian experiments.

Applications to man

This evidence is all from species other than man: species in which the complex
experiments needed for the tests are possible. We have little hesitation in applying
these findings to man, because of the uniformity of the various plant and animal
species tested in respect of the control of their continuous variation, and of the
uniformity of man with other species in his general genetical make-up. We have,
however, various pieces of evidence from man himself which must go far to
strengthen our confidence in the importance of nuclear genes in mediating his
continuous variation.
Regression

The first of these pieces of evidence shows that transmission in man is equilinear
as it is in other species. We cannot of course test equilinearity within a population
such as our own by producing inbred and therefore true breeding lines whose
behaviour on crossing could be observed. We can, however, use Galton’s tech-
nique of regression to ascertain the contributions of father and mother to the
determination of continuously varying characters in their offspring. In doing so
we find the paternal and maternal contributions to be substantially equal. Sex
linkage which can upset equilinearity is not expected to produce any serious
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complication in man as the sex chromosomes constitute only 1 of 24 pairs in the
human nucleus.

Race Crosses

Race crosses can also supply evidence of equilinearity since, although not true
breeding in all respects, whites and Negroes for example are true breeding in
respect of the genes leading to the basic colour difference. This difference we also
know not to be ascribable to a simple mendelian gene: rather it must be referred
to a polygenic system of unknown complexity, for many shades of colour are
possible in the generations derived from such race crosses. [ am not sufficiently
familiar with the evidence from race crosses to make a fully positive statement,
but 1 have yet to hear that the colour of the offspring 1s in any way affected by
whether the mother is the dark parent and the father the light or vice versa. In
other words, so far as [ know, the evidence, such as it is, accords with equilinearity
of transmission.

These race crosses also allow the test of segregation to be applied. We should
expect the first generation from such crosses to be as uniform in colour as the
two parental types; but when the hybrids breed, whether in crosses inrer se or
in crosses back to the parental stocks, a range of colours should arise from the
segregation of the colour genes in their gametogenesis. This expectation is, 50
far as 1 am aware, fully borne out by the facts.

THE ANALYSIS OF CONTINUOUS VARIATION

We have seen that the heritable component of continuous variation is referable
to nuclear genes, genes whose transmission in heredity is the same as that of the
more familiar major genes of mendelian experiments. The two types of gene
differ in their action. The action of each major gene is unique in the nucleus:
it is also generally drastic so that its mutation has a markedly deleterious effect
from the selective point of view. The members of a polygenic system, on the
other hand, have actions similar to one another and capable of supplementing
one another. Their effects are also small relative to the non-heritable variation,
or at least relative to the total variation. These genes cannot therefore be isolated
in genetical experiments of the mendelian kind: their effects are too small for
individual detection and too much alike for individual recognition. The genes
owe their special importance, in fact, to their effects being small and interchangz-
able, as we shall see later.

Since continuous variation mediated by a polygenic system cannot be analysed
by the mendelian technique, we must devise a new and biometrical analysis.
This we are able to do because, as we have seen above, we can confidently assume
nuclear transmission for these genes as for major genes. Our task must be to
discover how segregation and linkage, dominance and interaction contribute to
the means, variances and co-variances which can be calculated from, and used
to characterize, the distributions of a continuously varying character, just as in
mendelian experiments we discover these phenomena from their effects on the

Components of variation
frequencies of the discontinuous classes.
Six components of variation can be recognized as contributing to variation in
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a character, namely (1) the additive part of the heritable variation, which largely
rests on differences between individuals differing by being homozygous for the
opposite allelomorphs of the various genes; (2) the contribution from dominance,
that is the departure from additiveness in effect of allelomorphs; (3) the con-
tribution from genic interaction, that is the departure from additiveness in effect
of non-allelomorphic genes; (4) any cytoplasmic or maternal effect, that is the
departure from equilinearity in transmission of parental effects; (5) the non-
heritable contribution made by differences of environment; and (6) interactions
in effect of genotype and environment. This exhaustive list is so long as to be
unmanageable in experiment. We must therefore reduce it before an analysis,
sufficiently simple to be practicable, becomes possible.

The cytoplasmic or maternal effect can be tested by comparison of reciprocal crosses.
If, as is commonly the case, these are alike we can neglect this component. If they are
not we can calculate, from the difference observed, a correction for departure from
equilinearity.

The two interaction components (3) and (6) are complex in their determination and
possible effects. They are therefore unmanageable in analysis and are best omitted if
possible. Generally their effects can be minimized, often eliminated, by choice of a
suitable scale on which to represent the manifestation of the character. Thus genes
which show interaction when the character is measured on a natural scale may fail to do
s0 on a logarithmic scale (see Table). Rescaling by transformation of the metric is
thus a powerful ally in reducing the complexity of the analysis. And if a scale is inade-
quate in this respect, evidence of the inadequacy can often be obtained from a simple
analysis made on the assumption that interaction is absent.

TABLE
THE UsE oF TRANSFORMATION OF SCALE TO GIVE ADDITIVEMESS OF (GEME EFFECTS
aa  Aa AA aw Aa  AA aa Aa AA
bh 1 4 9 b1 i e 1] O 030 048 060
aa Aa AA Bh 4 9 16 Bbh 32 10 32 Bh 048 0-60 070
1 2 3 BR 9 |16 25 BE 10 32 100 BE 060 070 0-78
B z 3 4
BB 31 4 5 Additive on scale Additive on scale Additive on scale
Additive of square rools of logs of antilogs
1 2. 3 0 05 1 2 3 4
2L o | 05 1 15 3 4 5
3 4 5 1 -5 2 4 5 (i}

The upper square shows the degree of manifestation of the character with the nine genotypes
t::]‘:;ll[:%flbhbd by two genes. When transformed as shown, the effects of the two genes become

N.B—For simplicity the present examples have been chosen so that dominance vanishes
when the effects of nen-allelomorphic genes become additive. This will not, however, be the
case in general.

This leaves us with three components of variation for explicit incorporation
in the analysis: the additive genetic variance (D), the effect of dominance (H),
and the non-heritable or environmental contribution (E). Full accounts of the
effects and constitutions of these components will be found elsewhere (Mather,
1949 a and b), and it will be sufficient for our present purpose to note their general
properties. Where a gene A4-a has the effect of producing a difference of 2d,
between the homozygotes A4 and aa in their manifestations of the character,
gene B-b the effect 2d, and so on, we can define D as S(d®) in the absence of
linkage and with the gene frequencies of A and a equal. Linkage, if operating,
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introduces certain other terms in d,d, and so on into D, and it can be detected
by changes of the value of D from generation to generation in controlled crosses.
Changes in gene frequency also affect the constitution of D in characteristic ways.

In the same way we can define H, the dominance component, as S(h®) where
h, is the departure of manifestation in the heterozygote Aa from the average,
or mid-point, of 44 and aa. Again H changes characteristically with linkage
and with departure of gene frequency from equality. Again these changes like
those of D can be used to detect linkage and change of gene frequency. Further-
more, variation in D and H over statistics in which their values should be alike,
even with linkage and unequal gene frequencies, can be used to detect genic
Interactions arising from inadequacy of the scale, or irremovable by scaling,
should these be present.

The non-heritable component E is of course composite, but we are concerned
to break it down only in so far as this will promote genetical analysis. In general
no such breakdown is necessary and we may content ourselves with noting that
the value of E will obviously vary according to whether we are measuring the
variation of the character among individuals or among the means of groups of
related individuals. Finally, E will not contribute to the co-variance of related
individuals in properly designed experiments, though it may do so in populations
where related individuals tend to have environments more alike than are those
of unrelated individuals, as happens in man.

Human stature as an illustrative example

The applications of this general theory to the understanding and analysis of continuous
variation are many and varied. We will take one illustrative example from man. A wealth
of data exists on the correlations between human relatives in respect of continuously
varying characters. Pearson and Lee for example record that parent and offspring show
a correlation of 0-4180 in respect of the cubit measurement, whereas full sibs show a
correlation of 0-4619. Now it can be shown that, when measured as the mean square
deviation from the mean in the customary statistical fashion, the variance of a randomly
breeding population, to which man approximates, is built up as 4D + 1H + E. The
co-variance of parent and offspring is simply D, and the co-variance of full sibs is
iD + 4H. Then the parent/offspring correlation (r,,) and the sib correlation (r,,)
are respectively

oo =JID + IH + E
) . ID+ AH
»:II'II’.l I:'..,-., E é-D :_ AH _:_ E

These will have maximum values of 1 when H = E = O, that is when there is no
dominance and no non-heritable variation. Mon-heritable variation will reduce them
almost equally, but dominance will reduce r,;, more than r,,. Given the values of these
two correlations we can detect both non-heritable effects and dominance and even
measure them, not of course in absolute values but relative to the value of D, for we
have only two equations. If we had the actual values of the variance and the two co-
variances we could go further and estimate the absolute values of D, H and E, for
we should then have three equations.

In the present case where ry, = 0-4180 and r,, = 04619 we find H = 04201 D
and E = —0-0069 D. A negative value for E, which must be a quadratic quantity, is
of course impossible. The present result must therefore arise from sampling error, and
it 15 indeed small enough for this to be a reasonable interpretation. E may well be under-
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estimated through the relatives, parent and offspring or full sibs, whose co-variances
were calculated having environments more alike than those of the unrelated individuals
from observations on whom the variance (1D -+ 1H + E) was found. We can, never-
the less, be confident that E is not large within these families.

Thus the variation in cubit length is very largely genetical in this human sample.
Dominance, on the other hand, is making a sizeable contribution to it. Now if all the

genes were of the same effect and showed the same dominance, the fraction D would be

a measure of E: so that \/ g would estimate the degree of dominance. We cannot, of

course, be sure that the genes are all alike in magnitude of effect and dominance. Any
differences in these properties will however lead to underestimation of dominance when

estimated as g Thus we can say that in the present case the average degree of

dominance is at least 4/0-4201 or 0-65.

THE PROPERTIES OF POLYGENIC SYSTEMS

The study of methods of analysing continuous variation is in its infancy, but it
is commanding increasing attention. Plant and animal breeders and students of
evolution need these methods because much of the variation with which they are
concerned is of this kind. For the same reason the human geneticist also needs
them, developed in ways suited to his peculiar material. He must, however, have
another interest in polygenic systems it he is to understand the genetical structure
of human populations, since these systems have properties which are remarkable
in several ways (Mather, 1943; Darlington and Mather, 1950).

Prior to Mendel it was generally thought that inheritance was blending: that on
coming together in the offspring the hereditary contributions made by mother
and father blended like ink and water. Thus, it was supposed, hereditary variation
was continually being destroyed at a great rate by crossing, for, once mixed,
heredity could not be unblended. This Mendel showed not to be the case. True,
when we cross two confrasting types their offspring may be uniform, so that the
differences between the parents have vanished in the hybrid offspring. But the
loss is only apparent. Being particulate, the genes segregate when the F, forms
its gametes, and the parental differences reappear among a proportion of the
individuals in the second, or F., generation. The variability must thus still have
been present in the F,, but present in a latent or potential form. The free variation,
visible as differences between the parent’s phenotypes, had been converted by
crossing into the potential variation hidden as differences inside the F,’s genotype.
This potential variability is freed, or partially freed, by segregation to express
itself in the phenotypes of F,. And such of it as remains potential in F. can be
freed in later generations by inbreeding. Thus no loss of variability is in fact
consequent on crossing. Heritable variability, like energy, is conserved, apart at
least from the action of selection; though, again like energy, it can exist in potential
as well as operative states.

Where a character is showing a difference governed by a single gene, the vari-
ability is hidden after crossing owing to the presence of two unlike allelomorphs of
the gene in the F, individual. Such potential variability, depending on unlikeness
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of allelomorphs, is the property of heterozygotes and is released by segre-
gation of the allelomorphs when they pass separately to the gametes, each of
which carries but one of them. Where a polygenic system is operating, however,
the possibilities of potential variation are much more elaborate.

Potential variability

It is characteristic of a polygenic system that its member genes have similar
and supplementary, as well as small, effects. Thus, suppose we have in the system
several genes each of two allelomorphs, A-a, B-b, C-¢, and so on, acting so that
A, B, C and so on pull the character in one direction and a, b, ¢ and so on pull
it in the opposite direction. The extreme expressions of the character will be
produced by individuals of genetic constitution 44 BB CC and so on and aa bb cc
and so on. Intermediate phenotypes will be found when the genes designated by
capital and small letters are mixed: when in fact the genes are acting against,
or balancing, one another. Furthermore, B or C can balance a just as a or b
can balance C and so on. There thus exists in a polygenic system a type of potential
variation which depends on dissimilarity, not of the allelomorphs of one gene,
but of the allelomorphs of different members of the system. This potential variation
can exist even in homozygotes; for example, 44 bb CC dd and aa BB cc DD
could have the same phenotypes while carrying between them genetical variation.
The wide variety of this type of balance shows that it will generally be much
more important in storing variability than will the heterozygotic state.

The first kind of potential variability, that of the heterozygotes, is built up
by crossing and lost by segregation. The second, or homozygotic, kind is, how-
ever, built up from the first kind by segregation and turned back into it by crossing.
And it can be turned into the free variation of phenotypes only via the heterozy-
gotic potential state (Fig. 10). Thus the heterozygotic potential is the channel of
interchange between the free state and the homozygotic potential state, in which
most variability will be found. The frequency of heterozygous individuals, and
with it both the size of the heterozygotic pool and the rate of flow from free to
homozygotic potential and back, is dependent in any population on the breeding
system of the species, which governs the frequency of outcrossing or inbreeding.
We can thus see the advantage to the species concerned of the wide range of
devices controlling the breeding system, devices as varied as the separation of the
sexes on to different individuals, so common in animals, the cyclical production
of male and female gametes as seen in the oyster, and the incompatibility of
pollen and style to be found in many plants. These devices control the flow of
variability between the potential state in which selection, natural or artificial,
cannot operate on it to change the character, and the free state where, being
expressed in the phenotype, it is the available raw material of selective change,
of adaptation and evolution, and of selective improvement in crops and stock.

MNow crossing and segregation are not in themselves sufficient to turn heterozy-
gotic potential into free variability. The genes must also recombine. We can
produce a heterozygote Aa Bb by crossing the balanced types A4 bb and aa BB,
whose gametes must be also of the balanced constitutions 4h and aB respectively.
But the freeing of the variability by the occurrence of say 4.4 BB and aa bb offspring
requires that the gametes produced by the heterozygote include the recombinant
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types AR and ab: mere segregation of A from a and of B from b is not enough.
The frequency of such recombinant gametes depends on the linkage relations of
the genes, which reflect their spatial distribution on the chromosomes. With
loose linkage they will match the balanced 4b and aB types in frequency. Thus
the linkage properties, or to put it another way, the chromosome organization,

also helps to determine the flow of variability from the potential to the free state
(Fig. 10).

IV State of vanability
Free Potential

Ayailable Unavaitable
lo selection

Fig. 10.—The chief states of genectic variability. Most
variability is hidden in the genotype, but some expresses
itsell in the phenotype where it is exposed to the action of
selection. The rate of flow of variability is governed by
the frequency of crossing. which itsell depends on the
genetically controlled breeding system. The distribution
of the wvariability emerging by segregation from the
heterozygotic pool is governed by the frequency of re-
combination, which reflects the linkage relations of the
chromosome organization. The genotypes shown indicate
the types of difference invelved in each state of variability
—they are not exhaustive lists,

Experiment has provided us with good evidence of a vast reservoir of variability
lying hidden in tightly linked, balanced combinations in wild species—a reservoir
much vaster than the free variation detectable in the phenotypes. We can hardly
doubt that the same will be true of man; that his genetical potentialities are vastly
greater than would appear at first sight.

THE IMPORTANCE OF POLYGENIC SYSTEMS

The properties of polygenic systems show us why plants and animals have
elaborately controlled breeding mechanisms and chromosome organizations. By
way of the chromosome organization, they show us also how selection for one
character can change another, often unpredictably and adversely, upon which
no selection is being practised, for linkage affects genes of unlike systems as well
as of like. They show how vast stores of genetic variability can be maintained
beneath a cloak of phenotypic uniformity, and how this reservoir can provide
the raw material for great changes in evolution and, properly used, in plant and
animal improvement. These properties of polygenic systems also bring us to a
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conception of variability as existing, like energy, in different states between which
it ebbs and flows according to definite rules and by mechanisms which can be
controlled and adjusted. They show us, in fact, a new field of what might even
be called biological thermodynamics, whose quantitative study has hardly yet
begun.

Polygenic systems in man

The study of polygenic systems is of no less importance for our understanding
of man. Mendelian genetics, concentrating as it does on genes of major, often
pathological effect, gives us a false idea of the genetical structure of man as of
other species. We are led to see human populations as consisting essentially of
a large core of genetically normal individuals, the ** wild-type ™ as the drosophilists
would call it, with a fringe of unfortunates who are abnormal by reason of their
carrying some mutant gene or genes, whose effects are often pathological and
almost always a handicap. Some genic variation, such as that controlling our
blood groups, might not be fairly viewed in this light, but such genes constitute
a small and exceptional class, the greater part of the major genic variation being
pathological.

When we turn to consider continuous variation we get a very different, if less
precisely delineated, picture. With a few exceptions, of which the antigenic
properties are the chief and perhaps the only example, all characters in man would
seem to show continuous variation, partly genic and partly non-heritable. In
some cases, especially physical characters such as stature, the evidence 1s clear.
In others, disease resistance, mental capacity and so on, the information available
is less final. But taking all in all, and giving due weight to analogy with other
better explored species, it would appear safe to assert that no two human beings,
monozygotic twins excepted, are genetically alike. Far from there being a homo-
geneous standard type, even the * normals ™ are seen to be different when we
turn to their polygenic systems. They differ one from another in the very genic
systems upon which depend the smooth changes of adaptation and evolution,
and which have the remarkable properties of variability storage already outlined.

We are thus led to picture human populations as systems of genetic variation,
held in check, if we may once again argue by analogy with other species, by the
selective forces to which they are subjected. Indeed, we know that variation in
such diverse characters as stature and intelligence is associated with differences
of fertility, just as is variation in other species. This being true, it will follow
that any strengthening or relaxation of the selective forces, which operate on it,
must quickly lead to a readjustment of the genic constitution of the population.
How rapid and how drastic these changes are will depend on the flow of variability
within the population, on the freedom of interchange of genes (that is, on the
frequency of mating) between the different groups into which our complex society
is more or less clearly determinated by genetic, social, cultural and religious
agencies. To understand our genetic potentialities requires therefore that we learn
something of the genetical structure of our society—a task which has only
recently been envisaged, still less attempted.

At the same time we must seek to discover something of the changing impact
of selection on us. It is often implicitly assumed that these forces will change
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only in so far as we deliberately change them, as by sterilization of the unfit and
similar measures. This might well be true, at least up to a poini, provided we
considered only the pathological effects of major gene differences. But con-
tinuous variation, mediated by polygenic systems, is so much more widespread
and so much more sensitive to changes of selective force that virtually every
alteration in the organization and management of our society will have its effect
on the genetic constitution. Every law we pass, every breaking down of old
barriers and building up of new, will alter us genetically, for it will affect the
darwinian fitness, the contribution in progeny to the next generation, of the
immense variety of genetic types which makes up our population. These changes
may be slow and small, desirable or deleterious; but they are inescapable.

So much is obvious. In recognizing the possibilities and problems as they
appear in man we have, however, only cleared the ground for much patient obser-
vation and research which will be necessary before human genetics comes to
include not only the study of the abnormal but that of the normal too; not merely
the genetics of the hospital, but also that of society. This is akin to, and will be
aided by, the modern genetical study of populations of both wild and domesticated
plants and animals. Much of the observation, and all of the experiment, on
continuous variation and the underlying polygenic systems, must come from
these other species; but as we apply, and verify, their findings in man, we shall
begin to form a truer picture of the genetic structure, possibilities and dangers of
our own species.
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MEDICAL AND SOCIAL ASPECTS OF MUTATION

vide the selective agencies with a more abundant choice and so speed the
evolutionary progressive process itself. But this would be mistaken. According
to current theory each species has a specific mutation frequency which has been so
regulated by natural selection that it is now neither too high nor too low.
Natural selection has worked to conserve and perpetuate those genes which, in
their action, have appropriate affects, plus or minus, upon the spontaneous
mutation frequency. The result has been that new genes appear in numbers in
conformity with the species’ capacity to cope with them. Any considerable
increase in the mutation frequency would therefore not accelerate the evolution
of a species ; it would embarrass and retard it.

At the present time it would seem that the incidence of abnormality due to new
mutation is of the order of 2 per 1,000 births. If this rate were tripled through
the exposure of individuals to mutagenic agents in moderate amount, this would
not seriously affect the total defect and derangement in the population as a whole
unless the individuals so exposed constituted a large proportion of the whole
population and their contribution and that of their descendants was disproportion-
ately large. The exposure of a large proportion to large amounts could be serious
since it could increase the number of dominant mutants by a few hundred per
million births and could induce several thousand lethal recessives which could
gain expression in several thousands of years.

Most of the long-term damage caused to the body by radiation, apart from
malignant growths, would seem to result from the effects of the radiation upon the
chromosomes of dividing somatic cells. Since the effect is proportional to
the dose, and since the effect is cumulative over an indefinitely long period, it
follows that most of the existing measurements of safety, for example changes
in the blood count, erythem:i, loss of sperm motility, are by no means reliable
since grave damage to the individual can result from the repetition of doses far
too small in themselves to produce any obvious efiect.

It has been estimated that in human populations that live in a state of approxi-
mate genetic equilibrium mutation as a cause of human disease must be responsible
for between one-fifth and two-thirds of all deaths and failure to reproduce on the
part of such as are not killed by acquired disease before reaching the age of
reproduction or who are prevented from reproduction by other and purely
extrinsic causes.

The improvement in living conditions, the application of medical knowledge and
so forth, have resulted and will result in a saving for reproduction of a large
proportion of those who under former conditions would, because of their genetic
disability, have been eliminated or incapacitated. There has been a progressive
mitigation of the effects of the genetic disabilities of the great majority of the
population. The result of this saving for reproduction, if current genetical theory
is correct, must mean that the mutant gene frequency must gradually be rising in
the direction of a new level. At the new level, despite all ameliorative measures, as
large a proportion will again suffer genetic elimination or incapacity as formerly.
If this is so, it follows that the only means by which the effects of the genetic load
of disability can be lightened permanently and securely is by the protection of the
population from radiation hazards and by coupling the ameliorative procedures
of medicine with a rationally directed guidance of reproduction.

2l
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CHAPTER 9
BIOMETRIC EVALUATION OF FINDINGS
GuNMNAR DAHLBERG

THE proBLEMS of human genetics may be divided into two groups, social and
individual. (1) The social type of problem deals with the characters of populations
and tells us when and why their gene frequency is changing in ene direction or
another or remains constant. (2) The individual type of problem has to do with
a certain trait or character and concerns the chances that a given person possesses
that trait or that his children or other relatives will inherit it. The most important
problems met with in human genetics belong to the social group, but these naturally
cannot be worked out without some knowledge of the problems of the second
group. We shall here chiefly discuss the method of how to deal with the individual
problems. It should merely be emphasized that the genes of a people do not
change without cause and that changes may originate from five conceivable causes.

The genes may change by selection and by mutation, although the latter is
not particularly important if the populations are considered at short sight. Without
going deeply into the matter, it should be mentioned that selection has a very
slight effect also, so far as rare characters are concerned; it is only on fairly
common properties that the process is appreciably effective.

Furthermore, the genes may be sorted out into pairs in various ways by inter-
marriages, assortative mating and isolate-action. These three processes do not
affect the number of genes but cause the genes to coincide more or less often.
On the whole they tend to increase the homozygotes and reduce the frequency
of heterozygotes.

Classification of human characters

Human characters may be classified as follows.

Purely hereditary or genetic characters—These occur when a certain inherited
factor, a gene or gene combination is present and its action cannot be changed
appreciably by ordinary environmental factors.

Purely environmental characters.—These arise in any individual as a result of
a certain environmental factor or factors.

Constellational characters.—These occur when environmental and specific genetic
factors co-operate. The genetic factors are per se predisposing to the character
in question, but the trait will not manifest itself unless one or more specific
environmental factors are present as well. If the genetic factors are absent, the
environmental factors are of no avail.

These three different types are not sharply differentiated. It is sometimes a
matter of taste to which group a character should be assigned. The classification
of the character depends, furthermore, on the frequencies in the population. For .
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example, on good grounds it may be assumed that only in those who are infected
with syphilis can general paresis (dementia paralytica) develop, which might be
due to an inherited disposition. The latter character is consequently constel-
lational and due to syphilis infection and a coincident factor which probably is
genetic and brings out a peculiar reaction that gives rise to general paresis.
However, if the incidence of syphilis in a population were 100 per cent, the
existence of general paresis would bz wholly dependent on the hypothetical
genetic factors.

Any particular character is actually due to both genetic and environmental
factors. Without genetic factors there would, of course, be no individuals. Nor
can an individual live in an excessively abnormal environment which, for instance,
is too hot or too cold. Within the limits set by death genetic and environmental
factors may combine in many different ways. The classification suggested here is
an attempt to create some order in this muddle,

It should be noted, furthermore, that we are used to think of characters as
normal or pathological. What we mean by ** normal " is not quite clear. Actually
we mean different things in different situations. The normal, generally speaking,
Is equivalent to the usual. From the genetic point of view normal characters are
said to be complexly inherited, whereas the pathological as a rule seems to depend
on a simple genetic factor. Naturally, though this process is the usual one it is
not necessarily the only one, and it must not be assumed that pathological char-
acters never can be complexly inherited. This is well illustrated by the simple fact
that there is no sharp and definitive frontier between normal and pathological.
Besides, small deviations from the normal are usually called anomalies, provided
that they are not accompanied by any marked functional disorder.

INHERITANCE IN THE PEDIGREE

The older medical literature, but also a few recent works, often specified the
existence of ** inheritance in the pedigree ” of a certain trait. The implication
of the term is that the character occurs in the person’s relatives, chiefly his ancestors.
Such data are not particularly useful by themselves. The situation is better and
more satisfactory if figures are given for a control group with the character lacking
in the initial persons. A considerable difference would then carry some force of
proof. It should be kept in mind, however, that persons with a given disease are
particularly interested in finding the same disease in members of their family
or amongst their relatives. Merely for this reason they should get higher figures,
that might suggest the existence of inheritance in the pedigree, than the controls
without the character. A difference may naturally be due also to random variation,
especially if there are few persons in the group.

It should finally be noted that some genetic characters appear at an earlier age
than others. Consequently the groups to be compared must have fairly similar
age distributions. It is also necessary in both groups to study persons of the same
kind of relationship. It will seem that these facts are seldom appreciated. The
worst is that often it is impossible to tell whether they have been.

If a character has the frequency p in the population and if data are available
for an average of 10 relatives, it is easy to calculate how often the character should
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be present if it is due only to random accumulation. The character is absent in
(1 - p) and its absence in 10 persons can be expected in (1 — p)'® cases. Hence
it should be present in the rest, that is, in 1 — (1 = p)® cases.

On the other hand, if 20 relatives are studied the corresponding expression
will be 1 — (1 - p)*°cases. Let p = 2 per cent, then the figures for these two instances
will be 18 and 35 per cent, respectively. Thus, if 100 initial persons are explored
for disposition, respectively 18 and 33 of them will lack the character in the
pedigree.

The object of this computation is to illustrate the great importance of investi-
gating an equal number of relatives to each person if the groups are to be com-
parable. Geneticists are inclined to shrug their shoulders at investigations along
these lines, because of the criticism now made. However, even if they can be
criticized on good grounds they do provide evidence of a certain value, at the same
time as they naturally reveal that the investigator has not made himself acquainted
with the methods of modern genetics.

SELECTED PEDIGREES

When mendelian laws first were applied to problems of heredity in human genetics
attempts were made, in a manner of speaking, to copy the methods of experimental
genetics. Pedigrees were constructed for the purpose, namely, setting out from a
given person, his relatives, that is, parents, sisters, brothers, children, and so on
were described. Obviously it was impossible to go very far back because complete
data were not available. It is equally obvious that the pedigrees had to be rather
small and could not embrace very many individuals. In other words the result
was highly characterized by randomness. It is even more serious that such
pedigrees mostly are selected to some extent and include too many possessors of
the character of interest. The starting point is apparently an individual with a
certain character but the rest of the pedigree is to some extent selected, and is
published for the very reason that it happens to include an unexpectedly large
number of character-carriers. It might be said that the pedigree itself is really
the starting point, not an initial person. The danger that a pedigree is misleading
is naturally greater if it is small than when it is big and embraces many generations.
On the other hand, pedigrees do undeniably supply some valuable information.
It may be concluded, however, that published pedigrees contain a more or less
misleading over-representation of persons with the character.

Distinction is usually made between pedigrees and ancestries. The first ones
start from a given ancestor, who may be selected more or less arbitrarily, and
give his progeny. The second ones start from a selected person and give his
parents, grandparents, and so on. The published genealogical table or family
iree is probably in most cases a combined ancestry and pedigree with a more or
less arbitrarily limited number of persons who chiefly have been selected from the
viewpoint of the relevant factor, that is that the character occurs fairly often.

A published pedigree should, of course, always show which of the individuals
were examined by the investigator and for which the information was second-
hand and hence more or less unreliable.

The risk that the pedigree by chance will show a reasonably mendelian pattern
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is, of course, greater if the character is common in the population than if it is
rare. If we require an investigation that satisfies high standards it is desirable
to have a fairly exact conception of the incidence of the character in the population.
We shall therefore discuss this problem briefly.
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Composition of a population

Suppose that we have one pair only of genes in a population. Let the genes
R and D have the frequencies r and d. Then r -}- d = 1 and, if panmixia prevails
in the population the combinations will be RR = r*, RD = 2rd and DD = d=.
The distribution is shown in Fig. 15 and Table 1. We shall point out only one
other detail, namely, the relationship between heterozygotes and homozygotes.

TABLE 1

PERCENTAGE OF HETEROZYGOTES WITH SOME IDIFFERENT (GEME
PROPORTIONS 1N A POPULATION

If

RR RD (B8] i RE |
Zygoles Zygotes IVEOLES | IVEOLCS .f}g-cm.:-. | .:vLutm
100r* 100 2rd oo d* | 1002 Iﬂ{l 2rd : 100 d*
L AR | e i ELEE - |
0-01 198 | 9801 | 1 18 8l
0:05 4-37 95-58 | 2 24-28 T3-72
0-1 612 93-78 3 2864 68-36
0-2 554 91-26 | 4 32 i
0-3 10-35 89:35 i 3 34-72 60-28
0:4 | 11-85 8775 | (i 1699 57-01
05 13-14 860360 7y 1892 34-08
-6 [ 1429 8311 8 [ 40-57 51-43
0-7 15-33 4397 9 | 42 449
0-8 16-29 8291 | 10 | 4325 46-75
09 17-17 81-93 | |
This relation is characterized by the expression :
heterozygotes _ 2rd _ 21 — 1)
homozygotes r* r

r is a very small number the expression approaches infinity, which implies
that heterozygotes will be much commoner than homozygotes if a gene is rare.
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It follows that sterilization of recessive homozygotes would be practically
ineffective if the character is rare. More significant from the point of view of this
chapter is that under this condition most of the recessive homozygotes would be
born in marriages between heterozygotes.

Caleulation of the standard error

In most cases we know little or nothing concerning the frequency of genetic
characters of a population. If the data refer to a rather limited population, the
figure will, of course, be unreliable. It may be a little too high or too low at
random. In order to evaluate the order of such inaccuracies it is usual to calculate
the standard error. If the frequency is p per cent, the standard error €(p) will be

equal to J P {m?l* P), where n is the number of individuals in the observed

population.

The formula shows that the size of the standard error is proportional to the
square root of the number of individuals. Hence four times as many observations
will be required to reduce the standard error by half. The reader is referred to
ordinary text-books on statistics for the deduction of the formula (Dahlberg,
1940). It should be mentioned here only that the deduction is made with the aid
of the theory of probability. Nevertheless, in order to illustrate the reasoning
behind the formula, we shall illustrate the idea from the distribution obtained
when a red or a black card is drawn from a pack of ordinary playing cards. If
only one card is drawn, the probability of obtaining a red card is the same as the
probability for a black card. If two cards are drawn (a card must be
replaced in the pack before the next card is drawn), we can expect two red cards
in one case, a black and a red card in two cases, and two black cards in one case.
Continuing thus, we will obtain the fﬂ"DWil’lg series of numbers:

Combination 1 draw 141 total 2 draws
- 2 draws 142+ 1 o T
T 3 " 1 43 +3 4 e AR -
o 4 1 - 4—-—!5-r4+! MR L |
e . (R 1-1.-5+m+|u*5+1 R

This pyramid of figures, which is called Pascal’s Pyramid, is obtained with the
aid of the binomial theorem. Each horizontal row consists of the coefficients in
the expanded expression (a + b)* for consecutive values of n. Thus:

(a+ b)=la-+1b

(a 4+ b)® = 1a® 4 Zab + 1b*

(a + b = 1a® 4+ 3a®b + 3ab* + 1b?

(a 4+ b)* = 1a* 4+ da*b < 6a*b* - dab® 4 1b?

(a 4+ b)Y = la® 1 Sa'b + 10ah* + 10a%b* + Sab | 1b®

Such a distribution is called a binomial distribution. The same distribution can
be obtained also with an apparatus which was designed by Francis Galton
(Fig. 16). Balls are put in at the opening in the top and, striking the pegs standing
out from the wall, fall down and collect in slots at the bottom (a form of the
pinball gambling machines). The distribution is seen in Fig. 17 which shows the
paths the falling balls may take. Let us suppose now that the apparatus is
infinitely large and the balls infinite in number. Then the distribution would seem
continuous, just as a polygon with an infinity of sides that is inscribed in a circle
may be said to coincide with the circle. It is possible thus to calculate the curve
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that theoretically would be produced by Galton’s apparatus. It is represented
by the function:

FiG. 16.—
Galton’s apparatus.

This equation is generally said to be the equation for a normal curve in which
there 1s a constant, g, that can assume different values. The curve may in other
words be more or less steep or flat and it consequently represents a family of curves.
o 18 the point where the curve turns from concave to convex, and between + o
and — ¢ will lie about two-thirds of the observations. Practically no ball will

oy
o e T e e
/\MN/\ B o
NN AN
/\/\11/%/\

fall outside - 3 ¢ and - 3 ¢. It is maintained, therefore, that 6 ¢ is the range of

variation. The highest top on the curve, which represents its mean, will naturally

be more exactly determined for a small number, if ¢ is small than if ¢ is large.

The accuracy is in point of fact proportional to the square root of the number

and the standard error of the mean = €(p), which in terms of per cent is the

very same formula as the above. Because for a binomial distribution
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o = v/npq = y/np(l — p), where p and q are the probabilities of drawing a red
or a black card, respectively.

The French term for standard error is écari-type for the very reason that it can
be deduced in this way by drawing cards. When the group studied is large the
standard error is without importance, but it assumes increasing importance as
the group becomes smaller. Particularly when the observed group is large, so-
called systematic errors play a greater role. These arise because the observations
are not absolutely accurate. The frequency of the character may not be the
same in all age-groups. Thereby complications and difficulties arise which are
not so easy always to surmount. Moreover, the character may be more or less
noticeable, and then the least marked cases will easily be overlooked.

NON-SELECTED PEDIGREES

Particularly with regard to characters that are not extremely rare it is usual to
construct pedigrees by commencing with persons who have the character without
having pre-selected them in accordance with their ancestry. In such cases it may
be necessary to take into consideration the qualities of the population from which
the observed individuals were drawn.

® B @@ o Goinen BB G @

u "\: T =
FiG. 18.—The figure illustrates \ i \ :
how the gzenes of the initial “‘ i \ y
person are more and more Parents
mixed with the genes from @@ @ for childrer) 6.0 '@D
the population n the an- I s
cestral generations., @ kil rierien @

4. Homazygoles b, Heterozygoles

If one starts from persons with the given character one expects to find in their
ancestors the same genes as in the initial persons but diluted with the genes of the
population (Fig. 18). If we start from homozygotes with the character RR, and
if the frequency in the population of the gene is r, we can apply the general formula

for the gene content among ancestors in the n: th generation:
1+ (22— Dr
T

On the other hand, for heterozygotes with trait RD the formula will be:

Some gene combinations being impossible because of resiricted gene mobility,
this formula does not give directly the ancestral frequency of the character. From
the initial persons the genes can be traced in separate directions, to father and to
mother, in which respect they are bound. The formulae in Table II have been
deduced to cope with this.

Thus, unless it is very low, the gene content of the population must be taken into
account. Table II reveals what figures are to be expected; and, besides, it also
shows that the difference between the frequency of the character in the population
and its frequency amongst the initial person’s relatives is highest when the gene is
infrequent in the population. For very common traits the difference vanishes more

or less.
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Corrective procedures

When non-selected pedigrees are obtained, it is impossible to include in the
data all families which have a potentiality of producing the genetic trait under
observation. Only those families in which at least one child with the trait occurs
will be eligible. For instance in simple recessive inheritance due to chance alone
no homozygotes may appear among the children of two heterozygotes, especially
if the number of children is small. Obviously there is no way to include these
families in our data but from a statistical point of view they are as important
as those leaving one or several children with the trait. Therefore, the data will
always be biased and include too many individuals with the trait. Many different
methods of eliminating this source of error have been published. The first method
was formulated by Weinberg and is called Weinberg’s propositus method.

Weinberg's propositus method

When this method is used the initially selected test persons, that is, the propositi,
must be rejected. Moreover, the family must be counted as many times as it
contains persons with the character. The formula will therefore be:

p =2xx — 1),

Zx(s — 1)
where p is the required probability, x the number of persons with the character
in the families, and s the number of children of the individual families. The origin
of this method is that Lundborg once felt he found too many carriers in a group
of myoclonic families. He found a ratio of 17: 54, that is, 31-5 4+ 6:3 per cent.
He asked Weinberg about the reason for the excess, and was given the following
method of calculation (Weinberg, 1912).

TABLE III
COMPUTATION 0N LUuNDBORG'S MATERIAL ACCORDING TO WEINBERG'S
ProrosiTus METHOD

| Number of |

Family Size of | recessive | xs — 1) x(x — 1)
No. family | children [
| 5 | X
| 6 | 3 35 =15 | 32— 86
2 8 1 ey | =0
3 6 2 I 2.5 =10 - =2
4 9 T SR e S e
5 9 1 18 = 8 : 10=0
6 5 2 | 24= 8 21 =2
7 6 7 | 25=10 | 21 =2
8 4 2 23= 6 - 2] =2
9 Tl 1 | lo=0 | 10=0
Total | 17 | =s—1D=288 | I(x—1)=20
|

Thus, the calculated content of recessive homozygotes is:

20

88

The figure is lower than the expected 25 per cent, which Weinberg thought plausible,
since homozygotes occur also among sibs who will not exhibit the disease until
later; the standard error is quite large, so the deviation may also be accidental.
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The standard error must be based on the total number of persons involved in the

calculation. Thus:
pllo0d — p) . E
elp) = \/E{_*;—I} A -+ r + pris — 3),

E secondary propositi
= secondary cases
We shall illustrate the formula by taking an elementary example.

Suppose that two heterozygotes are married and that we are studying their
offspring. The probability for a recessive character will then be 1/4, and if every
family has two children, the expected family composition will be:

One family with 2 recessives, 6 families with 1 recessive and 1 non-affected child,
and 9 families with no recessive and 2 non-affected children (Fig. 19).

where r =

Fig. 19.—The ideal distribution of
characters in families with each 2

children. The probability of a
©000000000000000 character s 1/4 (in marriages
@O0 O0OS®O® 00000 O OO between heterozygotes). Dark

symbols=character; open symbols
= non-affected children.

Obviously the latter 9 families cannot be included when the data are collected:
we are only considering homozygous individuals. Therefore, in all the families
studied, 8 out of a total of 14 children will have the character, which gives too
high a probability, namely 8/14 = 57-1 per cent. On the other hand, if we follow
the previously given procedure—that is, to discard the probands and count
families with two recessives twice over—the figure will be 2/8, that is, the expected
25 per cent, which is correct.

The calculation just described is a special case of the propositus method, called
Weinberg's sibling method. It is correct to use this method provided that all
the persons with the character in a certain population have been included in the
data. If this is not the case but we are dealing with an unselected series of pro-
positi from a special sample, for example, to take the most common type. a clinical
sample, we must apply another modification. This 1s the propositus method
of Weinberg in the strict sense. In such cases only those persons with the char-
acter who have been selected according to the same principles agreed upon at the
start of the research work are treated as propositi.  All other cases who may be
found later among sibs, parents or other relatives are called secondary cases
and must not be counted as propositi. For example, if in a series of sibs we have b
propositi. the formula for the calculation will be:

_Zhix — 1)

=hb(s — 1)
The difference between the sibling method and the propositus method is, one may
say, that when all who have the character can be regarded as propositi the sibling
method is applied, whereas by the propositus method only some of the persons

with the character can be counted as propositi.

Dahlberg’s later sibling method
Another corrective procedure is the later-sibling method which the present
author has formulated (Dahlberg, 1930). The theory behind it is that if we take
ordinary dice and special dice marked 2-7, mix them up, throw them into a room,
e
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pick up the dice showing a 7, throw these dice into another room, and now count the
proportion of the 7's, then we will directly get the expected probability for getting
a 7 with dice at all capable of showing a 7. When we wish to find the probability
for persons with the character, we actually are looking for the probability for them
in marriages which are at all capable of having children with the required char-
acter. The procedure then is to disregard all births up to and including the char-
acter and to consider only births after that of the initial person with the character.
Then a correct result will be obtained directly. Of course, if the sample does not
include the whole population but only a more or less large part of it, it is necessary
to weigh the families with several characters with the figures for the character in
the family. This because the families with several characters have a greater chance
to be included in the sample than a family with only one character. The figure
thus obtained can be used in calculating the probability for a non-affected child
before the person with the character. Let this probability be called p and itscon-
tradictory opposite q, then p + q = 1. The probability of getting a non-affected
child will accordingly be q, the probability of getting 2 consecutively will be g2,
and the probability for 3 consecutive non-affected children will be g®, and so on.
After this fashion it is possible to estimate the probability of getting a non-affected
child before a child with the character is born and the found and the expected figures
can be compared. Such a computation utilizes the materials more fully and
provides, as noted, a means of checking the first values. The standard error is
found by means of the aforementioned formula for the standard error of
percentages. This method, however, can be used also for guantitative characters.

The method just given is not based on a given probability; the required pro-
bability is instead obtained from the computations.

Aprioristic procedure

A method of another type makes use of an expected probability which is then
related to the ultimate result. Such procedures are consequently called aprioristic.
The tentative probability is usually that to be expected in recessive heredity in
homozygous matings, namely, 1/4. According to the size of the family the pro-
bability of families without the character will decrease more and more, which is

shown in Table IV.
TABLE IV
PROBABILITY OF FAMILIES WITHOUT THE CHARACTER AND
FA:.H[,IL’.S WITH THE CHARACTER AND WITH THE FoLLOow-
NG NUMBER OF C-!III.DI-!EN

Number of children | Families without | Families with at
in the families | the character least one child
L with the characier

Qs

|

| 75 ! 25

2 56:25 | 4375
3 12.19 57-81
3 1164 | 6836
5 .- 2373 7627
6 | 17-80 | 8220
7 | 13-35 8665
8 10-01 ' 89-99
9 - 7-51 | 92-49
10 5.63 94-37
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Those who are non-affected have been excluded from these families in advance.
Thus, by dividing the number of persons with the character by the number of
children, a quotient will be obtained which can be compared with the figure to be
expected in families of the given size. This method has been recommended before
now by Weinberg, Apert (1914), Bernstein (1931), Hogben (1931), Haldane (1932),
Macklin (1938) and others.

It is, of course, not very important which method is used, but it is necessary
to correct for the unavoidable loss of families without affected children. Whatever
method is used the results will not be appreciably different; besides, the ultimate
results must obviously be expected to be scattered haphazardly about the expected
result, and it is therefore necessary to calculate standard errors. Another source
of error, which is important also, is that if all individuals are not very carefully
observed persons with the character will be missed if their characteristics are such
as cannot be found except by very careful examination. The gene may have a
very slight manifestation in heterozygotes; but then, of course, the mechanism
of inheritance is intermediary instead of recessive.

Often we have no opportunity ourselves to examine the healthy individuals in
the population. Consequently it is not surprising that clinically less important
symptoms of the character are often overlooked.

Variations in penetrance

It must be remembered, finally, that a gene can manifest itself more or less often,
that is, it may have a varying degree of penetrance. This possibility must always
be taken into account, and when it exists special calculations should be made.

Penetrance is a diffuse concept. It implies that the character is not present when
it should be present. The reason for this might sometimes be that the character
is prevented from developing by other genes, sometimes that the character is
concealed by the absence or presence of special environmental factors. Such
characters may be lacking during either foetal or postnatal life. In most cases it
is assumed that the weak penetrance is due to the absence, or presence, of intra-
uterine factors. If we now dare to suppose that the penetrance is equally effective
in all families, it may be assumed that the following expressions are applicable to
recessively inherited traits, if p = penetrance and r = the frequency of the gene:

The frequency in the population = prt = k,

The frequency among siblings =p ( +4r]|” = [y

The frequency among parents pr =k,
r(l <4r)

The frequency among grandparents = p

These expressions yield :

E T
We further get:
2k — ka + 2 VK — Kok,

r = kn

The figures theoretically to be expected in different kinds of family groups
can be found by means of the latter formulae. Let us suppose, on the other hand,
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that we are dealing with a dominant monohybrid gene with the frequency d and
the penetrance p. Then we have the following expressions:

Population:  pd(2 — d) =k
Siblings: =i — ) =k
iblings: pil 4 — d) J 2
i
Parents: p(l — Eﬂ E‘iid'!}' ._1.11 = k,
a o @ =20 DB —dy _
randparents: p(l 23 — d) j) i
These expressions give rise to the following equation:
p= dkull +d)
6+ 3d —d®
Suppose k. _ c
ks
and further 31" — gc + 2¢ 1 — A
320c* | 1408 2191e* e
Then

g—dc Agfe——e 8 —
d, = 3 —J\/Jﬁu-l-'w,«"B"«/ﬁ—fB

6—dc .33 =alisd = 3 o 3 B
d,‘:_a""{iT(;\/A--y‘B—,\/A-t-v'B)+i{ ﬁ—v’ﬂ‘l‘«/ﬁ"‘fﬁ

6—dc  i.7af3 2N 3 = 8
& = 5% - DO At v - \a-vB) + (V/a-vB + a+vB)

TABLE ¥

OBSERVED AND EXPECTED FREQUENCY OF STRABISMUS 1IN RELATIVES OF THE

ProrosiTUS WHEN STARTING FROM A CALCULATED PENETRANCE OF ABOUT

7 PER CENT I8 DoMINANCE AND 30 PER CENT 1M RECESSIVENESS AT A FREQUENCY

OF 2 FER CENT IN THE POPULATION, AND A CALCULATED PENETRAMCE OF
35 PER CENT AT A FREQUENCY OF 3 PER CENT IN THE POPULATION

p—

Frequency in the population

|
|
Relatives of the ——

propositus Monohybrid dominance Monohybrid recessiveness
i 2% 3% 29, | 39
Siblings - ~| 36 3.6 TR
Parents - - | 36 36 49 ! 5.2
Grandparents 1-8 1-9 | 2.8 | 10

However, it is possible that the penetrance varies in different families and
that the above expressions consequently cannot be used, which makes them
doubtful. Tt is even worse that the basic material itself may be heterogeneous
from a genetical point of view, because it happens not rarely that one and the same
character may be inherited in different ways in different pedigrees, that is, it may
be caused by genes of different types. Many examples of this exist. Theoretically,
therefore, the obtained figures may be considered rather unsatisfactory, but they
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do provide an estimate of the risk for affected persons getting children who
are similarly affected. They provide an empiric prognosis of inheritance. The
different pedigrees of the data must therefore be studied to see whether the
mechanism of gene transmission is variable. It may be assumed that disposition
for hereditary diseases has been brought about by mutation, not only once but
several times. Indeed, mutations may be of different types and produce genes of
different nature, although the subsequent characteristics seem to be alike. On
close examination, though, one might discover small differences between the
characters. In other words we may not deal with absolutely identical characters.
Here we have one reason for the very great importance of careful clinical examina-
tions in hereditary studies. Severe diseases are as a rule inherited recessively,
whereas mild types often are inherited dominantly. From these aspects it 1s
necessary to examine the affected persons very carefully and, given an adequate
number of cases, to classify them according to age and severity of the disease
(¢f. Dahlberg, 1952).

With regard to the age at which the character becomes manifest, it may be
necessary to calculate risks for different ages and in the study use the cumulative
risk at a given age, but such computations require a great number of data and
cannot, consequently, often be carried out.

Comparison of standard errors
It should be noted, lastly, that when the standard errors of several frequencies
are to be compared the methods developed by Fisher (1925) should be adopted.
We use the x? (chi square) test, that is, we calculate the sum of the guotients of
the squares of the differences between observed and expected figures and the
number of cases as shown in Table VI.

TABLE VI

ORSERVED AND EXPECTED FREQUENCY OF STRABISMUS IN RELATIVES OF THE PROPOSITUS WHEN
STARTING FROM A CALCULATED PENETRANCE OF ABOUT 7 PER CENT IN DOMINANCE AND
35 PER CENT IN RECESSIVENESS AT A FREQUENCY OF 3 PER CENT IN THE PoruLaTion

I
- | Monohybrid | ! Monohybrid
Relatives of | Observed | dominance, | (Diff.)* | recessiveness, (Diff.)*
the propositus | frequency | expected | divided by expected | divided by
! frequency | expected | frequency | expected
. | =g | wvalue,e | =g value, e
Siblings - - 10:0 ! 36 | 114 [ 10-3 0-01
Parents = — | 5-7 36 I 1-2 | 52 | 0:05
Grandparents - ‘ 1-5 i 1-9 | 01 | 30 s
| — | — ———— —-__ - ,i ——
Total - - =4 - : — 1247 ' . 0-81

If x* is small, obviously the agreement is good, but if it is large, the agreement
may be dubious or non-existent. To obtain the probability, p, of this, we use a
special table in a statistical text-book. Then we must know the degrees of freedom,
that is, the number of independent values: p for ¥*= 12-7 is found to be less than
0-0027, which signifies that the probability of agreement is very small. In fact

06



CONSANGUINITY

the difference is significant. For x* = 0-81, p is 0-7, which signifies very good
agreement.

CONSANGUINITY

. Consanguinity among parents is particularly important for the recessive in-
heritance of rare characters. In consanguineous matings the genes have a higher
probability of coinciding in double dose. As a matter of fact, if the gene arises as
a single mutation, intermarriage is the only possibility for the character to manifest
itself. Conversely, if we begin with affected persons, their parents should exhibit
a higher frequency of intermarriage. Cousin marriages are, however, practically
the only important type of consanguineous matings to be found in man. Closer
degrees of intermarriage are, of course, prohibited, and even cousin marriages
are not allowed in some countries.

As early as 1919 Lenz deduced an equation for calculating the expected
incidence of cousin marriages in relation to a monohybrid diallelous character
occurring with different frequencies in the population. The deduction is only
approximate, however. Lenz only considered the heterozygotes and disregarded
homozygotes and he also disregarded the fact that a number of marriages between
cousins are to be expected out of pure chance in panmixia. The correct equation
for large populations has been given by the present author (Dahlberg, 1929).

Let us assume that the gene has the frequency r and the marriages between
cousins the frequency c. The frequency of marriages not between cousins will
then be 1 — c. If we assume the population to be very large, so that in panmixia
there would be, practically speaking, no marriages between cousins, ¢ then implies
an increase of such marriages beyond what is to be expected in panmixia.

For marriages between cousins the frequency of the character is obtained from
the following expression:

Ccr
06 (1 + 131)

In the population there are persons with the character with the following
frequency:
(1 — o) + 72(1 + 150).

The ratio of persons with the character derived from marriages between cousins
to that of the total number of persons with the character k, will be:

Cr
" IE:-“ + 151)

(1 — ) +]“£. (1 + 15¢

- By
16(] — <ir
e s
If ¢ is a very small number in this equation, we can putl — ¢ = 1, and if we also
venture to put 1 4 15r = I (which is very doubtful), the equation will be as follows:
-2 c
T ¢+ lér
This is the approximate equation that Lenz deduced.
If we now assume that marriages between cousins actually do occur with a
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certain frequency, c,, and are to be expected in panmixia in a certain frequency,
€y, persons with the character from marriages between cousins will have the
following frequency:

iyt
T {1 1 151).

In the population we should, in panmixia, expect persons with the character
with the frequency r*; but we get an increase of their frequency by
r
0w —C 1 + 15r).
(c, Ca) 16 {1 4 151)
In all, then, the frequency of persons with the character in the population will

be:
(1 — ¢y + cr* + (&, — ¢3) 1’;_ (1 + 151).

Therefore, the ratio of persons with the character deriving from cousins to the
total number will be:

cql
4 1(1 + 157)
(1 — ¢, + cor® + (c; — cg) ITEU + 151)
k= & )
= 16r(] — ¢, + cq
Cl Cg""‘ 1+ ]Isr

If ¢, = 0, that is, if the population is so large that the random frequency of cousin
marriages 10 be expected is small enough to be ignored, we get the formula

e = _:’] & if we also set 1 4- 15r = 1, which implies a very doubtful approxi-

mation. If ¢; = ¢, = ¢, that is, if the marriages between cousins occur in the
frequency to be expected in panmixia, the equation will be:

P ell + 151y .
k 1&r

TABLE VII

PrOPORTION OF PERSONS WITH THE CHARACTER (PER CENT) DERIVING

FROM MARRIAGES BETWEEN CousiNg = k, 1N DIFFERENT FREQUENCIES OF

A REecessivE, MonoHYRRID CHARACTER RR anD 1M IMFFERENT FRE-
QUENCIES OF MARRIAGES BETWEEN COUSING IN A POPULATION = C

k when
BER | =
c=01% | c=025% | c=05% |c=19
0000001 — - | 6344 15-860 31-721 63-439
000005 - | 0978 7444 4-888 9-776
00001 - - | 0719 1797 3504 7-188
0-0005 | o373 0-933 1-866 3.733
0001 - -| 029 0729 1-457 2912
00025 - | o219 0-547 1-094 2.188
0005 - -| o182 0-455 0911 1-821
001 - —| o156 0-391 0-781 1-563
005 - | 0122 0304 | 0609 1217
G BT | 0284 | 0568 1-135
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Table VII gives the percentages of persons with the character deriving from
marriages between cousins at different frequencies of a recessive monohybrid
diallelous character and of such marriages. The approximate formula

e c(l + 151),

T e+1 16r
if we assume that marriages between cousins occur to the same extent which one
would expect in panmixia. For very rare genes and particularly in small popula-
tions with a high frequency of cousin marriages, the difference is not negligible.
For instance, if the ratio for the gene is 1: 10,000 and the proportion of cousin
marriages 1 per cent, we find by the approximate equation that the number of
cousins among parents of persons with the character is 5-88 per cent, whereas the
true figure is 7-19 per cent. The difference can thus sometimes be substantial.
As a matter of fact, at most the increased frequency of cousin marriages among
the parents with children with the character is found to be less than 30 per cent.
The reason for this is given in Dahlberg, 1938.

In this connexion it should be mentioned that a similar increase is to be
expected in more complicated forms of inheritance. (In dihybrid dominance,
if the two genes are equally common, the increase is maximally equal to that of
monohybrid recessivity; when one gene is common and the other one rare, we
have an extremely slight increase of marriages between cousins in the parents.)
If we want to test whether hereditary factors play a part in the appearance of such
characters as diseases and the like that are relatively rare, we can pursue two lines.
We can demonstrate an increased frequency of the character in near relatives of
the persons with the character (brothers and sisters, parents, children, and so on),
and we can also look for an increased frequency of consanguineous marriages
between the parents of the individuals with the character. This latter line has been
followed to a certain extent, but should be used still more since an increased
frequency among the relatives may be connected with environmental factors.
That tuberculous parents have children suffering from tuberculosis may, for
example, be due to infection. On the other hand, an increase of the intermarriage
frequency in parents of tuberculous children may not be connected with anything
else than hereditary factors, and is therefore of greater value as proof.

It may finally be asserted that if the inheritance mechanism and the frequency
of cousin marriages amongst the parents of persons with the character is known,
the equations submitted here can, of course, be used to calculate the frequency
of the genes. If, for example, 15 per cent of the persons with the character are
cousins, and the general frequency of marriages between cousins is 2 per cent,
the gene will have the frequency 1/105, and if the general frequency of cousin
marriages is 1 per cent the gene will have the frequency 1/225, or 0-44 per cent.
If the general frequency of cousin marriages 1s 0-5 per cent, the corresponding
figures will be 1/465, or 0-22 per cent. With knowledge of the mode of inheritance,
the frequency of persons with the character, and the proportion of these latter
deriving from cousins, it is, of course, also possible to calculate the frequency of
the marriages between cousins in the population.

One reason why the frequency of intermarriage has not been very extensively
investigated nor used in genetic research is the difficulty of getting normal figures.
There are official figures from a number of countries (see Dahlberg, 1938). But they
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cannot by themselves be used for comparison with materials collected in other
populations, even though they may be thought to provide an approximate starting
point. We can probably assume that the frequency of intermarriage seldom ex-
ceeds | per cent, and, at present, probably not infrequently keeps well below

0°5 per cent.
OTHER METHODS

In genetics one often uses monozygotic and dizygotic twins to decide the effect
of genes and environment. These problems are treated in the chapter on twin
studies (Chapter 4). Some problems regarding penetrance and detection of
heterozygotes are also treated in Chapters 2 and 3.
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CHAPTER 10

EXPERIMENTAL METHODS
I.—CYTOGENETICS

P. C. KOLLER

THE PHYSICAL bases of heredity which underlies mendelian inheritance are the
genes, borne on the chromosomes. They comprise the nuclear material of the
cell, which is evenly distributed during mitosis between the two daughter cells.
If the segregation of chromosomes is abnormal then as a consequence abnormal
and often non-functional cells are produced. When this occurs during gamete
formation in the testes or ovaries the genetical repercussions can be observed in
family pedigrees, showing irregularities in the transmission of particular heritable
characters. The fact that the chromosomes carry the genes which determine and
control the inheritance of morphological, physiological or mental characters,
emphasizes the significance of the cytological aspect of heredity in all organisms,
including man.

THE NORMAL CHROMOSOME MECHANISM

Number

Though the constancy of the somatic chromosome number is a characteristic
property of a species, variation can be encountered in many tissues of individuals.
In human testis about 3 per cent of the spermatogonial cells contain more than
the normal 48 chromosomes; they are polyploid instead of being diploid (Koller,
1937). Other very rapidly proliferating tissues, for example, the allantoic mem-
brane, intestinal mucosa, uterine endometrium and especially malignant growth,
usually display a wide variation in chromosome number (Fig. 20). In these
tissues, adjacent cells depend on each other and very often undergo mitosis at
the same time (Fig. 21); by virtue of this interdependence cells with fewer or more
than the normal 48 chromosomes are nevertheless able to divide, though the
chromosomes display various abnormalities (Fig. 22) (Koller, 1947 a, 1947 b).
The high frequency of functional cells in somatic tissues with irregular chromosome
number suggests that the nucleus, which normally controls cell behaviour, can
occasionally play a secondary role. This condition may be a regular feature during
embryonic development before cell or tissue differentiation takes place (Timonen
and Therman, 1950).

Size and shape

The human chromosomes differ in size and shape. The longest is about 7 p,
and the smallest about 1-5 ¢ in length. Some are V-shaped with equal or unequal
arms, others are rod-shaped. Their shape is determined by the position of the
centromere, which is the dynamic centre of the chromosomes and is responsible
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Fiz. 20— Dividing cells in a
squamous-cell carcinoma of the
skin, two with dipleid, one with
polyploid chromosome number.
= 1800,

Fig. 21.—Synchronous division in a
squamous-cell carcinoma of cer-
vix. The dividing cells differ in
chromosome number and be-
haviour. < 1800.



THE NORMAL CHROMOSOME MECHANISM

{a) (&)

FiG. 22.—Two tumour cells from an -adenocarcinoma of the large intestine showing (a) normal
contraction and (b) super-contraction of the chromosomes: the number of chromosomes is

less than the diploid number. = 2500.

(4

(a)

Fic. 23.—Dividing blood-cell precursors in the bone marrow: (a) pro-erthyrocyte; the chromo-
somes are short and thick and heavily charged with desoxyribosenucleic acid; (b) pro-
myelocyte; the chromosomes are long and thin and their nucleic acid charge is much reduced.

(Fig. 23b by kind permission of Mr. L, La Cour.) x 2800,
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for their movement within the cell during division. One, possibly two pairs ef
chromosomes are associated with the nucleoli, which are present in the resting

cell nucleus.

Structure and organization

The chemical basis of chromosome structure and organization is under investi-
gation. The view is now accepted that the chromosome fibre is composed of a
bundle of polypeptide chains to which desoxyribosenucleic acid is attached.
Attempts have already been made to correlate pathological conditions of tissues
with abnormalities observed in chromosome organization and behaviour during
cell division or differentiation (La Cour, 1944; Thorell, 1947). Thus, in the bone
marrow of man the chromosomes of the pre-myelocyte precursors can be dis-
tinguished from those of the erythrocyte series by a much reduced ability to

Fig. 24.—A red-cell precursor undergoing
abnormal mitosis in a case of pernicious
anaemia. (By kind permission of Mr. L. La
Conr.) 2800,

stain when they are treated by Schiff’s aldehyde reaction for nucleic acid, indicating
a difference in nucleic acid metabolism (Fig. 23). According to La Cour (1944),
the difference is much more exaggerated in pernicious anaemia and it is shown
by the fact that the chromosomes of the pre-erthyroblasts are short, thick and
deeply stained with Feulgen’s basic fuchsin, due to an excessive desoxyribose-
nucleic acid charge. About 95 per cent of the pre-erythroblasts have multipolar
mitotic spindles (Fig. 24) and exhibit other abnormalities, which cause death and
lead to their elimination.

Owing to the high number of chromosomes in man, it is almost impossible to
identify individual chromosome pairs by their morphological features, except in
the case of the sex chromosomes. Cytological maps, based on the topography
of the chromosomes, are very valuable for the detection of structural rearrange-
ments; therefore, any investigation into the detail of chromosome structure in
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man would be a rewarding undertaking. Recently a promising start has been
made in this direction and the chromomere-pattern of the nucleolar chromosome
has been worked out (Fig. 25) (Schultz and Lawrence, 1949).

(a) (b)
| 2 3 4 S& 7 B8 )@ 12 134 IS 16 1718 1920 21 22
{c)

Fic. 25.—The chromomere-pattern of chromosomes. (a) During meiotic prophase the paired (b)
homologous chromosomes show a bead-like structure = 2000. These are seen clearly in
squash preparations > 2600. Each ** bead ™ corresponds to a chromomere, which contains
a group of genes. The topography of the nucleolus-associated chromosome is illustrated
diagrammatically in (e). (Fig. 25b by kind permission of Dr. I Schultz. Fig. 25¢ is modified from
T. Bchulrzr and P. §. Lawrence, 1949.)

Meiosis

Segregation, genetic ratios, or the recombination of heritable characters are
determined during meiosis (Fig. 26), a process which takes place in the testis and
ovary. At meiosis, the maternal and paternal homologous chromosomes associate
and pair, forming a double thread; after that event each chromosome splits into
two chromatids. The configuration is called the bivalent and it is composed of
two chromosomes or four chromatids. At the end of the first meiotic division
the two members of the bivalent move to opposite poles undivided. Chromosome
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FiG. 26.—Diagram illustrating the various stages of meiosis or gamete formation.

{a) A resting cell with four chromosomes. () The homologous chromosome pair
and each member split into two daughter chromatids. (c) One daughter nuclei
contain only two chromosomes. (e) During the second meiotic division the chro-
mosomes undergo division. (f) Four gametes are formed, each with half of the
original chromosome number.

o o
ol HANDEDNESS |- |cam FLaRg =R LG “{HAIR COLOR
TME S = ABRSENCE OF
~AFINGER LENGTH IHCISOR TFETH
= AEAR SITE
~ETE COLOR - TONGUE
| INTERDIGITAL CURLING Juam whome Fii. 27.—Maps of some of
FALM. PATTERH ~lEYE coLor the human autosomes,
=HYRRIL ~{CROSS EYES based on the work of
) L Burks, Kloepfer, Pen-
rose, Rife, Snyder,
Wiener and Zieve. (From
r = . Snyder, L. H. (1946.)
The Principles of Here-
EAR FLARE dity.  Boston; D. C.
s Hearh and Co.)
....1HH e -~ ALLERGY
~{RED HEIR
\_J - -
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division or the separation of the daughter chromatids into different gametes
occurs during the second meiotic division. Thus, meiosis is a process by which
}he cell divides twice, while the chromosomes divide only once, and the result
1s a numerical reduction or halving of the chromosome number in the gametes
(sperms and ova). The somatic diploid number is restored again at fertilization,
when the sperm and ovum fuse.

Because during the first meiotic division the arrangements of the different
chromosome pairs are independent of each other, and obey only the law of
chance, the maternal and paternal set of chromosomes undergo free recombination.
Their free re-assortment forms the physical basis of the 3 : 1, 1 : 2 : 1, and other
mendelian ratios. It is obvious that interference with the chromosome mechanism
during meiosis results in abnormal genetic ratios.

Linkage

Those heritable characters whose genes are in the same chromosomes are trans-
mitted together, that is, they belong to the same linkage group. Experimental
investigation on the fruitfly Drosophila, sweet-pea, maize, mice, and so on, has
shown that the number of linkage groups is the same as the number of chromosome
pairs in somatic cells. In the fruitfly we have 4 linkage groups, in maize 10, in

3
CIFFERENTIAL
CEGMENT
Compie -linked : :
";:::* He FiG. 28.—Diagram showing the structure of sex
b chromosome in man. Both are composed of
B two parts: one is the pairing segment which
carries the centromere and the partially sex-
linked genes; the other is the differential seg-
ment which carries the completely sex-linked
genes. While the pairing segments of X and
Y are of the same length, the differential
v segments differ greatly in size.
e
[ 1
Centromens
PAIRING
SEGMENT d
Portially sexinked ‘
GENEE
d-h
[
y 9Hn
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mice 20. On this ground in man we can expect 23 linkage groups besides the
group of those genes which are located in the sex chromosome. Owing to the
high number of chromosome pairs in man, up to the present only 8 autosomal
chromosomes or linkage groups (Fig. 27) have been identified. The clinical
implications, the effects of crossing over, and the possibilities in constructing
chromosome maps are discussed in Chapter 7.

The sex-chromosomes

The X and Y chromosomes of the male greatly differ in size; the former is about
3-4 times larger than the latter. The X contains a large segment which is lacking
in the Y chromosome, and during meiosis when X and Y pair, about two-thirds
of the large X has no corresponding partner; this part is called the differential
segment, because it carries the sex-differentiating genes, and is distinguished from
the pairing segment. There is definite genetical evidence to show that not only
the X but the Y chromosome also has a differential segment. It is, however,
relatively very small and not always possible to identify cytologically. The
centromere of the sex chromosomes has been located in the pairing segment
(Fig. 28).

1 - o=

| 'ﬁ.: g ""."-"f!'!‘-".f!: -1

L) (b)

FiG. 29.—Two spermatocytes in meiosis showing (a) the asymmetrical and (5) symmetrical XY
bivalent respectively. Owing to the structural peculiarities, the sex bivalent is frequently seen
placed apart from the autosomal bivalents. < 2800,

During spermatogenesis, two kinds of sex-bivalents can be seen, one type
composed of two chromosomes of unequal length forming an asymmetrical
configuration (Fig. 29a), and the other symmetrical (Fig. 295), and consisting of
a short, thick and deeply stained terminal knob and a longer arm (Koller, 1947 a).
These types are the result of crossing-over in the pairing segment, the position
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—_’/V-.
Paring of the two

- S CHROMSROmEs

— e ———
:}““x\i_ :fx_ Crossing-cver Fig. 30.—Diagram to illus-

trate the method of origin
of the two types of sex-
bivalents in man. The fre-

e quency of the asymmetrical
’(/ﬂ e and symmetrical XY 15
e AV given.

Twedr Lypes of 2x -
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CRO3E -OVER
GAMETES

Fic. 31.—Diagram illustrating the result of crossing-over in the pairing
segments of X and Y. It is shown that gene R (retinitis pigmentosa) is
transferred from the X to the ¥ chromosome, and there are now two types
of gametes with new chromosome constitution (b and c).
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of crossing-over being the factor which determines the configuration of the sex
bivalent (Fig. 30). If it lies in the pairing segment between the centromere and
differential segment the symmetrical sex-bivalent results; if it occurs in the other
or distal region of the pairing segment, then an unegual or asymmetrical con-
figuration is formed.

| e
: o8
i} Eiﬁ - FX E9 Ay XK irﬂ
= : T =
v xy K E‘ﬂ[ﬁt_‘i‘}@ﬂ XY WY %% %) 1] XY
L+ S T+ oo

I 1
A LR L LT T
[¥¥] or [K¥]: atfected males affected females

Fic. 32—A pedigree of retinitis pigmentosa showing dominant sex-linkage
and the result of crossing-over. The male of the first generation carried
the gene in the X' chromosome and transmitted the ailment to his daughter
(X'X). She handed the gene down to sons and daughters (I11. 1, 2, 3, and
6). Amongst the children of the eldest son (IIL 1), two non-affected
daughters (IV. 3 and 8) and one affected son (IV. 5) could only be explained
by assuming crossing-over between the X and Y chromosomes of the father.
Similar explanation holds true for the appearance of affected daughters
(V. 5 and 12) and a non-affected son (V. 11) in the next generation derived
from an afflicted father (IV. 5). (After Haldane, J. B. 5. (1941). New Pavhs in
Genetics. London; Allen and Unwin.)

The presence of the various types of sex-bivalents in man indicate that crossing-
over, that is exchange between sections of the homologous pairing segment of
X and Y, occurs during meiosis. By this process genes can be transferred from
the X to the Y chromosomes (Fig. 31). The genetical consequences of such an
event are discussed in Chapter 7 and summarized in Fig. 32.

The fact that the frequency of the “ unexpected ** or cross-over individuals in
a pedigree indicates the distance of a particular gene from the terminal end-point
of the differential segment makes the localization of partially sex-linked genes
possible. Haldane (1936 and 1940) was able to localize six genes in the pairing
segment by using ingenious statistical methods in the analysis of pedigrees. The
loci of some of these genes have been altered by Fisher (1936). Recently, two
more partially sex-linked characters have been found (see Snyder, 1946). The
genetical map of the pairing segment of the human sex chromosome is shown
in Fig. 33.

The number of completely sex-linked genes which are located in the differential
segment of X i1s more than 30. The most familiar are haemophilia, colour-
blindness and myopic night-blindness. The distance between the first two genes
is about 10 crossing-over units, whereas between the second and third it was
found to be more than 50 units; consequently the sequence of these three genes
in relation to the centromere cannot be determined at present.

Five genes are known which are transmitted only in the male line, on account of which
it is believed that they are located in the differential segment of the Y chromosome.
One trait is ichthyosis hystrix gravior; it consists of bristly outgrowth on the whole body
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FiG. 33 —The genetical map of the pairing segment
showing the loci of the partially sex-linked genes
according to Haldane and Fisher.
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FiG. 34.—Pedigree of webbed toe. The transmission of this anomaly is
restricted to the male line, which indicates that the gene responsible is
located in the differential segment of the Y chromosome. (Afrer Schofield,
R. (1921) J. Hered., 19, 400).
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except the face, palms and soles. This anomaly first appeared in 1717, and the gene has
been handed down from affected fathers to all their sons for six generations. The second
abnormality is hypertrichosis of the ears, the third is webbed toe (Fig. 34) and the fourth
is keratoma dissipatum. Recently a colour-vision anomaly was reported to show Y-
linked transmission (Reed and his associates, 1951). All these abnormalities are trans-
mitted in the male line and they behave as dominant traits.

CHROMOSOMAL ANOMALIES

Chromosomal abnormalities such as constant presence of an extra chromosome
are common in plants and in animals. In the fruitfly, Drosophila, they were found
to be more frequent than gene mutations. Similar cytological abnormalities can
be expected to occur in man also. The analysis of pedigrees, which show an
irregular mode of inheritance of particular characters or anomalies, is one of the
methods by which chromosomal disturbances can be revealed.

| Ey w Xy
|
o Y HEY ANY
|
| FiG. 35—The Cunier pedigree showing the
o XY Y appearance of sex-linked colour-blindness in

the female line only. The pedigree is interpreted
| in terms of chromosome constitution to illus-
= trate the basis of the anomalous inhentance.

W KRy XY 06Y S0y XY

VoY XY JHY XY XY ARV NY XY

A attached chramosomes

Haldane (1932) drew attention to various pedigrees, in which anomalies, known
to be completely sex-linked (for example, colour-blindness) were transmitted in
the female line only. Such a behaviour is consistent with the view that two X
chromosomes are attached so that they segregate together during meiosis. The

fusion of an XX egg with a Y-carrying sperm leads to the formation of females

of XXY genetical constitution. The genes on the XX are handed down to all the
daughters, none to the sons. A pedigree of this nature was described by Cunier
in 1839 and it is shown in Fig. 35. If the X’s break apart, then the normal line
of sex-linked inheritance reappears again. In one pedigree in which the trans-
mission of the sex-linked recessive night-blindness in the female line indicated

the presence of an XXY chromosome constitution, Haldane found evidence that
such an event had taken place.
The attachment of two X chromosomes is a rare occurrence, yet women of

XXY constitution are known to exist. Therefore it can be expected that the
number of women with an XXY constitution (when the X’s are free) ought to be
much higher. It is very likely that this is the case, but the detection of such a
chromosome constitution by genetical analysis alone would be extremely difficult.
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The evidence of rrisomy, a case in which the presence of an extra autosomal

chromosome may be inferred, was found by Haldane (1932) in a pedigree by
Haselhorst and Lauer.

These authors described a family in which the mother belonged to the AB and the father
'ltﬂ‘the O blood groups. Their son was found to have O blood. Haldane argues that
it is very unlikely that A and B simultaneously mutated to O, and suggests as the most
reasonable explanation that there must have been three instead of two blood group
carrying chromosomes present in the mother.

Deletion, that is, the loss of a chromosome piece, is another type of chromosome
al:_nuormallt:-,r which has been reported by Race and Sanger (1950). The pedigree
with the genetic constitution of the particular individuals is shown in Fig. 36.

FIG. 36.—The pedigree of an unusual O 3 O
constitution of Rh-antigens, which ]
suggests the deletion of a chromo-
some section carrying the genes of
the C and E antigens. The donor
(@) is considered to be homozy-
gous for the deletion. The anti-
gen constitution of her third child
was determined and found to be
similar to that of the maternal 1
grandmother. The squares and z—%-f e o cde
circles struck through, as also the
half blacked out circle indicate \ ) s

those relatives and ancestors stillborn dead died
whoze Rh-antigens were not tested
but presumed to be helerozyvgous
for deletion. (Afrer Race, R. R.,
and Sanger, R. (1950). Nature, €

166, 520.) s s

Serological test has disclosed that the blood of the donor had antigen D but lacked
C and E antigens, which strongly suggests a genetic constitution of -D-/-D-, the dashes
representing the absence of the C and E series. It is known that the absence of genes,
due to the deletion, results in spurious dominance of the alleles in the corresponding
normal chromosome. The pedigree described by Race and Sanger has another merit.
Because two deletions, one on each side of the gene D, are extremely unlikely, this parti-
cular case may be taken also as a proof that the sequence of the genes is DCE instead
of CDE, so that the genetic constitution of the donor is given as D- -/D- -,

Chromosome or chromatid bridzes and fragments during the first meiotic division
have been observed by various authors in man (Fig. 37). Such a chromosome
abnormality is known to be due to one or two crossings-over in an inversion
chromosome loop causing the formation of chromosomally unbalanced gametes.
When an individual is heterozygous for an inversion, that is, one of the members.
of the parental chromosome pair has a section in which the order of genes is
reversed—abcdefg : normal gene-sequence; abedcfg : inverted gene-sequence—
then during meiosis various anomalies, such as chromosome bridges and fragments,
can be expected (Fig. 38).

The genetical consequence of an inversion is shown by a reduction in the number of
cross-over individuals due to the fact that embryonic development does not occur if
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(er)

(5)
Fic. 37.—Abnormal meiosis in spermatocytes showing single (a) < 1800 and double bridges (b)
“ 2400 which are due to crossing-over in an inversion loop. (Fig. 37a by kind permission of
Professor H. W. Beams and Dr. E. H. Slifer.)
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FiG. 38.—Diagram showing the pairing of homologous chromosomes, one of which has
an * inverted ” section (indicated with X—X). Single or double crossing-over in the
inversion loop produces chromosome or chromatid bridges and fragments and leads
to the formation of abnormal gametes.
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SEX RATIO, UNISEXUAL PEDIGREES AND INTERSEXUALITY

normal ova are fertilized by sperms having abnormal chromosome constitution. Reduced
fertility is one of the criteria which suggests the presence of chromosome anomalies.

Position effect—Another type of chromosome anomaly has been found in a

pedigree of xeroderma pigmentosum, which is a partially sex-linked condition
(Koller, 1948) (Fig. 39).

XERODERMA PIGMENTOSLIM
fM ild fbh‘nj

OTD

ix o
O Ol el L0
ﬁli? ARy &

[0 Sex unknown
[J male normal m Miscarriage

@ Female affected @) Lived one day

B tiole affected

Fig. 39.—Pedigree of xeroderma pigmentosum, showing two unusual features. One is
the late onset of the anomaly, the other is the relatively high number of cross-overs
amongst the affected members.

The chromosome abnormality has been suggested by two unusual features observed
in the history of the particular family: one is the late onset and mild manifestation of
the disease, which normally appear a few weeks or months after birth and is always lethal ;
the other feature is the high frequency of cross-over individuals amongst the affected
members; they are more numerous than expected on statistical grounds. Both these
conditions are explained on the assumption that the gene of xerederma has been trans-
ferred to a more distant region of the pairing segment. The increased distance between
the gene and the differential segment would explain the higher crossing-over frequency
in respect of sex, and the altered position of the gene would account for in the lower
degree of malignancy.

* Position effects ™ have been described in the fruitfly, Drosophila, and in some
plants, and attributed to a shift in the position of the gene. The result of such a

change is a new inherited phenotype.

Sex ratio, unisexual pedigrees and intersexuality

The primary sex determination of an individual takes place at fertilization.
Fusion of an X-carrying egg with an X-carrying sperm results in females, that
of an X-egg and Y-carrying sperm results in male offsprings. Because an equal
number of X-carrying and Y-carrying sperms are formed during spermato-
genesis, the number of males and females at the time of conception could be
expected to be equal. However, it has been found that the primary sex ratio
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differs from the expected equality and estimated to be 130 males to 100 females.
The greater number of males strongly suggests that in man the fertilization of
eggs with Y-carrying sperm is more common than with X. At present no
explanation for this fact can be given. ;

Few pedigrees are known which contain only males, or only females. In view
of the fact that in Drosophila an abnormal behaviour of the sex chromosomes
during meiosis is known to be responsible for the elimination of all male offspring,
it is not improbable that the production of unisexual offspring in man is also due
to some anomaly in chromosome behaviour during gamete formation. So far,
no cytogenetical investigation has been made which would disclose or throw
light on the chromosomal basis of unisexual pedigrees in man.

Similarly, there are only meagre data concerning the chromosome constitution
of human intersexes. The cause and development of intersexuality in man is a
complex phenomenon in which chromosome anomaly, hormonal disturbance,
genic and environmental influence may all play a part. A breakdown in differen-
tiation after the primary sex determination has taken place can lead to the
development of an individual with the characteristics of both sexes. It is probable
that intersexes with chromosomal constitution of XX and with XY may exist
in man. The latter type has actually been observed in pedigrees and in one case
the cytological study of a testis of a female-like intersex has proved the presence
of X and Y chromosomes.

THE GENETIC CONSEQUENCE OF SPONTANEOUS AND INDUCED
CHANGES IN THE CHROMOSOMES

Two kinds of changes can be induced in the chromosomes: (1) gene mutation;
and (2) structural or numerical alteration (inversion, deletion, translocation,
polyploidy and so on). Both types occur naturally. The cause, responsible for
the naturally occurring or “ spontaneous ™ gene or chromosome mutations, is
manifold and far from clear at present. Though their rate of occurrence is low,
it has been possible not only to detect their existence, but also to estimate the
frequency of many mutations, as was seen in Chapter 8.

The occurrence of chromosomal mutations is at least as frequent as gene
mutations if not more so. Examples have been found in pedigrees showing
irregular transmission of some abnormality, and the presence of a few chromosome
mutations has been indicated by direct cytological observation. Some of these
instances have already been described above.

Radiation as a mutagenic agent

The most important amongst the mutagenic agents is ionizing radiations:
X-rays, gamma-rays, neutrons and so on. These produce minute and gross
chromosome injuries; the latter cause the death of cells in mitosis, and can therefore
be employed for the treatment of malignant growth. It was found that the amount
of chromosome injury in a cell is closely related to the dose (Fig. 40). When the
mutations are induced in the chromosomes of the gonads, they can then be
transmitted to the descendants of the exposed individual and lead to serious
genetical implications in future generations.
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Radiation-genetics has accumulafed an impressive amount of experimental data which
show that the frequency of new mutations induced by ionizing radiations is related to the
dose and independent of the intensity at which it was delivered. This fact has a serious
aspect in human affairs because nowadays an increasing proportion of the population
15 being employed in medical practice and in industry, in occupations which involve a
certain amount of radiation hazard. The * tolerance dose ™ is 0:5 roentgen per week;
very small indeed, yet it does not eliminate radiation hazards completely. Recently it
was reported that cells with nuclear abnormalities were found in the blood of personnel
associated with a 130-inch cyclotron after exposures which were well below the accepted
tuleram_:e levels (Ingram and Barnes, 1951). Although safeguards and rigorous measures
are devised to protect the individual directly exposed to radiation, so far too little attention
has been paid to the genetic consequences and especially to those effects which would
come to light only in the far distant future.

TR T et T : |
{a) (5)
FiG. 40.—Two dividing cells of carcinoma of the cervix uteri showing chromosome injuries 24

hours after irradiation with x-rays: (a) dose 25 roentgens, (b) dose 2,500 roentgens. The
amount of chromosome-fragmentation is related to the dose. x 2000,

While gene mutations, being mostly recessive, will need to spread far and
wide in the human population throughout many generations before their existence
can be registered, there are major genetic changes, induced by radiation, which
can be detected in the first generation. One of these changes consists of an inter-
change of segments between non-homologous chromosomes (Fig. 41). Due to
such a structural change, not two but four chromosomes will associate into one
configuration during gametogenesis. Various arrangements of chromosomes are
possible in the ring formed by the four chromosomes. When the alternate members
of the ring go to the same pole, normal gametes are produced. Two other arrange-
ments are also possible, in both of which the adjacent members of the ring go
to the same pole. If the orientation of chromosomes in the ring is at random,
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then the frequency of the six kinds of gametes is the same, but only two of these
types contain a complete chromosome set, the other four having one segment
present in duplicate while at the same time lacking another segment. These types
are abnormal in respect of their chromosomes and when they fertilize a normal
egg, the zygote or embryo dies. One result of an interchange is a great reduction
in fertility; theoretically only 33-3 per cent of the gametes produced are viable.
Another genetic consequence of such structural alteration in the chromosomes
is the change in genetic linkage; genes which are normally located in different
chromosomes will behave as those which belong to the same linkage group.
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Fig. 41.—Diagram illustrating the behaviour of two non-
homologous chromosome pairs during meiosis which
have interchanged segments. The orientation of the

chromosomes in the ** ring-of-four ** is at random, as a
result of which six types of gametes are formed, each with
different chromosome constitutions. Only two gametes
are mormal, the others are chromosomally abnormal.

The repercussions of radiation-induced chromosome interchange have been
studied in mice (Koller, 1944). There is no doubt that the chromosomes of the
germinal cells in man if not protected from x-rays can also undergo similar struc-
tural change. The consequence is greatly reduced fertility in the descendants of
the individual irradiated.

In view of the vast expansion of research in the field of atomic energy which
has been taking place recently, it can be expected that the genetic hazards of
radiation will increase. Hence investigation into the fertility rate of descendants
whose progenitor has been exposed to ionizing radiation would be a convenient,
easy and at the same time very promising undertaking which could yield im-
portant data to estimate the magnitude of the genetic implications involved.
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Other mutagenic agents

Some chemical compounds—a few of which have already found employment
in the chemotherapy of various human ailments, such as the nitrogen mustards
in the treatment of leukaemia and Hodgkin’s disease (Fig. 42)—can also produce
gene and chromosome mutations. They carry more potential danger of affecting
the germinal tissues in man than the use of x-rays, for the gonads cannot be shielded
effectively.

FiG, 42 —Microphotograph showing cells taken from the
sternal bone marrow of a patient treated with nitrogen
mustard. The presence of a * micronucleus™ or
chromosome fragment in a resting cell and bridges in a
dividing cell are the effects of nitrogen mustards on the
chromosomes, = 1800,

The potential dangers of radiotherapy and chemotherapy

The potential genetic consequences which may follow treatment with particular
chemotherapeutic or radiotherapeutic agents should therefore be weighed before
their use becomes general. The magnitude of the genetic effects for the next and
future generations must be considered from an individual as well as from a
population point of view. Gene mutations are almost always deleterious and if
they are produced with high frequencies, they will, throughout future generations,
kill more people whose germ plasm is contaminated with the mutated genes than
could be killed directly by the explosion of the atom bomb.
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CHAPTER 10
I1.—CHEMICAL GENETICS
D. G. CATCHESIDE

THE MmEANS by which the genes determine particular characters is the subject
matter of physiological genetics. It is anticipated that it may become possible
to describe this in completely chemical or biochemical terms, but at present the
connexion between gene and character is still largely unknown. A fruitful
approach is a careful analysis in chemical terms of the changes in character
wrought by a change in one or more genes. This subject of chemical genetics
has made use of the most varied biological material, from the pigments of flowers
(Lawrence to the metabolic derangements in some congenital human diseases
(Garrod, 1923).

Alkaptonuria in man is a classic in chemical genetics, being the first instance
in which a particular gene was related to a specific and known biochemical
reaction. One characteristic symptom is the blackening of the urine on exposure
to air, a reaction due to 2-5-dihydroxyphenylacetic acid, also known as homo-
gentisic acid and alkapton. Soon after the rediscovery of Mendel's work in 1900,
it was recognized that alkaptonuria behaved in inheritance as a simple mendelian
recessive. Some time later it was found that the blood serum of normal individuals
contains an enzyme capable of catalysing the breakdown of homogentisic acid
and that this enzyme was apparently absent from the sera of alkaptonurics. Thus
it was established that a single gene change resulted in the absence or inactivity
of a specific enzyme and that this in turn led to the failure of a particular bio-
chemical reaction. Several other inherited metabolic defects involving the meta-
bolism of the amino acids tyrosine and phenylalanine are now known and are
discussed elsewhere (Chapter 11). They all support an interpretation of gene action
in terms of a one gene-one reaction hypothesis.

Many of these materials suffer from some experimental disability or other,
and in almost all respects the work on the chemical genetics of mould fungi,
especially that on Newrospora, commenced by Beadle and Tatum, is the most
promising. This fungus may be gorwn under completely defined conditions
and a great range of chemical characters may be analysed genetically. It is
proposed to confine the rest of this account to the principles of chemical genetics
as illustrated by the Neurospora work.

CHEMICAL MUTANTS OF NEUROSPORA

This work began with the hypothesis that any mutation which interfered with an
essential process of intermediate metabolism would render the strain carrying it
incapable of growth on a medium sufficient to support the normal wild type,
and that it should be possible to obtain growth of the mutant strain if the deficient
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substance could be supplied from the medium. In practice, the wild type mould
will grow if supplied with mineral salts, an inorganic source of nitrogen (_such
as potassium nitrate), sugar (15-20 grammes per litre) and biotin (1-4 ¥ per litre).
Mutants are sought amongst stocks isolated on a medium consisting of these
mineral requirements supplemented by various materials, such as malt or yeast
extract or by individual substances in special cases. The mutants are those stocks
which do not grow on the minimal medium but will grow on a supplcm}tnted
medium. Further tests by exclusion technique will usually discover the particular
defect and the nutritional remedy for it.

The loss of a specific metabolic step as a consequence of mutation of a specific
gene shows that the wild type allele is uniquely concerned in controlling the
specific metabolic step. Its particular contribution is not duplicated by any other
gene in the array. Where two different mutants, which will each grow with the
same supplement, are shown genetically not to be allelic it is evident that each
results in the blockage of a different step in the same metabolic sequence. If two
such mutants are caused to form a heterocaryon, in which the two different kinds
of nuclei inhabit the same mycelium, the heterocaryon will usually grow on mini-
mal medium. This shows the two deficiencies are mutually complemented in the
heterocaryotic organism. Thus we are led to postulate a stepwise process in the
synthesis or metabelism of vital substances in the organism and to postulate a
one-to-one relation between gene and step in metabolism in the organism.

A considerable number of different nutritionally deficient mutants of Neurospora
crassa are now known. In Table I the better known of these are listed according
to their different growth factor requirements, the number of mimics that are
genetically different being noted. In many cases, a given mutant type has appeared
repeatedly, but no attempt is made in the table to indicate which mutants have
recurred in this way. Sometimes the recurrences have differed from one another
in their characters, and further reference will be made to the comparative properties
of such multiple alleles. There are several other kinds of mutants indicated by
recent work, including requirements for peptides, though the precise kinds are
not yet known. These are interesting as indicating genetic control of peptide
synthesis.

TABLE 1
Newrospora crassa CHEMICAL Mutants LISTED ACcCORDING TO GROWTH FacTorR REQUIREMENTS

Fitamins Amine acidy Nitrogen bases Various
Thiamine 4 Arginine 10 Adenine 7 Amino group 2
Riboflavine 1 Tryptophane 5 Cyiidine or Beduced nitrogen 2
Pyridoxine 2 Isolevcine valine 2 uridine 4 Succinate 2
Pantothenic acid | Leucine 2 Acetate 1
p-Aminobenzoic acid | Lysine 5 Fat 2
Inositol 1 Methionine 7 Sulphonamide 1
Choline 2 Homoserine | Quinic acid 1
Nicotinic acid § Cysteine 3 Shikimic acid 1

Threonine 2

Praline 1

Valine |

Serine or glycine 2
Phenylalanine 1
Tyrosine 1
Histidine 4
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PATHWAYS OF BIOSYNTHESIS OF GROWTH FACTORS

One of the first uses of biochemical mutants is to discover the pathways of
biosynthesis of the various growth factors required by different mutants. To a first
approximation, we may suppose that the synthesis of a given growth factor G is
sequential, such that A—B—G, the substances A and B being precursors. The
first step is the attempt to identify these substances. If two genetically different
blocks in the biosynthesis of G were known, it might happen that one blocked the
stage A— B and the other the stage B—>G. In this case we should expect to be able
to find a substance B which could substitute for G as a growth factor for the first
mutant, but not for the second one. This would specify B as a precursor of G
and it is conceivable that the process could be extended by means of still other

PATHWAYS OF BIOSYNTHESIS OF GROWTH FACTORS

mutants.
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FiG. 43.—Pathway of arginine synthesis in Newrospora crassa.
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FiG. 44.—Methionine and threonine synthesis in Neurospora crassa.
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Fic. 45.—Tryptophane and nicotinic acid synthesis in Newrospora crassa.
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FiG. 46.—Lysine synthesis in Newrospora crassa.
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LEVELS OF EFFECT IN GENE MUTATION

In the first case analysed, that of arginine synthesis (Srb and Horowitz, 1944),
the selection of substances for trial as possible precursors was aided by the prior
knowledge of the ornithine cycle in animals and the presence of a similar cycle
was demonstrated in the mould. Since then several other mutants affecting the
biosynthesis of related substances have been found. Their growth responses to
the various intermediates is summarized in Table II and the relations between
the genes concerned and the stages in synthesis of arginine are shown diagram-
matically in Fig. 43. More or less extensive schemata have been constructed for
the syntheses involving methionine and threonine (Fig. 44), tryptophane and
nicotinic acid (Fig. 45), lysine (Fig. 46) and several other natural compounds.

TABLE II
SUBSTANCE ADDED To Mimwmvar Mepium

&— Aming

Mutant Arginine Citrulline Ornithine: Proline &-hydroxy Glutamic Ammonia
: valeric acid
acid

arg — 1 + 0 0 0 0 0 L
ag—2,—3 + + 0 0 (1] 0 0
arg — 4, — 5,

-6, —T. + + = 0 0 0 0
arg — 8, — 9,

—1 + + + 4 + 0
P 0 0 0 + 0 0 0
am 4 0 (or —) E an T 1=

LEVELS OF EFFECT IN GENE MUTATION

In a gene mutation there are several levels of effect. Primarily there is the altera-
tion in the gene itself. Next there is the primary alteration in function, which
brings about the alteration in character by which the altered gene is recognized.
In many cases of biochemical deficiency mutation, as has been indicated above,
there appears to be a loss or dysfunction of a single synthetic step. Now enzymes
are directly concerned in intermediate metabolism and the connexion between
gene and function has given rise to the one gene-one enzyme hypothesis, which
supposes that enzymes are fairly immediate gene products and that each gene
controls in some way the formation of one enzyme. Thirdly, there is the array of
secondary effects on physiology and other biochemical functions of the organism
consequent upon the primary functional derangement.

Alteration in the gene

As regards the alteration in the gene itself, little can be said except that in
several cases, for example leucineless (Ryan), the evidence of back mutation
shows that the functionally inactive gene is capable of reproducing itself, for, if
it may back mutate, the mutant is not a mere loss. It may also be asked whether
the inactive gene, besides retaining its property of self reproduction, is likewise
still producing in the cell a primary product which is, however, physiologically
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inactive. Ifit were, instances might be expected in which the inactivity was shown
only under some conditions while under other conditions activity was shown.
The wild type gene, selected as the normal one for the organism, would be one
functional about equally over the whole range of conditions, external and internal,
natural to the organism. Probable examples of partially inactive mutant alleles
are the lemperature-sensitive mutants which require growth factors, such as
adenine or inositol, only in the upper region of the temperature range possible
for the organism.

Primary alteration in function

The published facts on the enzymes of Neuwrospora mutants are rather meagre
and not wholly satisfying. Wagner and Guirard in 1948 showed that intact
mycelium of a mutant strain which required pantothenic acid for growth was
unable to make pantothenate from pantoyl lactone and {-alanine, whereas the
wild type could do so. Later Wagner showed that this mutant had an
enzyme system for the in vitro synthesis of pantothenate from the precursors.
This occurred in cell-free homogenates. Wagner's conclusion was that the data
rule out the enzyme absence hypothesis for these mutants, assuming that it is
this particular step in pantothenate synthesis that is impaired. This conclusion
rests however on the assumption that an enzyme system active in vifro 1s also
active in vivo. It is possible that disintegration of the cells removes some inhibitory
influence and that the mutants in fact produce an altered pantothenic desmolase,
characterized by in vivo inactivity. Mitchell and Lein in 1948 found that a mutant
which required tryptophane for growth (#yp-3, Fig. 45) could not condense indole
and serine to produce tryptophane, and, further, that cell-free extracts also would
not produce tryptophane from the two precursors. Later, Gordon and Mitchell
found evidence which tended to show that the mutant did possess the
enzyme tryptophane desmolase, but with the difference that the mutant’s enzyme
was sensitive to inhibition by various cellular components. The crude cell-free
extracts were inactive but, after dialysis and fractionation with ammonium
sulphate, the purified ones showed considerable tryptophane desmolase activity.
Likewise, if the intact mycelium was thoroughly washed with distilled water
considerable activity was demonstrable. However, no mutant enzyme preparation
ever had more than half the activity of wild type extracts. The tryptophane
desmolase activity of wild type extracts was not inhibited by dialysable or by
non-dialysable components of mutant extracts, or by heat-inactivated mutant
extracts. A number of compounds, among them ammonium sulphate and certain
amino acids, were inhibitory for the inactivated mutant extracts at concentrations
which are not significantly inhibitory for wild type preparations. However, there
are unpublished reports that these interesting results, which appear to be
exceedingly significant, cannot now be repeated.

An absence of glutamic dehydrogenase activity has been found by Fincham
(in press) in a mutation unable to aminate a-keto glutaric acid (am-1, Fig. 43). Fox
and Gray in 1950 reported an absence of tyrosinase activity from one strain
and its presence in another, but there is no evidence about the inheritance of this
difference. Lastly, it is worth mentioning that Shepherd has studied the
succinic dehydrogenase of wild type Neurospora fairly completely and found that
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some of its physico-chemical properties, notably the pH optima and the responses
to various inhibitors, show characteristic differences from those of succinic dehy-
drogenase from other sources.

The status of the one gene-one enzyme hypothesis is that it is still a useful
hypothesis and that it will remain so as long as it appears profitable to see to what
extent gene substitutions are correlated with enzyme alterations.

Just as an inactive primary product, such as an enzyme, may possibly be activated
completely or partially by isolation from the organized cell system, so the reversal
may occur by mutation of other genes which thus appear to suppress the mutant
character. The best known mutation of this kind is the suppressor of a pyrimidine
requirement studied by Houlahan and Mitchell in 1947. The most interesting feature
of this case is that the suppressor acts towards three different alleles, each with a
characteristic physiology, two being temperature sensitive and the third producing
an absolute requirement for pyrimidine at all temperatures. Besides such specific
suppressors, there exists the possibility of non-specific suppressors, like some in
Drosophila, which make two or more non-allelic mutants more or less normal.

Secondary effects on physiology and chemistry

The various biochemical mutants have an obvious utility in efforts to work
out chains of synthesis, the process of which has been indicated above. It is
more appropriate now to consider in general the kinds of alteration in the
physiology and chemistry of an organism consequent upon a gene change in
such a reaction chain. Consider a simple synthetic chain A' B* C? D*_E.
A block at reaction 3, in which C is normally converted to D, would result in an
absolute or conditional requirement for a growth factor subsequent to the block.
Presumably D or E or any compound readily convertible to them in the organism
would satisfy the requirement. The requirement would be absolute if the block
existed under all conditions suitable for growth of the normal wild type, con-
ditional or partial if it existed only under certain conditions. The former is
characteristic of most of the biochemical mutants so far studied, the latter is
characteristic of the few which are temperature sensitive and perhaps also of the
one or two pH sensitive mutants which have been reported.

As regards the relation of the growth response of the mutant to the concentration
of the added growth factor, several different patterns are found. Various possible
types that might be expected are illustrated in Fig. 47. The response of a lysineless
mutant (/y-3, Fig. 46) to lysine is, according to Doermann’s data of 1944 like
the A (or possibly the B) pattern. There is an appreciable response to a small
amount of lysine, the magnitude of the response being about linearly related to
the concentration of lysine until other factors begin to be limiting, when the curve
falls off and becomes steady at about the growth rate of the wild type. The
responses of mutants, which require leucine or para-aminobenzoic acid respec-
tively, are similar.,

A different type of growth response, namely C, appears to be shown by
mutants requiring histidine. Small concentrations of histidine produce little or
no growth. Germination of conidia starts, growth is at first rapid and then
abruptly ceases. Above a threshold value growth continues, though often at a
diminishing rate, to the exhaustion of the medium and above a somewhat greater
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concentration no further increase in initial or average growth rate occurs. The
maximum growth rate on the highest concentrations of histidine is never more
than 60 per cent of that of wild type strains under the same conditions. It appears
that the growth responses of certain tryptophaneless mutants and of pink adenine-
less mutants show a similar pattern with the maximal rate of growth of the mutant
under optimal conditions less than that of the wild type similarly treated. The
possible explanation of these poor growth responses will be pointed out later.

Wild Lype Wild Lype Wild type

T A B C
|
|

i
1
L)
s
a

Miutani

[
[

FiG. 47.—Patterns of growth responses of Neurospora chemical mutants.

If in the chain A >, B *. C ® D * E, the reaction 3 were blocked, so that
compounds D and E will not be formed by the mutant if it is grown with a supply
of the growth factor it requires, it might well nevertheless form substances A, B
and C. The further conversion of C being blocked, conditions might favour the
accumulation of these precursors or some of them to levels above those in the
normal wild type. The relative proportions of the precursors are likely to depend
on the equilibria of reactions 2, 1 and other antecedent ones. These conditions
need investigation. Accumulated precursors may then be found in the mycelium
or in the medium as a result of excretion. The first case actually found, by Tatum,
Bonner and Beadle in 1944, was of anthranilic acid secretion by a mutant requiring
tryptophane (fyp-1) for growth.

In a given synthetic chain, blocks in two different places may result in the
accumulation of the same substance in relatively large amount. For example,
among the mutants requiring tryptophane for growth there is a second one
(typ-2) which also accumulates considerable amounts of anthranilic acid. Thus
predominant accumulation is not necessarily of the precursor immediately ante-
cedent to the block in synthesis.

Occasionally it is possible to recognize the accumulation, by one mutant, of
two different precursor substances or derivatives of them. For example, in the
synthesis of nicotinic acid, which comes from tryptophane through kynurenine,
the mutant nic-3 accumulates « N-acetyl kynurenine while nic-2 accumulates a
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considerable amount of 3-hydroxy anthranilic acid and a smaller amount of
a N-acetyl kynurenine.
Two different nutritional substances (such as E and N) may have a common
precursor (A), as in the branched synthetic chain
1IxB L C DI E
A
NI M N

Under normal conditions in a non-mutant organism, reactions 1 and 11 would
compete for the common substrate, and presumably this competition would be
nicely balanced so that suitable proportions of E and N were S}fnThESlZEd

In a mutant with a block at position 1, or even 2 or 3, the reaction 11 mlght
have an increased amount of available A substrate and as a result N could be
formed in excess. In the synthesis of methionine, there are three genetically
different mutants (me-3, Fig. 44) in which the formation of cystathionine by
condensation of homoserine and cysteine is blocked. Each of these mutants,
grown with methionine, accumulates a substance of unknown composition
which is an intermediate between homoserine and cystathionine. One of them
also accumulates excess threonine and perhaps the other two do so also. i

In several cases it appears that a precursor, which tends to be accumulated,
gives rise to a shunt product that is not a normal intermediate in synthesis, and,
that this shunt product is accumulated instead of the precursor. Such shunt
products have very low activities in supporting the growth of mutants having
blocks at positions still earlier in the chain of synthesis. Examples of coloured
compounds are the pink pigment in one adenineless mutant and the brown
pigment, which appears to be formed from 3 hydroxy anthranilic acid, in nicotine-,
less—3. The a N-acetyl kynurenine of nic-3 has an activity about one-tenth that
of kynurenine, while the quinolinic acid accumulated by nic-1 has a very low
activity for mic-2 and other nicotinicless mutants (Fig. 45). The amounts of
precursors, or of their shunt products, which accumulate are sometimes extra-
ordinarily high (Table III) and may greatly exceed the amounts of the respective
growth factors required by the mutants for maximal growth.

TABLE 111
Growth factor | +/mil for I r/ml | v/ml of precursor
réquirement | maximal growth | supplied accumulated
Pyrimidine - - - | 20 1 | up to 1300 orotic acid .
Choline - - - - 0-2 0:125 | i 3 monomethylamino ethanol
Methionine (me — 2) = 0 Ak : 6 cystathionine

Physiological effects may be expected from the accumulation of precursors which
are generally not present in appreciable quantities in non-mutant organisms.
One readily detectable feature which has already been mentioned is the presence,
in some cases of coloured compounds. Secundly, a precursor may inhibit the
utilization of the growth factor into which it is normally converted. Thus
e-hydroxynorleucine, which is a precursor of lysine (Fig. 46), is inhibitory towards
mutants blocked at later stages in lysine synthesis (Good, Heilbronner and
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Mitchell: there is no evidence that =—hydroxynorleucine is accumulated by
any of them. This cause appears to underly the limitation of the maximal growth
rates of histidineless mutants to a value below that of the wild type. The relative
rates of growth in this case are: wild type 100, two histidineless mutants 64 and
their heterocaryon 80. Why the heterocaryon also has a lower growth rate than
the wild type is unknown.

The same factor appears to be the cause of the poor growth of tryptophaneless
mutants on any concentration of tryptophane (Fig. 47C). Indeed, both anthranilic
acid and tryptophane inhibit the growth of wild type, its growth rate being
depressed to about half by similar concentrations of the two substances, about
70 vy per millilitre in the case of anthranilic acid and about 100 y per millilitre in
the case of tryptophane. The inhibitory effect of tryptophane may be accounted
for by the tryptophane cycle (Fig. 45), demonstrated in Newrospora by Haskins
and Mitchell (1949). A substantial part of the tryptophane disappears from the
culture medium within a few hours of a conidial inoculation of a mutation blocked
in tryptophane synthesis, prior to appreciable germination and growth, and
considerable amounts of anthranilic acid may be isolated from the medium, as
well as small amounts of nicotinic acid. The inhibitory effects of anthranilic acid
and of tryptophane towards the wild type are additive.

These inhibitory effects mean that any spontaneous genetic or cytoplasmic
changes which tended to overcome the inhibition would be selected. Some
possible genetic changes are back mutation, suppressor mutation and further
mutation at an earlier synthetic step which would cut out the accumulation of the
substance that caused the inhibition. The last was reported in a pink adenineless
mutation by Mitchell and Mitchell in 1950. Very little is known about the pre-
cursors of adenine, but a considerable number of genetically and physiologically
different blocks are known, one of which results in the pink pigment as a shunt
product. Mutations at a prior block in the pink adenineless result in a white
adenineless strain, a double mutant, which grows faster than the pink adenineless
strain, though not so fast as the wild type on the same medium.

= CH
?-i.‘ 1 2 i 3
—=CH,CH, . CH.COOH ——F=chic H, CHCH.COOH
OH OH M, isaleucine
W tI:H’ {EH.!
- CH,C. CHCOOH CH, CHEH.COOH
OHOH MH;valine

FiG. 48 —Isoleucine and valine mutants in Neurospora crassa,

It is also possible that the accumulated precursor may inhibit other normal
reactions, in related or unrelated synthetic chains, and so cause an accumulation
of a precursor in the different synthetic chain and incidentally result in a double
growth factor requirement. A possible case is the mutant (iv-1, Fig. 48) which
requires a balanced proportion of isoleucine and valine. The two amino acids are
similar in structure respectively a-amino £ ethyl butyric acid and a-amino § methyl
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butyric acid. The mutant accumulates both of the corresponding a, f dihydroxy-
analogues in the medium, according to Adelberg and Tatum in 1950.

Finally, it is possible that an accumulated precursor might stimulate an unrelated
reaction, though it is not possible to point to a likely example.

Inhibition by growth factors

Attention should also be drawn to the inhibitions of the utilization of gmwth
factors by other normal growth factors. The result of these is often that a mutant
will not grow or else grows very poorly in the presence of a mixed supplement,
such as malt or yeast extract or casein hydrolysate. For example, a mutant that
requires lysine (/y-3, Fig. 46) is inhibited by arginine, «quimolar proportions
reducing the growth rate to half, while a molar concentration of arginine twice that
of lysine gives zero growth rate. The lysineless mutant, which will grow if supplied
with « aminoadipic acid, is inhibited by arginine if grown on lysine and by
asparagine if grown on e aminoadipic acid. Similarly, an arginineless mutant
(arg-1, Fig. 43) is inhibited by an excess of lysine. The mutant which will grow
with homoserine will also grow on a suitably balanced mixture of threonine and
methionine, the molar ratio 1 to 0-8 giving optimal growth; on excess methionine
growth is depressed and ceases at a molar ratio of 1 threonine to 2 methionine.

In some kinds of mutants it appears that a normal reaction is caused to take
place at a higher rate, the increased amount of product proving to be inhibitory
towards the organism. The mutant which requires sulphonamide for growth
at temperatures above about 33° C. (Emerson, 1950) appears to be of this nature.
It appears to have an enhancement of a reaction in which methionine appears to
be the substrate. The reaction has a high temperature coefficient and the
unknown product is inhibitory. The reaction requires para-aminobenzoic acid,
the use of which can be antagonized by sulphonamide at concentrations insufficient
to disturb the participation of p-aminobenzoic acid in other essential reactions.
The reaction, or the effects of its product, can also be antagonized by means of
threonine.

THE GENE: STRUCTURE IN RELATION TO ACTION

The gene is confined within the nucleus which in general constitutes the minor
portion of the bulk of the cell. One possibility to consider is that the reactions
might take place upon the surface of the gene itself within the nucleus, but there
is evidence that many of the important enzyme systems are located in the cytoplasm.
A major outstanding problem is then how the genes influence the enzymes they
control, and also to what extent the enzymes are capable of reproducing themselves
without the direct intervention of the genes. If any reactions do take place upon the
genes themselves it is possible that they might have to be arranged together in
proximity upon a chromosome. Likewise, if a given reaction or series of reactions;
involving highly unstable intermediates, required a special organization of the
enzyme system in the cytoplasm, this organization might be reflected in the arrange-
ment of the genes in the chromosomes. Information upon these subjects is still
fragmentary, but nevertheless is highly interesting and significant.

The genes controlling different steps in the same reaction chain are usually
scattered indiscriminately amongst the various chromosomes. No general order
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is apparent and mimic genes are rarely at all closely linked. A few exceptions have
been noted in Newrospora, namely a fairly close linkage of two genes concerned
in pigment synthesis, and a fairly close linkage within one chromosome arm of
three genes concerned in pyrimidine synthesis.

When single reaction steps are considered, it is found in several cases that
mutation of each of two or three different genes may result in the same apparent
defect. Thus, in the methylation of homocysteine to form methionine (Fig. 44,
me-1), probably three different genes are concerned. Such reactions are neces-
sarily complex in that, as Emerson (1950) has pointed out, the enzyme or enzyme
system concerned must not only have an affinity for the substrate and product but
also for a methyl donor, presumably choline in this case, and for a co-enzyme as
an energy donor. The condensation of cysteine with homoserine to form cysta-
thionine (Fig. 44) likewise requires the co-operation of the products of three un-
linked genes (me-3). Whether we should regard these instances as indicative of
several genes being concerned in the final specificity of one enzyme is an open
question. However, in all these cases, heterocaryons formed between two mutants
grow perfectly well on minimal medium without any supplement. Thus, the two
normal genes in separate nuclei can co-operate in producing a completely active
enzyme system in the cytoplasm.

A different situation is evident in the cases of the three biotinless mutants,
described by Roper (1950) in Aspergillus nidulans, and the three nicotinicless
mutants (nic-3) in Neurospora, described by Bonner in 1950. Here the three mimic
genes are extremely closely linked, so closely as to be pseudoalleles separable only
in large genetic experiments; moreover, heterocaryons still require the specific
growth substance. These are instances where the reaction requires the organiza-
tion of the catalysts close together in an assembly line, perhaps because the
intermediates are unstable or because the reaction rate is extremely small. If
the reaction takes place upon the chromosome the juxtaposition of the genes is
readily understood. If it takes place upon an enzyme system in the cytoplasm,
the linkage of the genes implies that the system is made as a whole by the group of
genes. Any fault in one of them inactivates the whole system, such that it cannot
be complemented physiologically by another deficient system with a different
fault. We are led to infer that organization or lack of organization amongst
the genes reflects the state of organization in the metabolically active cytoplasm.
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CHAPTER 10
. —COMPARATIVE PATHOLOGY
ARNOLD SORSBY

CLiNICAL genetics, for all the wealth of information it has produced, labours
under the disadvantage that in dealing with a patient, alleviation of his ailment is
the primary consideration. There is, therefore, no possibility of any experimental
observations other than of the simplest and definitely innocuous kind. There is
little opportunity of studying the progressive stages of an affection histologically
or biochemically, there is hardly any opportunity at all of studying a genetic
affection before it has become manifest, and study of relatives is frequently
difficult. In consequence clinical genetics is largely descriptive, and it has become
obvious that unless experimental methods are developed, further advance will be
severely restricted.

The counterpart of the experimental animal that the general pathologist uses
for his studies is readily available to the clinical geneticist in animals that show
genetic disease. Genetically determined affections are frequent in the common
laboratory animals, and in pedigree stock of domestic animals owing to the heavy
inbreeding and selection to which they have been subjected. However, though
there is much information, little of it is systematized, and less still fully studied.

VARIETIES OF GENETIC DISEASE

Lethal and sub-lethal manifestations

With the development of antenatal services and infant welfare schemes infantile
mortality has shown a great decline during the present century in all civilized
countries, falling from a rate of 128 per 1,000 in 1901-10 to 32 per 1,000 in 1949
in England and Wales, figures which find their parallel elsewhere. There has,
however, been no substantial decline in the mortality of infants during the first
24 hours of life. The present-day methods of care of the markedly premature
infant enable many such infants to survive but sometimes at the cost of growing-up
as defectives. The problem of habitual miscarriage has remained largely un-
resolved, and though recent work has shown that maternal infections, such as
rubella and toxoplasmosis, may cause congenital abnormalities, it has also become
established that incompatibility of the genetically determined Rh blood groups
in the parents may likewise be a cause of severe defects, or of death of the infant.
That habitual miscarriage and congenital anomalies may in fact be determined
to a considerable extent by genetic factors with lethal or sub-lethal manifestations is
suggested by well established observations in animals.

The classical incidence of a genetically determined lethal factor is derived from
the work of Cuénot in 1905 and his successors, who established that the homo-
zygous yellow mouse became absorbed during the blastula stage, and that only
heterozygous yellow, or completely non-yellow, are viable. Since then many
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other lethal and sub-lethal effects have been recorded. In mice * white spotting
is due to a dominant gene with homozygous lethal effect. The affected animals
all die in the course of a few days owing to severe congenital anaemia.

Likewise there is a dominant gene which produces shortening of the tail in the
heterozygous mouse, but is lethal in embryonic life in the homozygous state. This gene
has also a recessive allelomorph which in the simplex state has no obvious effect, but 1s
lethal at an even earlier embryonic stage in the homozygous state. Another dominant
gene also produces a short tail in the heterozygous state, whereas the homozygous are
born alive but die within 24 hours; they are tailless, show spina bifida and no anal
opening or genital papilla, and the kidneys are rudimentary or absent.  The grey lethal
mouse is also born alive, but yellow pigment formation is suppressed, extensive skeletal
abnormalities develop owing to the absence of secondary absorption processes, growth
is retarded, and the mouse dies before the end of the first month. In the rabbit,
recessive sub-lethal genes determine congenital hairlessness and a fatal shaking paralysis.
A similar palsy has been observed in guinea-pigs, whilst a congenital palsy and a con-
genital lack of balance causes early death in chickens.

() (&)

Fig. 49.—A rare sub-lethal affection in the dog and its counterpart in man. (g) A
dachshund homozygous for dappling. It is dirty white in colour, microphthalmic,
“wall eyed ', and deaf. The eyes are set obliquely. (5) A patient with the syndrome
of white forelock, heterochromia iridum with or without microphthalmis, deaf-
mutism, lateral displacement of medial canthi, and prominent root of the nose—a
dominant affection. ((b) After Waardenburg, P. J. (1951). Amer. J. hum. Gener.,
3, 193). (See also Fig. 6l.)

A skeletal anomaly similar to human achondroplasia is lethal in the chick in the
homozygous state; when they survive to the stage of organ formation these
homozygous embryos lack hind limbs and eyelids, and show gross eye abnor-
malities such as microphthalmos. The findings in the Dachshund are illustrative of
the range of reaction of these lethal and sub-lethal genes (kFig. 49). The Dach-
hund is normally black or tan in colour. * Dappled ™ Dachshunds show
such physiological variations as unusual colouring, discoloration of the iris
(““ wall eye ), and total or subtotal lack of the tapetum, but they do not breed
true : their homozygous offspring show a markedly abnormal coat together with
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FiG. 50.—Lethal effect in the chick induced by the * creeper ™ gene in
the homozygous state. Above, normal (heterozygous) embryo from
creeper parents, 72 hours of incubation. Below, homozygous
creeper embryo, 72 hours of incubation. (After Landauer, W.
(1932). J. Genet., 25, 367)
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FiG. 51.—Recessive lethal and sub-lethal-
genes in man. (a) Congenital ichthy-
osis (Afrer von Reuss, A. K. (192]).
Diseases of the Newborn. London,
Bale.) (b) Congenital epidermolysis
bullosa. Congenital skin defect
present at birth in a child who sur-
vived for 8 days. The affection is
recessive  and  sub-lethal.  (Afrer
Heinrichsbauer, F. (1928). Arch. f.
Gynack, 134, 673.)

()
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(a)

Fig. 52.—A rare recessive affection in man
and its counterpart in cattle. (a) * Ampu-
tated " abortion in man. The parents werc
first cousins. (b) ** Amputated " calf due (b)
to hereditary skeletal abnormalities affec-
ting skull and skeleton of legs. {(Afrer
Mohr, O. L. (1939). In IV Cong. fretern.

di Patol. Comp. Rome, 1, 247.)
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deafness and microphthalmia, and possibly other defects. Breeders maintain the
dappled strain by mating dapple to full-coat ; they thus obtain both dapples and
self coloured without any loss from homozygotes.

The bearing of these and such like studies on clinical genetics is indicated in
Figs. 50, 51 and 52.

Congenital defects

The line of demarcation between congenital defects and the manifestation of a
sub-lethal gene is tenuous. Some. congenital abnormalities are not compatible
with life ; others produce severe but non-lethal disturbances, whilst yet others
have minor effects. Animal observations have made possible a more detailed
understanding of the nature of genetically determined congenital defects. Some-
times the disturbance shows a relatively simple pattern. Thus in anophthalmos,
embryological studies in the mouse have shown a normally developing eye up to
the ninth day of gestation. At this stage the primary optic vesicle undergoes
abnormal differentiation, and different degrees of anophthalmos arise in con-
sequence (Fig. 53). A more complex situation is presented by multiple defects.
As opposed to the concept of the pleiotropic effect of a gene, there is the possibility
that the multiple defects may be secondary to a single disturbance at an early
stage of development. Where the defects assume no definite pattern in the different
animals affected, but show a wide range of apparently unconnected anomalies,
their secondary nature has been clearly shown by the classical work of Bonnevie
(see pages 16-18). Here the defects were produced by the irregularly distributed
myelencephalic blebs, themselves caused by the one single disturbance of excessive
oozing of cerebrospinal fluid through the foramen anterius. Apparent pleiotropism
is also present in the lethal effects due to cartilage abnormality in the rat described
by Griineberg (Figs. 54 a-d). To what extent more defined syndromes are
secondary effects, or true expressions of pleiotropism, remains to be established.

Abiotrophic defects

Ophthalmology, neurology, and dermatology are particularly rich in examples of
abiotrophic disease. Studies on abiotrophic retinal lesions in the mouse, rat,
and the dog appear to confirm the clinical postulate that the tissue has, in fact,
developed normally until the onset of the genetically determined degeneration in
postnatal life. In these animals there is considerable postnatal development of the
retina. At birth the tissue is still undifferentiated, and differentiation into distinct
layers occurs in the mouse on the eleventh day, in the rat on the twenty-first day
after birth, and in the dog later still. Degeneration of the retina develops only
after differentiation has taken place. The assumption that this degeneration
occurs in fully differentiated retina does not, however, appear to be valid, for, in
the mouse at any rate, degeneration sets in before full development of the retina—
as distinct from differentiation—has taken place. Whilst the different layers of the
retina are differentiated by the eleventh day, postnatal development in the rods
continues until 28 days after birth, by which time the apparently abiotrophic
process has already run a destructive course in the affected animal.
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(a)

(b
()

(d)
{€) (il

Fic. 53.—Congenital defect: hereditary anophthalmos in the mouse from dis-
turbance in development ( = 60). After Chase, H. B., and Chase, E. B.
(1941). J. Morph., 68, 279.)

Control: At Anophthalmic strain:
(a) Left cye 10 days 23 hours ib) Left eve
{¢c) Right eve 11 days 20 hours (c) Left eve
(e) Right eve 13 days 2 hours () Right eve
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“PEDIGREE” OF CAUSES OF LETHAL CARTILAGE ANOMALY
IN THE RAT

GENE

Anomaly of cartilage

: : '
Narrowed lumen Abnormal sternum Slight changes in
of trachea Thickened ribs larynx, nose and
| other cartilages

Fixation of thorax
in inspiration
|
|
i | | F
|

}{y'pﬁusis Abnormal situs of Retardation of Spur of deltoid

thoracic viscera lung development ridge of humerus
| |
|
| | I | |
| | .-
Compensating Slow Increased General Blocked
increase of  suffocation resistance in arrest of nostrils
red cells and |_ pulmonary development |
Hb circulation i |
| I |
| | i
Coma Compensatory Blunt Inability
exposure hypertrophy snout to suck
inanition of right ventricle i |
! of heart | |
| | | |
| 1 | |
! | ! ;
| | | i
| i .'. | | -
| Decom- Capillary Faulty Starvation
| pensation pulmonary occlusion

e i
haemorrhages of incisors |
I | ;

' |

' [ifficulties

Rie | | |
| ' DEATH |

FiG. 54 —Congenital defect with ** pleiotropic ™ lethal effects. ((a) and (d) Afrer
Griineberg, H. (1938). Proc. ray. Soc. B., 125, 123.) (a) Pedigree.
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FiG. 54 (cont.)—(b) Sections through the lungs of normal (a, b, ¢) and
abnormal (a’, &', ¢') rats at the age of 2 days (above) at the age of
7 days (middle) and at the age of 12 days (bottom). ((c) After St. Engel,

and Griineberg, H. (I940). J. Gener,, 39, 343)
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Fic. 54 (cont.)—(c) Cross sections through the trachea of a normal rat
and a lethal litter-mate, 14 days old. (After Grimeberg, H. (1947).
Animal Genetics and Medicine, London; Hamish Hamilton.)

Fi1G. 54 (cont.)—{(d) Thoracic basket of a normal rat and a lethal, 22 days
old (litter mates).

Studies of retinal dystrophy in the Irish setter (Plate II) suggest that the same
ophthalmoscopic and histological picture may be conditioned by two sets of
recessive genes, thus confirming the clinical assumption that retinitis pigmentosa
is a congeries of affections rather than one definite clinical entity.

SOME ANIMAL COUNTERPARTS OF HUMAN DISEASE

A few animal affections closely simulating genetic conditions in man have been
studied in some detail. QOutstanding amongst these are the following.
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Achondroplasia (chondrodystrophy)

This is widely spread and has been observed in Dexter cattle, in the fowl, rabbit,
and in incomplete forms in the dog. In the rabbit the affection is recessive and is
lethal in the homozygous state. The trunk is only slightly affected, but the limbs
and tail are greatly reduced. The head is broad and rather square ; the base of
the nose is depressed and cleft palate is not uncommon. The abdominal muscles
are weak, and the skin is stretched tautly over the protuberant abdomen, in
striking contrast to the folds it shows on the short neck and legs. Haemorrhagic
exudates are present in the abdomen, and the liver is enlarged and congested. The
cartilage in the skeleton is abnormal throughout, the changes being similar to
those observed in human achondroplasia (Fig. 56). The primary disturbance is
yet unknown ; findings in the rabbit suggest that the endocrine system may be
at fault. In the Dexter breed of cattle somewhat similar changes are observed,
whilst in the fowl the affection has been observed in several breeds : the courtes
pattes of France, the Scots Dumpies, the Japanese bantams and the Creepers of
the United States. As in the rabbit, and in cattle, the affection is recessive and
lethal in the homozygous state. Occasionally the homozygote chick survives for
a time (Fig. 55), whilst the lethal effect is observed in some 5 per cent of hetero-
zygotes. The heterozygotes are more readily susceptible to rickets induced by

(a) (&)

FiG. 55.—Achondroplasia in the chick. (a) An extremely chondrodystrophic
embryo after 21 days of incubation. Note particularly the short curved
beak and the extremely shortened and bent tibiae and tarso-metatarsi. (b) A
normal embryo the same age. (After Lamoreux, W. F.(1942). J. Hered., 33,
275.)
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Fic. 56.—Achondroplasia in the rabbit. (#) Photograph of sagittal section through the
elbow of an achondroplastic dwarf. Note the small size of the bone, the much less
advanced differentiation of the epiphyseal cartilage, the narrow markedly abnormal
zone of ossification and the small narrow cavity. The zone has a curved or ** cu "

: ; ; pped
shape (x 22-8). (b) Photograph ol a sagittal section of the distal end of the right
humerus of the normal litter mate (= 22-8).
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.Il 'I... ..;. vh : 'J'-'I-" ._.i_ "

FiG. 56 (cont.).—(¢) The distal zone of ossification of the humerus of an achondroplastic
dwarf. The cartilage cells of the epiphysis are crowded and grouped in a bizarre
fashion with little or no regular row arrangements. Short irregular projections and
tags of cartilage take the place of the orderly columns of disintegrating cartilage
cells and osteogenic tissue characteristic of the normal zone. The direction or position
of the line of ossification is slanting, not straight, as in the normal (x 127). Higher
magnification of the section of the humerus of the achondroplastic dwarf shown in
Fig. 56a and of the normal litter mate in Fig. 56b. (d) The distal zone of ossification
of the humerus of a newborn normal rabbit ( % 127). (After Pearce, L. and Brown, W.
H. (1945). J. exp. Med., 82, 261.) 45
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vitamin D deficiency than the normal ; they are apparently also more susceptible
to toxic substances. In the dog, achondroplasia tends to be more limited and
does not apparently carry any pathological consequences. It is rather marked in
Pekingese, whilst the Dachshund, Basset, Scottish terrier, Sealyham terrier, Skye
terrier, the Boston terrier and the English and French bulldogs, are all examples
of partial achondroplasia compatible with normal health.

Hare-lip and cleft palate

The condition observed in the mouse is analogous to that seen in man, the
various degrees of severity being duplicated in the mouse. The affection is
recessive and embryological studies suggest that failure of fusion is due to retarded
growth of the maxillary processes, or possibly to the formation of cysts at the lines
of fusion (Fig. 57). Cleft palate is also seen in bulldogs.

(a) (&)

Fic. 57.—Hare-lip in the mouse. (g2) Normal closure of lateral and mesial
nasal processes. (b) Formation of hare-lip observed at 11 days of intra-
uterine life owing to failure of fusion of nasal processes. a—=lateral nasal
process; b=primitive nasal fossa; c=mesial nasal process. (After Reed,
8. C. (1933). Anat. Rec., 56, 101.)

Latent diabetes in the rat

A reduced glucose tolerance has been observed in rats. There is no actual
excretion of glucose in the urine, but the blood sugar values are characteristic,
The immature animal is normal and glucose tolerance decreases with age. Various
endocrine abnormalities have been observed, but their full significance is not yet
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known. Tt is assumed that the metabolic disturbance is due to hyperfunction of
the anterior pituitary.

The opposite condition—a high insulin tolerance—has been observed in some
strains of mice.

Acholuric jaundice in the rat

Homozygous animals are heavily jaundiced at birth, or soon after. Improve-
ment tends to occur. Unlike human acholuric jaundice, splenectomy does not
cure the affection, but as in human acholuric jaundice, the affection is not fully
recessive, the heterozygous showing increased fragility of red blood corpuscles.

Pituitary dwarfism in the mouse

In this recessive affection the animals are of normal size at birth. They develop
normally for some 16 days when growth ceases, becoming resumed at about the
fifth or sixth week. Apart from being dwarfed they retain some infantile features
throughout life and are sterile. The pituitary is much reduced in size, the anterior
lobe being ill-developed (Fig. 58). Histological abnormalities first make their
appearance at about 5-6 days after birth. The thyroid, too, is hypoplastic as is
the thymus, and possibly also some parts of the other endocrines. A similar but
more severe and semi-lethal disturbance has been observed in the rabbit.

(a)
Fic. 58 —Pituitary dwarfism in the mouse. (g) Dwarf mouse and normal mouse.

Dwarfism with cataract in the rat
Here, too, the animals are of normal size at birth, dwarfism being due to a

growth disturbance which sets in by about the fifth day of life. The association
with cataract suggests comparison with the Werner syndrome in man.

Syringomyelia in the rabbit

Histologically and clinically the wide range of manifestations seen in human
syringomyelia is duplicated in the rabbit (Fig. 59). If a single limb is affected the
viability of the animal is not greatly reduced. Severe cases, as in man, are un-
common. The range of manifestations in the rabbit, where the condition is clearly
recessive, helps to explain the apparently sporadic character of human syringo-
myelia.
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(B)

FiG. 58 (cont.).— () Anterior pituitary of normal mouse ( x1400). (¢) Anterior
pitwitary of dwarf mouse (< 1400). (Afrer Francis, T. (1944). The Development of
the Pituitary af Hereditary Anterior Pituitary Dwarfism in Mice, Vol. 7.
Copenhagen: Munksgaard., Op. Dom. Biol, hered, hum. Kbh.
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Albinism

Albinism is widespread throughout mammals and birds. In the fowl, auto-
somal and sex-linked forms have been recognized. In the turkey, the sex-linked

form is lethal or sub-lethal.
Retinal dystrophy

The histological studies on retinal dystrophy in the mouse, rat, and dog, with
their bearing on the nature of abiotrophy, have already been indicated.

(b)

FiG. 59.—Syringomyelia in the rabbit. Sections through the
spinal cord of rabbits with various degrees of syringomyelia.
(After Ostertag, B. (1930). Disch. Z. Nervenheilk, 116, 147.)
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MODIFICATION OF MANIFESTATIONS

Experimental genetics has shown the possibility of modifying genetically determined
anomalies, just as theoretical genetics generally has emphasized the possibility of
modifying gene effects. In the mouse, the pituitary dwarf may be made to develop
normally by daily pituitary grafts. In the bent-nose rat, vitamin D, suitably
administered, will prevent the anomaly. In the mouse with dominant spotting,
life may be prolonged by blood transfusion.
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CHAPTER 11

INHERITANCE OF MORPHOLOGICAL AND
PHYSIOLOGICAL TRAITS

J. M. TANNER

PHYSIQUE

The influence of environment

THE DIFFERENCES in bodily form seen amongst humans vary through all degrees
of detail, from the general size and shape of the individual to the curve of the
eyelid, the form of the ear lobe or the cast of the particular finger. They are, in
the main, hereditarily determined. Prolonged malnutrition during childhood,
and, perhaps especially in the case of the head and face, during intra-uterine
life, can disturb the smooth pattern of development and produce a build
somewhat different from that which the genes would have created in better times,
but the malnutrition must be severe for the effect to be at all large or lasting.
Severe malnutrition causes a general reduction in size, and a postponement of the
growth spurt of adolescence; its effects on shape and more detailed characters
are not yet certainly known.

By the same token, during adult life, the muscular and fatty aspects of physique
may in some individuals be altered by exercise and gluttony, but these effects too
are for most people quantitatively small. Despite a variety of claims, there is
little evidence that the effects of exercise on the muscles persist when the exercise

TABLE I

VARIABILITY OF ANTHROPOMETRIC MEASUREMENTS AMOMNGST OPPOSITE-SEXED MNON-IDENTICAL
Twing DUE To MEASURING ErRROR, ENVIRONMENT anD HEREDITY
From a comparison of 96 identical and 142 non-identical pairs of twins aged 3-25 wears.
(Calculated from data of Table 21 in G. Dahlberg (1926), Twin births and twins from a hereditary
point of view, Stockholm: Tidens.)

I
Sex- | Non-sex-

Measuring | Environ- | Total | controlled | controlled

Dimension error ment heredity ' heredity heredity
%o o - % ! % ™
Stature 1 8 a1 14 17
Leg length (symphysis height) 2 i 91 25 66
Arm length 2 T ) 32 g
Biacromial diameter 2 12 86 51 a5
Bi-iliac diameter 1 23 76 40 36
Head breadth 2 12 [ 86 30 i 56
Head length 1 15 85 35 i 50
Face breadth 2 9 &8 52 36
Face length 8 14 78 42 36

Bigonial diameter 3

13 84 26 38
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is stopped, and whether or not an individual grows fat in middle age depends a
good deal more on his genetically determined build than upon the amount of food
he takes. It seems that the potentiality for becoming fat depends on the genes,
which limit severely the possibilities of accomplishment in some, while permitting
dangerous licence in others.

That monozygotic or identical twins resemble each other very closely in appear-
ance is well known, and an extension of this observation is seen in Table I, taken
from Dahlberg’s data. Here the effects of heredity and environment on various
anthropometric measurements are given in terms of the percentages of total
variability observed between non-identical twins of opposite sex. The children
lived mostly in the rural districts round Stockholm, and so presumably were well
nourished. Heredity accounts for about 90 per cent of the variability of the body
length measurements, and for a trifle less of the body breadths and the head and
face dimensions. The subjects were of all ages from 3 to 25 years, and it was thus
possible to see whether or not environment accounted for an equal percentage of
variability at all ages during growth. With increasing age the environment effect
did increase a trifle, but to such a small extent that the increase was probably due
to sampling error only. Dahlberg remarks also that males and females do not show
any evidence of different plasticity to the environment; however, the actual
hereditary variation 1s slightly larger in females.

TABLE 11

CorrerATION COEFFICIENTS FOR FOUR ANTHROPOMETRIC MEASUREMENTS
BETWEENM MEMBERS OF PaIRS OF IDENTICAL Twins REARED TOGETHER
(50 pairs), REARED APART (19 pairs), MON-IDENTICAL Twins (50 pairs),
AND SBLINGS (26 pairs).
(Afrer Freeman and Holzinger. Stern (1950), Principles of Humman Genetics
in San Francisco: Freeman.)

| i
Ideniical Identical Mon-

Dimension reared reared identical Sibs
together apart
Height 0932 0-969 0-645 0-600
Weight 0917 0-886 0-631 0-584
Head breadth 0-908 0-8E0 0-654
Head length 0910 0917 0-691

Two measurements of the same person usually have a correlation of
099 for height and weight and 0-97 for head breadth and length.

A possible criticism of this study is that the identical twins were reared together
and were thus subject to the same home environment. As the effect of environ-
ment in Table 1 is measured by difference between identical pairs minus
measurement error, environment here refers to the environment within different
homes, whereas one normally uses the word to cover environmental differences
between homes as well. This is without, in the present context, extending the
term to include environments other than those commonly met in Western Europe
and America. The study by Newman, Freeman and Holzinger of nineteen identical
twins reared apart from infancy, however, shows that the similarity in height,
weight, head length and head breadth is practically the same for these as for 50
pairs of identicals reared together (Table II). These figures also lead to the
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conclusion that about 90 per cent of the variability in height and about 80 per
cent of the variability in head dimensions are due to heredity.

Inheritance of physique

About the mechanism of the inheritance of physique we know very little. This
is due partly to the difficulty of describing, or classifying, so complex a thing as
the human form, and partly to the multifactorial nature of the mechanism and
to the probably very involved relationship existing between a given gene and a
component of physique. Up to the present the only traits among the more general
aspects of build which have been studied are height (presumably as a rough
measure of general size), and alternatively weight/height* and height/+/weight
as measures of linearity of build. Probably a more rewarding approach in the
future will be to consider general size, which is adequately described by an equation
involving height and weight or simply by the DuBois formula for surface area,
followed either by the three non-orthogonal components of endomorphy, meso-
morphy and ectomorphy described by Sheldon, or the orthogonal factors of
physique—Ileptosomic, trunk length, limb length, body width and so on—
described by Burt. The factor analysis technique is capable of extension to
cover the more detailed features of the face, and the genetical analysis of dysplasias
might also be handled in this way. The inheritance of androgyny also calls for
study, with its possible bearing on the sex-controlled physique differences between
males and females (for references see Tanner, 1953).

Body form in other mammals and birds can be described in terms very similar to those
of the factors in man. In the rabbit, for example, there are factors for general size,
general linearity, and growth of particular regions (Tanner and Sawin, 1953). Each set
of factors is genetically controlled, and the genetical influences make themselves felt very
early in embryonic development. Gregory and Castle (1931) showed that a race of large
rabbits had already larger blastocysts 30 hours after fertilization than a race of small ones.
In the mouse and rat several genes affecting body size have also an effect upon coat or
eve colour through common physiological mechanisms of an unknown nature. The
number of genes concerned in the control of size and shape in these species is not known,
but it is usually thought that some exist on all or most of the chromosomes.

The most characteristic thing in man about either single anthropometric
dimensions or components or factors of physique is that they are distributed in the
adult population continuously and unimodally, and, in the case of stature and
most other skeletal measurements, in gaussian form. Measurements of breadths
and depths depart somewhat from normality in the direction of platykurtosis and
positive skewness, but the departure is not very great and seems to depend for the
most part on the distribution of the subcutaneous fat, which enters into them, being
approximately logarithmic. This distribution makes it immediately apparent
that stature, for example, depends either (i) on a single locus with many multiple
alleles, or (ii) on many loci each with two alleles, or (iii) on many loci some or all
with more than two alleles. The first alternative has been shown to be incorrect;
according to it only 4 genotypes can exist in any one sibship, and studies of large
sibships have shown that more phenotypes than this occur with differences be-
tween them which cannot be due to environment. Between alternatives (ii) and
(iii) we cannot at present distinguish, nor do we as yet know at all the number of
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genes concerned in the genesis of the various components of build, nor which
chromosomes are involved. The approximate normality of the distributions does
not necessarily mean that very large numbers of genes are concerned, since dis-
tributions not easily distinguishable from the gaussian can be brought about by
relatively few genes if some have a greater effect than others, providing no single
locus controls more than about a third of the variability. Nevertheless it seems
likely by comparison with other species that large numbers of genes are involved
at least in the general size and shape components. In Table III is shown, in

TABLE 111

INHERITANCE OF LINEARITY OF PHYSIQUE AS MEASURED BY THE RaTio
WEIGHT/HEIGHT? (GM.[cM?)
Linear (L) ratio << 2-15, Medium (M) ratio 2-15-2-56, Thickset (T) ratio
= 2-56. Condensed from tables 1 and 2 of Davenport (1923), Publ.
Carneg. fnsin., 329,

Male

Male offspring MNumber | Number  offspring Sex ratio
Type of —— of of male per of
mating, L M T matings | offspring  mating offspring
L—L 25 ] 1 27 34 1-3 1-41
L—M 14 123 46 109 183 1-7 1-21
L—T | 10 63 50 63 123 1-9 1-:35
M—M 18 117 43 92 178 1-9 119
M-—T 13 | 139 101 144 253 1-8 127
T—T 33 | 65 57 T0 155 2:2 1-18

Mumber | Female
of offspring

Female offspring | female per
. offspring | mating
L M T '
L—L 20 4 | O 27 24 09
L—M 42 88 | 21 109 151 14
L—T 24 | 41 | 26 65 91 1-4
M—M 23 81 45 o2 149 16
M—T | 24 | 119 56 | 144 199 %‘g‘

T—T 15 51 65 T0 131

condensed form, Davenport’s data for linearity of build; besides showing the
multiple factor inheritance, the figures also show that linear parents have fewer
children than thickset parents; the sex ratios in this data do not differ significantly,
though some other studies have led to a significant deficit of males in matings of
fat parents. In Fig. 60 some pedigrees are given.

Probably fewer genes are concerned in the genesis of the more detailed traits.
Danforth has shown that polydactyly in the cat, which is caused by a single
dominant gene, comes about as the result of an excess of digit-forming tissue appear-
ing on the pre-axial side of the limb bud at a third of the time through intra-
uterine life. The abnormality is not a grossly pathological or biologically unfitting
one, and it seems reasonable to suppose that most ordinary local growth patterns
are brought about in much this way, and on much this scale. If so, there is nothing
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improbable in the idea that some facial and other detailed traits in man depend
on single dominant genes, and there is some family evidence, none of it very
satisfactory, in favour of this assumption. The Hapsburg lip is the example usually
quoted; many members of the Hapsburg dynasty had a narrow, protruding lower
Jaw with a protruding lower lip, and this was apparently inherited as a single-
locus dominant. Family resemblances not infrequently depend on sharply localized

'
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Fig. 60.—Three pedigrees of inheritance of
linearity of body build, as measured by ! [H{

weight/height®. VL wvery linear, weight/
height* <180 gm/cm?, L linear 1-81-2-14,
M medium 2-15-2-56, T thickset 2-51-3-05,
VT very thickset =>3-05. (After Davenport
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features such as the shape of the tip of the nose, the position of the eyes, the form
of the epicanthal folds, the shape of the rolled-over part of the ear, the form of the
fingers and so on. Many of these may be determined chiefly or exclusively by genes
at single loci. Possibly even larger regional effects may in some cases be due to a
single loci; at least chondrodystrophic dwarfism is produced by a single dominant,
though it would be hazardous to argue about the normal situation from this.
Certain dysplasias, such as stocky muscular legs with slender fragile arms, appear
to run in families in a not too complicated way.

In the endeavour to find out whether the genes for such traits as stature are
mainly dominant or recessive in type, and whether any of them are sex-linked,
correlations and regressions between the various members of families have been
much used, despite the paucity and unsatisfactory character of the family data,
most of which was collected over 50 years ago. Karl Pearson reported correlations
of approximately 0-5 for stature, span, and elbow-to-fingertip (when due allow-
ance is made for unreliability of measurement) in father-son, father-daughter,
mother—son, mother—daughter, brother-brother, sister-sister and brother-sister
relationships. In these various relationships the correlations are approximately
the same in this data. The more recent figures of Howells on correlations between
brothers, reproduced in Table IV, show that between different groups of measure-
ments considerable and consistent differences in correlation exist. The long bone
figures are about 0-5, and so are the facial heights; all these are manifestations of
the leptosomic factor, which would presumably have the highest correlation of all.
Head dimensions have somewhat lower correlations, and shoulder and hip width
somewhat lower still. Facial breadths and ear dimensions are the lowest. The
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grouping squares very well with the factor analysis classification of physique, but
the interpretation of the relative size of the coefficients is not easy. In Table V
are given the theoretical correlations expected in multiply-determined traits under
various conditions. The approximate figure of 0-25 is taken for parent-parent
correlations, that is, as the measure of assortative mating, though it is from an

TABLE IV

CORRELATION COEFFICIENTS FOR ANTHROPOMETRIC MEASUREMENTS BETWEEN
PaIrs oF BROTHERS, BOTH ADULT

Howells (1948) Amer, J. | Bowles (1932), | Pearson and Lee
phys. Anithropol. N.S., from Howells = (1903) Biomeirika,

Dimension 6, 449* 2, 357
90-97 pairs 79 pairs 328 pairs
Sialiie: - "ol e e il 473 57 511
Sitting height - - - 393 46 B
Upper arm length 455 60 —
Length of radius - - —~ 516 — s
Elbow to fingertip - - e = 491
Span - = o — 549
Length of tihia - - - 584 — =
Biacromial diameter - = 447 22 ==
Bi-iliac diameter - E 358 —— —_
Head breadth - - - 484 -29 e
Minimal frontal diamete 474 . -
Head height - - - - 492 i
Head Irl.ngth - - - - 384 — =i
Head circumference - = 422 =50 o
Bizvgomatic diameter - 294 — ==
Bigonial diameter - - - 303 — —
Mose breadth = - - 251 — =
Face height - - - - =500 — in
Upper face height - - - 507 = e
Nose height - - - - 511 — =
Ear length - - — - 271 . -
Ear breadth - - - 216 —_ —-
Weight - - - - —_— 55 —

* A few of the igures have been correcied from the published ones (Howells, Personal communication).

old study and needs confirmation. The theoretical figures, though interesting,
make too many assumptions for them to throw much light on the correlations
of Table IV. In particular the figures given for complete dominance assume a
frequency of 50 per cent for each allele (though the number of loci is unrestricted).
The sibling correlation is reduced to about 0-3, however, if the average frequency
of the dominant alleles is 90 per cent, and elevated to nearly 0-5 if the average
frequency is 10 per cent. Howells’ low correlations for face width, nose breadth
and ear shape may mean that these features are controlled in large part by
dominant genes with some of the recessives relatively rare in the population, or
may indicate a degree of genic interaction.
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A somewhat different approach has been used by Fisher and Gray (1937) and by
Finney (1939). If x, is the father’s stature and x, the mother’s the the multiple regression
of offspring’s stature, y, can be calculated, between sibships, as

¥ = bo+ bxy + box: + byxyx.

and Fisher and Gray pointed out that the x,x, term represented the effect of dominance
In the genes concerned. If it is significantly positive, there is negative dominance, that
1s the heterozygote more nearly resembles the smaller than the larger of the homozy-
gotes ; and if it is significantly negative, the reverse is the case. In Boas’s data, which,
being on children, are not entirely satisfactory for the test, they found in stature, head
breadth and face breadth a slight tendency to negative dominance, though the significance
lay only at about the 25 per cent level.

TABLE V

THEORETICAL Fasity CorRBELATIONS EXPECTED UnpDErR Various CoNDITIONS OF GENE ACTION
AND ASSORTATIVE MATING
(Afrer Hogben (1932) J. Genet. 26, 417, and Stanton (1946) Ann. Eugen., Camb. 13, 18.)

Random mating. Assortative mating.
Parent-parent correlation Parent—parent correlation
FEro 0-25 for 3 gencrations
Relationship Heterozygote Dominance Heteroryeote
intermediate complete intermediate
Auto- Sex- Auto- Sex- Auto- Sex-
somal linked somal linked somal linked
Father-son =50 00 33 -00 -63 19
Mother-daughter =50 50 33 33 k] 66
Father-daughter =50 71 33 -58 63 -17
Mother-son 50 71 33 <58 63 17
Brother—brother 50 50 42 -50 63 i)
Sister—sister -50 35 42 29 -63 ‘51
Brother—sister i =50 75 42 67 63 33
Sib-sib =50 33 42 20

In another connexion the reverse situation, that is, positive dominance, has been
suggested by Dahlberg for the genes concerned in body size and particularly stature.
During the last hundred years there has been all over the world an increase in body size,
which is apparently still continuing. Most anthropologists think this is a true increase in
adult dimensions, but a few believe that it is entirely accounted for by the earlier matura-
tion that has certainly taken place ; these workers say that 25-vear-olds, as distinct from
20-year-olds, are no bigger now than previously. The alleged increase in size is usually
accounted for on the basis of better nutrition, and this view is probably partly, but only
partly correct. Against it are the facts that all classes of the community have increased
and that the increase has been uninterrupted despite variations in living conditions.
Dahlberg has therefore suggested that some part of it is due to the breaking up of genetic
isolates and the acquisition by the offspring of dominants for large size from parents
each of whom possessed some of them only in the ineffective homozygote (that is, AAbb
and aaBB parents produce AaBb offspring, who are therefore larger).
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Finney (1939) has pointed out that a simple test can be made for sex-linkage in
any quantitative character. If any of the genes for a character lie on the X chromo-
some, then the value of the quantity (S-D), where S is the mean for sons in a family
and D the mean for daughters, is significantly variable from family to family,
since in families with inheritance of these genes from the father one sex will receive
them with greater frequency than the other. Thus in the analysis of variance of
measurements on siblings, the sex-family interaction is significantly greater than
the within-sex-and-family mean square. Applying this test to the inheritance of
stature Finney obtained equivocal results in that Galton’s old data, which he
used, appeared to be internally inconsistent; however, Tanner (unpublished),
using the more restricted but satisfactory material published by Brues (1950)
could find no evidence for sex-linked genes controlling stature, the interaction
mean square being only very slightly more than the mean square for within sex
and family. For the ratio height/+/ weight the interaction is significant at about
the 3 per cent level, a result already obtained by Brues herself using a slightly
different method. For surface area, the measure of body size, the interaction is
larger, being significant at nearly the 1 per cent level. It is evidently by virtue of
the weight rather than the height element that the height/+/ weight ratio gives a
significant result, and it seems likely that genes for gross body size, body fat,
or breadth of the skeleton and muscles exist on the X chromosome. Brues also
found that the height/+/weight ratio was linked with the character freckling,
and since freckling and sex are not linked, the relationship is evidently through
an autosomal gene.

GROWTH PATTERNS AND MENARCHE

Differences in physique come about as the result of differences in growth rates of
various parts of the body, and it is likely that the action of many of the genes
controlling size and shape is on growth-rates either locally in the body or at a

TABLE VI

CORRELATION COEFFICIENTS BETWEEN TIME OF APPEARANCE OF EFIPHYSEAL
OssiFpication CENTRES N IDENTICAL Twmns, SipLINGS, COUSING AND
LUNRELATED CHILDREM,

(From Reynolds (1943) Amer. J. phys. Anthropol. n.s. 1, 405.)

: Correlation
Number of pairs Number of pairs | Relationship coefficient
of persons of centres for centres

(i 178 Identical twins 071

22 666 Siblings 0-28

8 256 First cousins 0-12

9 274 Unrelated — 001

particular period of time. Some act by affecting the secretions of the endocrine
glands, but probably more by their local effect. The mechanism of inheritance of
body build will probably be clarified more by the longitudinal study of the growth
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of siblings and families than by any other measure applied to the human, and it
18 encouraging that in two of the longitudinal growth studies in the United States
of America the enrolment has begun of children of parents who were themselves
members of the growth study as children. The growth curve of the human is a
complex and intricate one, but under reasonable environmental circumstances it
is followed with astonishing regularity. Reynolds, for example, has reported the
time of ossification of 38 epiphyseal centres appearing between birth and 6} years
in identical twins, siblings, cousins and unrelated children. Some of his results
are reproduced in Table VI. The agreement in time of appearance of centres is
much greater between identical twins than between siblings, and greater between
siblings than between unrelated children.

There have been practically no studies of the inheritance of growth rates in
man, partly for lack of longitudinal sibling data, and partly for lack of a useful
equation for growth in the various dimensions, whose parameters would measure
the relevant rates. One event has, however, received a good deal of attention. This
15 the time of the ménarche or beginning of menstruation. The ménarche has
been getting earlier over the last hundred years or more, and this effect is pro-
bably partly or wholly environmental, but resemblances within families have
persisted despite the general drift. Table VII lists the difference in months for
identical twins, non-identical twins, sibs and others. It should be noted, however,
that the mother—daughter difference, owing to the secular trend, is probably
greater than would be due solely to genetical causes.

TABLE VII

MEean DIFFeRENCE, IN MonTHS, 1IN TIME OF FIRST MEMSTRUATION
{From Stern (1950) after Petri.)

Number of pairs Relationship Difference, months
51 Identical twins 2:8
47 Mon-identical twins 12.0
145 Sibs 12:9
120 Mother—daughter 184
120 Unrelated women 18-6

Palmer (1934) and others have adduced some evidence that genes controlling
the rate of growth are to a considerable extent independent in action of those
controlling final size achieved. This is particularly so at adolescence where the
time of onset is quite independent of final body size. In cattle (Rollins and
colleagues, 1949) and in rabbits (see Tanner and Sawin, 1953) rate and size seem

also to be considerably independent.

LONGEVITY

Many families have the reputation of producing long-lived individuals, and the

studies of Raymond Pearl and others have made it clear that longevity in man is

indeed a hereditary characteristic. Many factors enter into the determination of a

person’s life span, and the hereditary ones are perhaps divisible into two main
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groups: resistance to infection, particularly in infancy, and resistance to metabolic
decay, in particular cardiovascular disease and cancer, in later life. In the pedigrees
investigated by Pearl, one of which is shown in Fig. 61, resistance to infection

i #2 b2 ) :
Fig. 61.—Pedigree of a family of long-lived
0 [EhE BhE) (3 [peldez people. Age at death in years, or, if living,
present age followed by letter 1. Inf (V1)
; o) signifies died in infancy. (After Pearl (1931).
K = O Hum. Biol., 3, 31.)

SHONEEEOO

probably plays as large a part as resistance to metabolic decay, since the in-
dividuals concerned lived before the days of effective chemotherapy or even
hygiene. The advent of modern medicine has made longevity more than ever a
hereditary matter, and changed somewhat its genetical basis, allowing people with
genes for resistance to metabolic decay in old age to express them even if they do
not also have genes for effective resistance to bacterial disease such as pneumonia
and meningitis.

i A-B i
355 Leng-lived persans, living Dxfferences, chschute and 135 Loang persons
ol PO years ond over refatngin mean oge at death rrean oge S5-8 yeors
Meon oges ot decth hizan oges at death

Euerooe ang oge o

=%

5 : dving Gge
R : <58 yzors

Fii. 62.—Influence of immediate ancestry upon longevity. Mean ages at death
of parents and grandparents of 365 long-lived persons, and of 136 persons few of
whom will become long-lived. (After Pearl, R. and Pearl, R. D. (1934). The
Ancestry of the Long-lived. Baltimore; Johns Hopking. University Press.)

It would hardly be expected that the genetical control of the life-span is a simple
matter, and little can be said except that it is multifactorial. Fig. 62, from Pearl,
shows the mean ages at death of parents and grandparents of 365 long-lived
persons compared to 136 living persons, few of whom will turn out to be long-
lived. The differences, given in the central block, show the parental influence
stronger than the grandparental, and neither male nor female ancestors clearly
more important. Pearl also showed that the expectation of life of the sons of
fathers who lived to be 80 years or over is greater at all ages from birth to 80
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than is the expectation for sons of fathers dying between 50 and 80. In turn this
latter group has a greater expectation of life than the sons of fathers dying before
50. The differences are considerable and highly significant statistically; at age
60 the expectation for the fathers-over-80 group is 40 per cent greater than for the
fathers—under-50 group.

Twins have also served as material for studies of longevity. Kallman and
Sander in 1948 reported that in 36 pairs of twins, all of whom lived to be over 60
and all of whom were dead at the time of inquiry, the difference in age at death

for 18 monozygotic pairs was 37 months, while for 18 dizygotic pairs it was 78
months.

TASTE THRESHOLD FOR PHENYLTHIOCARBAMIDE (P.T.C.)

In 1931 Fox discovered that crystals of a synthetic chemical, phenylthiocarbamide
or phenylthiourea, usually known as P.T.C., could be tasted by some people, but
not by others. This ability was soon shown to be hereditarily determined, and
probably dependent upon a single pair of genes. The ability appeared to be
dominant to the lack of it, a single dose of the taster gene producing apparently
the same effect as a double dose. Thus phenotypic tasters have the genotype TT
or Tt, non-tasters tt. Apart from the blood group antigens P.T.C. was the first
clear-cut case of a physiological process in man depending directly upon probably
a single gene, and it has been widely used in anthropological work and in studies
of linkage.

Further experience with the test has shown that the relation between phenotype
and genotype is not quite so clear-cut as was at first imagined, however, and it
is not invariably possible to state, from giving a subject P.T.C. to taste, whether
he has the taster gene or not. Fortunately this indecision applies to only a small
percentage of cases. The reason for it is seen in the upper graph of Fig. 63,
redrawn from Barnicot; when serial dilutions of P.T.C. in water, instead of crystals,
are given to people to taste, it is a difference in taste threshold only that is demon-
strated and not an absolute ability or inability. At concentrations of about 1,300
milligrams per litre practically everybody can taste P.T.C., but at about 40 milli-
grams per litre only those with a taster gene can do so. The distribution of taste
threshold is bimodal, and, at least in Europeans, the taster and non-taster curves
overlap slightly, and a person with a threshold of about 80 milligrams per litre
may belong to either population.

The subject has suffered somewhat from different investigators using different methods,
not equally reliable, for obtaining the taste threshold. A recent technique which has
much to recommend it consists in making up 14 solutions of P.T.C. in boiled tap water,
the first solution containing 1,300 milligrams per litre of P.T.C., the second being the
first diluted to half strength, the third the second diluted to half strength, and so on. The
subject is given a preliminary test working from the higher dilutions downwards till he
tastes a solution. He is then presented with 8 tumblers, 4 filled with the solution he tasted
and 4 with the next highest dilution. To be counted as tasting a given dilution, the
subject must classify all 8 tumblers correctly. The solutions must all be kept at the same
temperature and made up with the same water at the same time. With this technique
subjects rarely alter threshold by more than one dilution upon repeated tests.
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It has been shown that the sensitivity both of tasters and non-tasters decreases
slightly with age (as does that for vibratory sensation and acuity of vision) and
so the concentration of P.T.C. best separating the genotypes rises with age. It
about doubles for each 20 years of adult age, so that if the taste of 40 milligrams
per litre is the criterion at ages 10-19, 80 milligrams is the criterion at 2049, and

20
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Fic. 63.—P.T.C. taste thresholds in English (males aged 20-41), Africans
and Chinese. (After Barnicott (1950). Ann. Eugen., Camb., 15, 248.)

160 milligrams at 50 years and over. Women also are slightly more sensitive than

men, whether tasters or non-tasters, and so the separating criterion should be

slightly different for the sexes, but the difference is small and does not amount

to a whole step on the serial dilution scale of Fig. 63. Fig. 63 also provides some

evidence that the sensitivity may differ in different racial or geographic groups.

It looks as though the separating criterion should fall at a concentration of about
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160 milligrams per litre for Africans and perhaps Chinese aged 20-39 rather than
at the European figure of 40 milligrams per litre. However, more data are needed
before this can be regarded as established. The essential point is that in any study
using the P.T.C. solutions for determining the presence or absence of the taster
gene, not only must an adequate tasting technique such as that described above be
used, but also the criterion for separation of tasters and non-tasters must be
adapted to the population sampled.

The proportion of non-tasters seems to be about 30 per cent in Europeans and
white Americans, though there is some evidence that significant differences exist
within the European group, for example between the English and the Danes.
Amongst Africans the proportion of non-tasters is very much lower, being of the
order of 5 per cent, and amongst Chinese about 10 per cent. No difference in
proportion of non-tasters as between men and women has been found in most
English data, but there are suggestions that such may exist in some other groups.

The taster gene exists in polymorphic equilibrium with the non-taster, and it
seems that this state of affairs has persisted for some time, since amongst chimpan-
zees similar differences in taste threshold have been shown to exist. The situation
is thus somewhat similar to that of the blood group antigens. The significance of
the polymorphism is still entirely unknown, however. A considerable number of
substances chemically related to P.T.C. share the same bimodal taste threshold,
though none has yet been found which separates tasters and non-tasters as well
as P.T.C. The chemical group to which the taster gene confers sensitivity seems
to be =N-C-. Some substances with this grouping do occur in nature, but none

5
has been shown to have physiological significance for the human, at least under
ordinary circumstances. The heterozygote taster is thought to have the same taste
threshold as the homozygote taster, though no critical tests with serial dilutions
on genetically identified subjects are available. It seems likely that the sensitivity
of the taste-buds to P.T.C. and its relations must be the surface part of the ice-
berg: more interesting physiological effects of the gene probably lie beneath.

EYE COLOUR

In the early days of genetics it was believed that eye colour was determined simply
by a single pair of allelomorphs, blue eyes being recessive to brown; in fact in
1907 eye colour was hailed as the first single-pair trait to be established in the
human. This view we now know to be incorrect, though a good first approxi-
mation to the truth: eye colour is controlled by genes at at least three and at

perhaps not more than six loci.

The colour of the eve depends both on the structure of the iris and on the amount of
pigment in it. The anterior or outer epithelial layer, which is complete in the majority
of mammals, atrophies to a greater or lesser extent in some groups of men. Brues (1946)
designates the appearance of the iris as smooth, striated, eroded, cryptose, ridged or
scalloped, according to the degree of atrophy. In the smooth there is no atrophy, and
in the scalloped atrophy has gone so far that only an irregular ridge immediately around
the pupil still persists ; in a few people even this disappears. Blue eyes are said to occur

167



INHERITAMCE OF MORPHOLOGICAL AND PHYSIOLOGICAL TRAITS

in the human only when there is both lack of pigment in the stroma of the iris, and atrophy,
more or less complete, of the anterior layer. It is believed that they cannot occur in the
absence of this atrophy though it is possible that grey eyes are those with lack of stromal
pigment but a less completely atrophied anterior layer.

In other mammals however, for example rabbits, blue eyes certainly occur without
anterior layer atrophy, and result from pigment being lacking in the anterior layer and
stroma, but present in the posterior layer. Absence of pigment in the posterior layer as
well as at the other sites causes the pink albino eve. Brown eyes in man as a rule are
associated with a smooth homogeneous anterior layer, but a small number of brown-eyed
people exist in whom there is a considerable degree of atrophy. The colour of the iris
itself is seldom uniform, the general colour being interfered with by superimposed detail
colour, usually in the form of spots or small patches. Both general and detail colour
range from blue to dark brown through a series conveniently designated blue, grey,
green, yellow, tan and chocolate. Like the hair, the iris gradually becomes darker as the
individual ages, except in those with very light eyes to begin with.

All these factors make a genetical analysis of eye colour a matter of very con-
siderable difficulty. It is thought that the original human colour was dark brown,
with a smooth anterior layer, and that mutations to blue have occurred and in
some instances spread to produce the present West European population. Blue
eyes occur only in those have a double dose of the mutated gene: a single dose
probably produces some lightening of the brown eye. If both parents are blue-
eyed, the children are as a rule also blue-eyed, but a few may be grey-eyed, and in
Winge's data 12 out of 644 children of such parents were brown-eyed. It 1s not
clear, however, whether any cases of brown-eyed children coming from blue-eyed
parents exist which cannot be explained by errors in recording, disease of the eye,
or illegitimacy.

There are differences seen amongst brown eyes however, which are not accounted
for by homozygosity or heterozygosity at this locus. At least one other autosomal
locus is concerned, perhaps with a multiple allelic series. There is thirdly a gene
situated on the unpaired portion of the X chromosome whose usual form in single
or double dose makes for a dark eye. In most Western European countries there
are more brown-eyed women than brown-eyed men due to the presence of this
gene. There may be another locus controlling the rather rare advent of dark
brown eyes with nearly completely eroded anterior layers; these do not occur in
the families with brown eyes and homogeneous anterior layers, but more often in
families of predominantly light-eyed individuals. Lastly some authors believe that

the yellow pigment often seen in the eye is not a member of the brown pigmentation
series at all, but due to the action of another, separate, pair or series of genes.

SKIN COLOUR

Multifactor inheritance, so characteristic of most normal traits in man, was first
described in human genetics in relation to skin colour. This was in 1910
and 1913 by Gertrude and Charles Davenport, who studied Negro-white crosses
in the West Indies. They divided the amount of pigmentation into five classes,
using a colour-matching scale; nowadays spectrophotometric reflectance curves
from various parts of the body would be used (see Hooton, 1946),

actual pigment concentrations from biopsied material. The colour difference
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between Negroes and whites is mainly or wholly due to differences in melanin
concentration in and between the cells of the stratum corneum, stratum granulosum
and stratum germinativum. Though exposure to sunlight causes an increase in
melanin concentration, this lasts only so long as the exposure is maintained, and

the differences in skin pigmentation ordinarily observed are due to hereditary
causes,

TABLE VIII

SKIN PIGMENTATION OF FIRST AND SECOND GENERATION
MEGRO-WHITE HYBRIDS
(From Stern (19500, after Davenport)

Colour class
0 1 2 3 4
.‘Childrﬂn ;'t:-:.r‘icgm—whﬁc _II{E’_-flJ_c‘mﬂ_% A 0 2 22 -5 0
{first generation hybrids)
Elﬁdren of ;&r:i:_tgcs between first G 5 II

generation hybrids

In Table VIII are shown the distribution of colour classes for first and second
generation Negro-white hybrids. The original parent classes were 0 and 4. To
explain these results the Davenports invoked two independent loci, each repre-
sented by two alleles, with the alleles having each a uniformly cumulative effect.
It is probable however that the distribution of skin colour is more continuous
than such a hypothesis would allow for, and that more than two loci are concerned,
with more than two alleles at some or all of them.

HAIR

Colour :

The colour of the hair depends mainly on the amount of pigment present but
also partly on the structure of the hair. The hair shaft consists of a thin un-
pigmented outer cuticle made of overlapping scales, a cortex of cells in which
both granular melanin and some diffuse non-granular pigment are found, and a
medulla of loosely packed pigmented cells interspersed with air spaces. There
appear to be two distinct series of pigments present. The first, melanin, occurs to
some extent in everybody except albinos, and is responsible for all the white-
black series of colours from light blond to jet-black, the colour varying chiefly
with the concentration of the pigment. The amount of melanin present is a
hereditary trait, probably depending on a multiple allelomorphic series on one
of the autosomes, with perhaps other complicating factors as yet unknown. This
allelomorphic series is presumably the same as that determining the brownness
of the eyes, and controls pigmentation throughout the body, including the skin.
Evidently a double dose of the gene for lack of eye pigment (that is for blue eyes)
can overcome locally the effects of this pigmenting gene, since some groups of
people, notably in Ireland and northern Scotland, have dark hair and skin with
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blue eyes, and Gates has described a family of Singhalese in some of whose
members the eyes were blue, but whose hair and skin were pigmented as usual.

The second pigment present in some but probably not all people is a red one,
which is chemically different from melanin and inherited independently. Its pre-
sence is believed to be governed, at least in the main, by a single pair of genes,
which Penrose has shown to be located on the same chromosome as the ABO
blood group locus, the cross-over value between the two being about 9 per cent.
People with bright red hair have a double dose of this gene, and very probably
those with reddish-brown hair and freckles represent the heterozygotes. Possibly
a small percentage of heterozygotes approach the homozygote in phenotype.
Redheads are present in West European populations to the extent of 2-3 per cent,
and to the extent of about | per cent in southern European countries, and occur
occasionally, it seems, amongst all peoples; they have been described in Eskimos,
Japanese, African Negroes, and the natives of New Guinea. Red hair in Europeans
occurs equally in both sexes and quite independently of eye colour.

There are difficulties in ascertainment of hair colour just as there are of eye colour. The
hair darkens with age up to about 40 years, and it is not clear to what extent the presence
of the red pigment can be masked by strong concentrations of melanin. The reddish
tinge 15 often seen in the beard, axillary hair or pubic hair when the head hair does not show
it. Studies of hair colour are usually carried out nowadays using the reflectance curve of a
sample of hair placed in a spectrophotometer, but excellent colour standards also exist,
manufactured by makers of hair dyes.

Hair form

The form of the head hair, which probably depends on its protein structure, is
also a hereditary characteristic, though one not easily quantified. Between the
extremes of completely straight hair and the short hair that grows in tightly coiled
spirals and has been called ** woolly ™ or * peppercorn ”’, there appears to be a
continuous range, designated roughly by straight, wavy, curly, and woolly. The
definitive hair form may not be established till maturity and may, of course, be
masked by such procedures as permanent waving. Its inheritance seems probably
to depend on a series of multiple alleles, with straight hair recessive to the others.
Matings of straight < straight produce nearly all straight-haired children, with
an occasional wavy or curly; straight = curly and straight x wavy produce
about equal numbers of straight and of curly or wavy respectively; and wavy x
curly produces a mixture of straight, wavy and curly. Woolly hair seems to re-
present a fourth gene at the same locus, with effects which predominate over the
other three. There are considerable numbers of European pedigrees in which
closely curled woolly hair appeared, it seems spontaneously, in a family, and in
these instances it is inherited as a simple dominant over both the straight and
wavy characters. It is uncertain whether this form of woolly hair is identical
with that often seen in Negroes.

Hair weight

Hair weight, that is, the difference between fine and coarse hair, is said to be
inherited, but has been insufficiently studied for any mode of inheritance to be
suggested.
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Mid-digital hair

It was shown by Danforth in 1921 that the presence or absence of hair on the
dorsum of the middle phalanges of the fingers was an inherited trait, and he
suggested that absence of hair at this site was recessive to its presence. This too is
in reality a quantitative character, the number of hair follicles present varying from
person to person, and also the absence or presence varying from one finger to
another. It was suggested by Bernstein and Burks in 1942 that the trait depends
on a multiple allele series with perhaps five members producing quantitatively
increaair}g effects, and the data published since that time do not contradict this
assumption.

Occipital hair whorl

The hair whorl in the occipital region may turn clockwise or counterclockwise,
and Bernstein in 1925 suggested this was a hereditary character dependent on a
single pair of genes with that causing a clockwise turn recessive to that causing
a counter-clockwise. About 70 per cent of people have counter-clockwise whorls,
23 per cent clockwise and 5 per cent double whorls, which may go both the same
way or, more frequently, different ways. Rife in 1933 found that in identical twins
the whorls did not invariably go the same way, suggesting either an environmental
effect, or, more probably, mirror imaging. Later studies have not shown Bern-
stein’s hypothesis to be necessarily wrong, but there are probably further com-
plicating factors concerned. Kloepfer’s (1946) data, for example, give for
counter-clockwise  counter-clockwise parents 838 counter-clockwise but also
12 clockwise offspring, and for the other two matings combined approximately
equal numbers of clockwise and counter-clockwise. Burks in 1938 provided
evidence that the main locus for occipital hair whorl was on the same chromosome
as that for absence of third molar teeth; but since both characters may be some-
what complicated genetically, this observation needs to be confirmed and clarified.

Frontal hair-stream direction

Hair-streams in other parts of the body have been considerably studied by
anatomists and others, and Kiil (1948) has suggested that the direction of the short
downy hairs, or vellus, on the forehead, is genetically determined in a fairly simple
manner. There are two main streams on the forehead, one originating at the
crown of the head, the other at the root of the nose. Kiil designates as Type 1
streams which go downwards between the hairline of the head hair and the
eyebrows, as Type 1I streams some parts of which go up and some down, and as
Type 111 streams which go up. Analysis of family material suggests that at least
3 multiple alleles are concerned, with dominance in the order Type III, Type II,
Type 1. In addition there may be modifying factors, and some dependence on
embryonic environment. The hair-streams probably result from differential
stimulation of growth areas at the corona and the glabella at a particular time in

embryonic life.

Baldness
Elsewhere (page 48), it has been shown that baldness is a hereditary, partially
sex-controlled affection. Harris (1946-47) believes that this inheritance only holds
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good for the baldness which develops before the age of 40 (called premature
baldness), later-developing baldness being supposedly due to other causes. This
opinion is based on the single-locus hypothesis fitting well a series of family data
on the assumption of a male population incidence of baldness of about 10-15
per cent, in which range the premature baldness figure lies, but not fitting the data
supposing the incidence to be of the order of 30-40 per cent, which seems to
represent the figure for baldness incidence at all ages. If Harris is right then about
18 per cent of the population, assuming random mating, are heterozygous for the
premature baldness gene; but if in reality only one sort of baldness, inherited
similarly, exists, somewhere nearer 30 per cent of people are heterozygous.

OTHER TRAITS

Tongue curling

In 1940 Sturtevant pointed out that the ability to curl up the lateral edges of the
tongue to make a tube is hereditarily determined. About 65 per cent of people
seem able to do this; some others can curl the tongue slightly, and some practically
not at all. On the first test the variation appears to be purely or mainly genetic,
but there are reports that non-curling sibs of curlers can produce a fair imitation
of a curl after a certain amount of practise in front of a mirror. Kloepfer has
reported combined figures from Sturtevant’s data and his own, and these are
reproduced in Table IX. The mode of inheritance is not clear, except that the
ability does not seem to depend on a single pair of genes with simple dominance.

TABLE [X

DISTRIBUTION OF TONGUE-CURLING IN OFFSPRING ACCORDING TO
PareEnTAL MATING
(From Kloepfer, 1946)

Offspring
Parents - —
Curler MNon-curler Total
Curler % curler - - 43 g 52
Curler = non-curler 53 30 83
MNon-curler * non-curler 3 22 25
Totals - - 99 61 160

Handedness

Handedness 1s probably in the main a hereditary character; that is to say,
heredity determines some neurological difference which predisposes the individual
to use preferentially his left or right hand. Despite a considerable volume of
work on this subject, however, the nature of the neurological difference is not yet
understood. Handedness is certainly a graded character, not an absolute one;
there are a considerable number of people who are ambidextrous in the sense
that they show no striking preference for one hand or the other; indeed, when a
test is given allowing complete quantitation of ** handedness " the scores are
distributed quite unimodally, with no indication of a break between left-handers
and right-handers at all. Hand preference is one of the results of the dominance
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of one cerebral hemisphere over the other, and preference for use of the right or
left eye and the right or left foot comes from the same source. There are many
individuals in whom the preferences are mixed, however; a person may be right-
eyed, left-handed and right-footed. In these circumstances it is not surprising
that the genetics of handedness is confused, and likely to remain so until its
physiological basis is better understood.

Finger and palm patterns

The patterns of the papillary ridges on the fingers and palm are genetically
determined, and indeed used as one of the prime indications of monozygosity
in twins. The mode of their inheritance is not clear, however, beyond the fact
of being multifactorial. The finger patterns are classified in whorls, loops, and
arches, but intermediate forms are numerous, and it appears that the patterns
depend on genes controlling skin thickness and the general shape and structure
of the hand as well as on genes concerned with the growth of the ridges themselves.

Electroencephalographic pattern

Under standard conditions of rest and relaxation individuals have a characteristic
electroencephalographic pattern which does not vary much from day to day.
Studies on monozygotic and dizygotic twins by Lennox, Gibbs and Gibbs (1945)
provide evidence that a great deal of the E.E.G. differences between individuals
are hereditarily determined, though not in a simple way. They compare the
E.E.G. record to the facial features in complexity. Using apparent identity
of E.E.G. record as a test of monozygosity, they were able to pick out the two
sorts of twins with only 4 per cent wrong and 11 per cent doubtful in 55 monozygous
pairs and 5 per cent wrong and none doubtful in dizygous pairs.

Superficial veins of mammary region

The pattern of the superficial veins draining the mammary region of the chest
can be visualized by infra-red photography, and appears to fall into one of two
distinct classes, transverse or longitudinal. In the former the veins travel across
the chest and drain into the axillary region, and in the latter they travel upwards
along the chest and drain into the clavicular area. Spuhler (1951) has reported
that in American Indians (Ramah Navahos) about 70 per cent have the transverse
pattern, and quotes a corresponding figure of about 90 per cent for American
whites. There seems to be no sex difference in incidence. Spuhler’s figures agree
with the hypothesis that the pattern is controlled by a single autosomal pair of
genes with full penetrance, the transverse pattern being given by the heterozygote
as well as by one of the homozygotes. In the same paper Spuhler discusses the
less well-defined inheritance of the peroneus tertius muscle and the number of
vallate papillae on the tongue.

Tests of physiological function

There have been very few studies on the genetics of physiological function in
the human, despite the obvious importance they would have in elucidating
differences in morphology and behaviour. Jost and Sontag (1944) have reported
a study from the Fels Research Institute in which heart rate, respiration rate,
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pulse pressure, palmar skin resistance standing and lying, 5-minute salivary output
and persistence of a skin flush following a standard slow stroke over the biceps
were measured. The subjects were children aged 6-12 years, and included some
pairs of identical twins. The tests were done under standardized conditions
of rest, in the morning at least one hour after breakfast. In each of the measure-
ments the average difference between pairs of twins was lower than that between
siblings, which in turn was lower than the difference between unrelated children
paired at random. The difference recorded for twins is significantly less than
that for sibs in the case of persistence of skin flush, standing palmar skin resistance
and pulse pressure, and significantly less than that for unrelated children for
these and also for respiration rate.

Blood pressure and heart rate were also studied in twins by Malkova
cited in Stern, 1950). Concordance, as defined by similarity in measurements,
was present for blood pressure in 63 per cent of 62 monozygotic and in 36 per
cent of 84 dizygotic twins. For heart rate, the percentages were 56 per cent and
34 per cent. Evidently many physiological functions are to a considerable degree
genetically controlled, and this field, so far ignored by professional physiologists,
lies wide open for cultivation. A lead in this direction has recently been given
by Fuller's (1951) work on dogs.
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CHAPTER 12
METABOLIC DISORDERS
D. KLEN
DISTURBANCES OF PROTEIN METABOLISM
DISORDERS OF THE INTERMEDIARY METABOLISM OF AROMATIC AMING ACIDS

Alkaptonuria

ALKAPTONURIA 15 a congenital disorder of the intermediary protein metabolism, in
particular of phenylalanine and tyrosine. The transformation of these two
aromatic amino acids is interrupted at the stage of homogentisic acid (Fig. 64).
The incapacity of these intermediates to undergo further changes is probably due
to an enzymatic defect. The homogentisic acid is eliminated in the urine where it
may be detected either by a darkening of the urine when exposed to air or by the
addition of alkali.

Clinical aspects.—The condition is recognized very early in life by darkening of
the urine on standing and black-brown colouring of the urine stains on napkins after
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FiG. 64.—Phenylalanine-tyrosine metabolism in man. (Based on Haldane J. B. 8. (1941).
New Paths in Genetics, London; Allen and Umwin.)
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washing with soap. There is a greenish-brown coloration of the sebum secretion,
primarily in the axilla, and of the cerumen. The cartilage of the nose and ears
may show a brownish-blue pigmentation (echronosis). Blue spots may also appear
on the sclera, the conjunctiva, the cheeks, the gums, and even, at times, on the
nails and the thenar and hypothenar eminences. Anatomically, ochronosis has
been observed in the trachea, the vascular intima and the endocardium.

More serious complications—degenerative osteoarthritic lesions—may develop
at about the age of 40 years. These primarily affect the vertebral column and the
large joints, owing to the deposition of homogentisic acid in the articular cartilage
(arthrotropic substance) and lead to diffuse rheumatic-like troubles.

The clinical diagnosis is based on the reducing properties of alkapton (homo-
gentisic acid). The urine reduces Fehling’s and Benedict's solutions, but gives
negative results with Nylander reagent, the fermentation test and the polariscope,
thus distinguishing it from diabetes. Pseudo-positive Wassermann reactions
may be present.

Heredity —Alkaptonuria was the first example of mendelian heredity demon-
strated in man. In 1902, Sir Archibald Garrod recognized the familial occurrence
of this disease, the high frequency of consanguineous marriages among the parents;
he interpreted these phenomena as the expression of a recessive mode of trans-
mission. Alkaptonuria also formed the basis for Garrod’s conception of
* inborn metabolic errors 7, under which term he later also included cystinuria,
albinism, porphyrinuria and pentosuria. To explain the altered metabolism in
these diseases, Garrod put forward the hypothesis of the absence of an enzyme,
determining the * failure of some step or other in the series of chemical changes
which constitute metabolism . Alkaptonuria is the most striking example of the
limited action of a gene on one metabolic reaction.

Garrod’s hypothesis of a single recessive mendelian factor was subsequently
proved by Hogben, Worrall and Zieve (1931). They collected 45 families with
63 cases of alkaptonuria in the literature of which 13 sibships were the offspring
of consanguineous marriages (43 per cent).

Garrod had called attention to the fact that alkaptonuria is more common in
males than in females—a fact confirmed by Hogben, Worrall and Zieve (1931/32),
who found a males excess of 2 to 1. They suggested that routine medical examina-
tion is more frequent in men (as for purposes of life insurance) and the condition

‘ IJ_'I r’ (5 ‘ ‘ & Fig. 65.—Pedigree of alkaptoneria in a Santo
Domingo family. (After Pieter, H. (1925).
Pr. méd., 23, 1310.)
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is therefore more often discovered in them. It is, however, just as likely that the
male excess is an example of sex-limitation in genetically determined affections.

The literature contains 5 cases of alkaptonuria with dominant transmission:
Marshall (1887), followed up by Futcher (1898) and Osler (1902); Orsi (1899);
Fromherz (1908); Umber (1914): Pieter (1925), of which one, that of Pieter, is
beyond doubt, since the transmission covers 4 generations (Fig. 65). The pedigree
of a large family with many consanguineous marriages and with 15 cases of alkapto-
nuria, recorded by Hall, Rawls and Child (1950), as an example of recessive
inheritance, i$ better explained on the assumption of dominance. On rearranging
the pedigree, the dominant transmission with three affected sibships of non-
consanguineous parents, one of whom was likewise affected, becomes more
evident.

The frequency of the anomaly has been estimated by Hogben and his colleagues
as being 1:10°-10°.

Phenylketonuria (phenylpyruvic oligophrenia)

Clinical aspects.—First described by Filling in 1934, this metabolic disorder
consists in a failure of the transformation of phenylalanine into tyrosine (see
Fig. 64), probably due to an enzymatic deficiency. The disturbance is present
from birth and is characterized by the elimination of phenylpyruvic acid, a
substance which 1s never found in the urine of normal individuals. The ferric
chloride test for phenylpyruvic acid (addition of a few drops of a 5 per cent
solution to the previously acidified urine) produces a deep green colour.

There exists a close biochemical relationship with alkaptonuria, since both
derive from a disorder of the aromatic amino acids (see Fig. 64). However,
unlike alkaptonuria, in which there are no psychic or neurological repercussions,
those affected by phenylketonuria always show mental retardation and definite
neurological, pigmentary and constitutional peculiarities.

In about 60 per cent of cases, the mental level is that of idiocy; some 30 per cent
are imbeciles, while the rest attain a somewhat higher mental grade. Epileptiform
seizures are frequent.

Neurologically, one frequently finds hyperkinesias and synkinesias and other
extrapyramidal signs manifesting themselves by a pithecoid attitude, muscular
rigidity (rigid walk with propulsion—cog-wheel phenomenon), hyper-reflexia,
choreo-athetotic movements of the fingers and other digital mannerisms (Fig. 66a).
In general, blond, blue-eyed individuals predominate among the patients. The
skin shows a tendency to hyperidrosis and is, in addition, very sensitive to exposure
to the sun’s rays, which easily provoke an intense erythema. Eczematous
affections are frequent.

Pathogenesis.—The relationship between phenylketonuria and the psycho-
neurological syndrome is obscure. On the basis of encephalographic examinations
Jervis (1937) assumed a frontal lobe atrophy, and suggested that the extra-
pyramidal signs of these patients represent a functional predominance of the
extrapyramidal system resulting from an insufficiency of the regulatory effect of
the cortex.

Of the three anatomical examinations recorded, two, those of Penrose and of
Coquet and his colleagues, did not reveal any specific pathological alterations,
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FiG. 66¢.—Phenylpyruvic idiocy with dwarfism in a 20-year-old patient. The parents were
consanguineous and Swiss gypsies. (1) Mother and 2 deaf mute brothers; (2) the patient at
the age of 20 years showing infantilism (height 4 feet 3 inches); (3) typical pithecoid attitude;
(4-6) different phases of hyperkinetic movements of the fingers; (7-9) different phases of

rhythmic hyperkinesia of the hands and body. (After Klein, D. (1946). Mschr. Psychiat. Neurol,
111, 275.)
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but the third, that of Klein (1946) and Sander (1951), showed well-marked patho-
logical changes, which could be correlated with the clinical picture (Fig. 664).
Macroscopically, there was a hemiatrophy of the left hemisphere. The main
lesions were found in the left extrapyramidal centres (lentiform nucleus, sub-
thalamic nucleus, substantia nigra, red nucleus, dentate nucleus) consisting of
diffusely scattered perivascular areas presenting a flaky structure (particularly
stained by Spielmeyer’s myelin sheath stain) and vascular alterations resembling
an état criblé. The marked idiocy of this patient could not be sufficiently explained
by the morphological modifications of the brain and were probably secondary to

b (i)
216G, —Post-mortem examination of the preceding case by G. Sander (1951) at
H‘i?m?'f-siisur Minkowski's Institute. (By couwrtesy of Professor Minkowski.) (i) Putamen
(Spiclmever’s myelin sheath stain; magnified 33 and 86 times respectively). Dilated
perivascular spaces of Virchow-Robin, around which are diffusely scattered areas,
particularly stained and presenting a flaky structure. (i) Thalamus opticus (Van Gieson
stain; magnified 27 and 81 times respectively). Flaky areas around one vessel.
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the metabolic disturbances. The dwarfism in this case was apparently related to
the severe hypophyseal lesions that were present.

Heredity—The high frequency of familial cases and of consanguineous marriages
among the parents of the patients (5 per cent, Jervis (1939); 14 per cent, Folling,
Mohr and Rund (1944); 10 per cent, Munro (1947)) suggests simple recessive
inheritance (Fig. 66¢). (There is the exception of two families quoted by Jervis
(1937) in which the mother was also affected.) Simple recessive inheritance is
borne out by Munro’s statistical analysis, based on 46 families with 85 cases
among 261 sibs, which showed an incidence of 257 per cent affected. The pro-
portion of phenylketonurics among feeble-minded patients in different countries
is now less than 1 per cent. The frequency of this disease in the population as a
whole is estimated to be about 1:25,000 for the United Kingdom -(Munro,1947)
and for the United States of America (Jervis, 1937).

Tyrosinosis

In 1932, Medes described a new anomaly of tyrosine metabolism, tyrosinosis.
A patient aged 49 years, who clinically presented a myasthenia gravis, had a
daily urinary elimination of 1-6 grammes of p-hydroxyphenylpyruvic acid, a
reducing, non-glucidic substance. The family history of the patient was negative.
It is probable that the heredity of this affection is recessive. The disease must be
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Fig. 66c.—Pedigree of a case of phenylpyruvic idiocy with dwarfism in a Swiss gipsy
family. Parental consanguinity, (After Klein, D. (1946). Mschr. Psychiat. Newrol.,
111, 273.)

180



DISTURBANCES OF PROTEIN METABOLISM

extremely rare since 26,000 reducing urines did not reveal a second case (Blather-
wick). Tyrosinosis is determined by the failure of the oxidation of p-hydroxy-
phenylpyruvic acid, a normal intermediary product of tyrosine metabolism,
probably due to an enzymatic defect.

Albinism

Clinical aspects.—Generalized albinism is characterized by an absence of pigment,
especially in the skin, hair and eyes. Diminution of vision is not due merely to
the dazzling resulting from the absence of ocular pigment, but mainly to hypoplasia
or aplasia of the fovea centralis.

According to Bloch and others, melanin is formed in the basal layers of the
epidermis. These cells, called melanoblasts, contain an oxydizing enzyme,
dopa-oxydase, which transforms the uncoloured chromogene (a substance very
close to tyrosine and dioxyphenalalanine, ** dopa ™) into melanin. The process of
pigmentation begins during the last months of embryonic life, when the first
pigment granules appear, and finishes after birth. Embryologically, the melano-
blasts are derived from the neural crest.

Generalized albinism is assumed to be due to the absence of a principal chromo-
genic factor (conditional factor C), resulting in a complete inhibition of the process of
pigmentation. Partial albinism is said to be brought about by a functional
insufficiency of the oxydizing enzyme, and is traceable to a deficiency of other
pigmentary factors (factors of distribution, of intensity, and so on (Cuénot)). It is
supposed that these factors determine the degree of production of this enzyme
and its mode of action on the chromogene.

Associated anomalies.—Albinism, both generalized and partial, is often com-
bined with other anomalies—in particular with deaf-mutism, oligophrenia, epilepsy,
and polydactyly.

Albinism complicated by labyrinthine deafness is a well-known occurrence
among animals (Sichel, Darwin and others). Albinism of the fur and deafness
are often found in conjunction with a blue iris (observed primarily in cats and
dogs) owing to the absence of pigment in the stroma of the iris. Ruth Bamber’s
extensive study of the relationship between the pigmentation of the fur, the stroma
of the iris and the hearing capacity showed them to be closely related and due to a
single causal factor.

In human pathology, this triad is extremely rare (Hammerschlag, Van Gilse).
An unusual case showing this clinical complex, and in addition many other con-
genital malformations, is illustrated in Figs. 67 a-e. This polymorphic syndrome
involving ectodermal and mesodermal organs illustrates that in human pathology
anomalies of pigmentation may indicate severe morphological disorders (see also
Fig. 52).

%fe.-'edfr_}:.—There exist in the literature at least 700 pedigrees and almost all
furnish proof that generalized albinism is transmitted as a recessive trait (Fig. 68).
The frequency of this anomaly in the population is estimated at 1: 10,000-20,000.
The highest incidence has been found among the San Blas Indians of Panama
(7:1,000; Harris, 1926).

The recessive nature of albinism is confirmed by the great frequency of consan-
guinity, estimated as high as 20-30 per cent. There are several recorded instances
of monozygotic twins, both presenting the affection (Fig. 69).
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Fig. 67.—Partial albinism with multiple defects
in a girl aged 10 years. (a) General view
showing the following anomalies: partial
albinism with blue irides and deaf mutism;
blepharophimosis, widening of the root of
nose and hypertrichosis of the evebrows;
deformity of the skull (absence of the naso-
frontal angle and retrognathia); amyoplasia and
rigidity of the joints of the upper limbs (the
right is fixed in a flexed position and the left in
an extended position); and webbed axillary
folds and syndactyly of the fingers. (5) Peculiar
facial expression resulting from the blepharo-
phimosis (operated on), primitively formed
nose with widening of the root and brownish
circle around the mouth. MNote the hyper-
trichosis of the evebrows converging at the
bridge of the nose. (c) Bird-like form of the
skull owing to absence of the naso-frontal
angle and retrognathia. () Depigmentation
of the skin above the lumber region. Reddish
triangle of hair in the occipital region.
(¢) Faulty implantation of the teeth, the
superior incisors being in two rows; ogival
palate. (After Klein, D. ({950). Helv. paediar. k
acta, 3, 38.)
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In albinism limited to the eye (ocular albinism) as in generalized albinism, there
is hypoplasia of the macula; nystagmus is always present. This variety is trans-
mitted as a sex-linked recessive (Vogt).

In partial albinism or * leucism " (Fig. 67), there are usually depigmented
spots on the forehead, the nape of the neck and near the linea alba. At times,
leucism is manifested only by a white lock of hair. The inheritance of this anomaly
follows the dominant rules.
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Fic. 68.—Generalized albinism. Manifestation of recessive albinism in two SUCCesSive
generations [ pseudo-dominance ) as a result of backcross. (After Francescheiri, A
and Klein, D. (1948). Lehrbuch d. Augenheilkunde, p. 76. Basel; Karger.)

Cystine diathesis (cystinuria)

Clinical aspects.—Cystine, and its higher forms (cysteine, homocysteine,
methionine), are sulphur-containing amino acids. Cystine is found in many
proteins, particularly in the keratines, serum albumin and insulin. Cystine and
cysteine play an important role in the cellular oxidation-reduction processes.

In cystinuria, cystine is eliminated in the urine as a crystallized sediment, in a
characteristic hexagonal form, instead of being metabolized to sulphates, sulphonic
ethers and neutral sulphur. In addition, cystinuria may be accompanied by the
elimination of other, non-sulphurous amino acids (lysine, arginine, ornithine) and
of diamines (cadaverine, putrescine).

Since the ingestion of cystine does not increase the amount of this substance in
the urine of a cystinuric, whereas the amount does increase after the administration
of cysteine and methionine, the pathological factor must be sought at an earlier
stage of metabolism and, in particular, at that of the transformation of methionine
or cysteine.

Cystine diathesis shows great clinical variability. (1) Cystinuria in the adult may
pass unnoticed or may result in the formation of urinary calculi. It is this form
of cystine lithiasis which often necessitates a surgical intervention that was described
by Wollaston in 1810.

(2) In the child, this affection is usually serious. It appears in the form of renal
rickets with inhibition of growth (Fig. 70), signs of bone dystrophy, and
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degenerative renal lesions (tubular nephrosis, glomerulo-nephritis and J-.I'ITE.TS:liIi:ll
nephrosclerosis). Finally. the excess of cystine together with the renal inqu‘fﬁClﬁﬂC}'
lead to the retention of cystine in the form of crystalline deposits in the internal
organs, primarily the reticulo-endothelial system. The general coﬂdil‘iﬂn of these
children deteriorates progressively and they finally succumb to uraemia.
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Fii. 69.—Generalized albinism mm mono- Fic. 70.—Cystine storage disease with dwarfism
zygotic twins. (Rife, D. C., Schoenfeld, in a 4-year-old girl (at the right, a normal
M. D, and Hunsread, M. (1946). J. Hered., girl of the same age). (Case published by
a7 1) Fanconi, G. (1%435). Helv. paediar. acra, 1, 183.

Fig. 9. Waser, P. (1945), _H:'fr. paediar. acra,
1, 206.) (By cowrtesy of Professor Fanconi.)

It is likely that the disease of Fanconi-Debré-de Toni (dwarfing of stature with
renal rickets, hypophosphataemia, albuminuria, aminoaciduria and glycosuria),
appearing in young infants, i1s not an autonomous affection, but a syndrome
related to a serious cystine diathesis.

Laboratory examinations frequently fail to reveal cystine crystals in the urine,
though they may be found in the conjunctiva, the cornea, the iris, and the vitreous
body by means of the slit-lamp, or in the bone marrow by sternal puncture.

Heredity—Dominant inheritance has been recorded by Abderhalden and
Kaufmann (Fig. 71): by Hottinger (irregular dominance); by Cohn and by van
Creveld. A recessive one, with a high frequency of familial cases is shown in
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115 familial cases among 200 cases in the literature (Renander, 1941) and parental
consanguinity was noted in some (Thin and Robson, Pache, Schleicher and
Ostertag, Fanconi, de Toni). The observations of Abderhalden and Kaufmann
(Fig. 71} and Hottinger and of Roulet are important in that they demonstrate
the relationship between a grave cystine storage disease in one generation and a
slight cystinuria in the preceding generation. These two forms occurring in the
same family prove to be phenotypic variations of the same fundamental process.

(Afier Abderhalden, E., and Kawfmann, E. (1903).

FiG. 71.—Pedigree of cystine disease in childhood. ‘ ‘ a .ﬁ é
Z. phys. Chem., 38, 557.) i I -
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The genotypic determination of cystine disease is also demonstrated by its
concordant manifestation in identical twins (Kretschmer, 1916; Schleicher and
Ostertag, 1935). The case of Schleicher and Ostertag is of further interest because
of the coexistence of the condition with optic atrophy, which was concordantly
present in the twins as well as in their father; in this family other defects (epilepsy,
psychopathy, suicide, diabetes) were frequent. The combination of cystinuria
and retinitis pigmentosa was reported by Brooks, Heasman and Lovell (1949),
and by Linder, Bull and Grayce (1949) in a case of Fanconi syndrome. Cystinuria
in 2 sisters was described by Frankenthal (1936), one of the sisters being also
affected by macular degeneration. In the case of Umber (1914), both parents and
relatives of the mother had diabetes.

The high incidence of affected sibs in certain families (as in Ullrich’s observation,
7 affected sibs in a family of 8) suggests the possibility of a dominant mode of
inheritance. This hypothesis of an irregular dominance in certain cases could be
corroborated by a more rigorous application of biochemical tests among the
relatives of the patients, which might eventually disclose a latent cystinuria among
parents and other members of the family. Thus, the frequency of cystinuria in
the general population, formerly estimated at about 1: 15,000-35,000 individuals,
was raised to 1: 585 (Lewis, 1932) and to 1: 380 (Patch, 1934) when finer tests were
used in more than 10,000 individuals in each of these investigations.

It would appear that the gene is very variable in its penetrance and its expressivity,
It may have dystrophic repercussions, particularly on the growth of the skeletal
system, according to the stage of development at which the factor intervenes and
its intensity and quality.
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Amyloidosis

Generally, deposits of amyloid are the consequence of a chronic, suppurative
infection (osteomyelitis, chronic tuberculosis, bronchiectasis, syphilis, malaria,
Hodgkin's disease, and so on).

Primary generalized amyloidosis (atypical amyloidosis, Lubarsch-Pick) is a
disturbance of protein metabolism characterized by deposits of a pathological
albuminoid in the vascular walls and the pericapillary tissues of different organs:
liver, spleen, kidneys, adrenal, intestine, testicle and, at times, the tongue (macro-
glossia) and the skin (scleroderma, amyloid tumours). An amyloidosis, which
affects only the skin, has also been described (Miescher, 1945; Bizzozero and
Midana, 1950; and others). Clinically, amyloidosis manifests itself by hepato-
splenomegaly and albuminuria. The property of amyloid to absorb congo red,
leading to its rapid disappearance from the circulation after an intravenous
injection, is used as a clinical test (Bennhold’s test). Anatomically, one notes an
infiltration into the different organs, in particular the liver, spleen and kidneys,
by a vitreous, translucid substance which is coloured brown by iodine solutions.

Heredity.—Dominant inheritance is suggested by the family described by
Ostertag (1950): a sister and two brothers died of atypical amyloidosis at the ages
of 36, 35 and 39 years respectively (see Fig. 72; 11I/4, 5 and 6). The daughter of
one of the brothers (IV/1), as well as their mother (11/4), died at the ages of 18 and
43 years respectively, after having presented similar clinical symptoms.

I
m FiG. 72.—Pedigree of familial amyloidosis.
T35y t35¢ 13 (After Ostertag, B. (1950), Z. mensch. Vererh,
1 Konsterffre, 30, 105.)
1

tIBy:

B ®-= irylcidosis

-1 = Amyloidois
(Aulopsyd

& = Renal affection

4 = Addison’s
7 diseqase

DISTURBANCE OF PURINE METABOLISM

Gout (gouty arthritis)
Clinical aspects.—Gout is a disturbance of purine metabolism. Recurrent acute
articular affections are accompanied by the precipitation of urates, the formation
of degenerative joint lesions and tophi in the advanced stage.

The first attack of gout usually appears between the ages of 26 and 30 years.
The attack takes the form of painful articular crises of which the initial localization
is often the metacarpo-phalangeal joint of the big toe (podagra). During these
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crises, the uric acid in the blood is increased. At the end of the crises, the uric
acid concentration diminishes in the blood, and augments in the urine. In chronic
gout, there is pronounced, often deforming, osteoarthropathy. The synovial
sheaths of the tendons (especially Achilles’ tendon) and the aponeuroses may
also be involved. The tophi, located primarily on the border of the helix and in
the articular and peri-articular regions, are pathognomonic of gout. Nephro-
sclerosis with arterial hypertension, and various ocular and otological complications
may OCCur.

Heredity.—Gout generally follows the dominant form of heredity with
penetrance and expressivity that are often irregular. As early as 1819, Scudamore
noted 331 hereditary cases out of 522. Garrod, Lichtwitz, and Le Gendre were
each able to follow the male ascendancy in a case of gout back for 300 to 400 years.

Gout is an example of sex-controlled heredity with a marked predilection for
men (90-95 per cent).

Since 1915, many biochemical analyses of the unaffected members of a family
afflicted with gout have shown that the uric acid concentration may be high in
close relatives of the patients, without clinical manifestation of the disease.
Garrod (1931) has stressed that a dominant transmission of gout is quite regular
if one takes into account the hyperuricaemia—a view confirmed by the systematic
biochemical and genetic investigations of Smyth, Cotterman and Freyberg (1948)
(Fig. 73). They showed that the concentration of uric acid in the blood was higher
in the male than in the female members of affected families, and that in each case
of gout, at least one parent was hyperuricaemic, as were also about 50 per cent of
the sibship. Only 10 per cent of those with hyperuricaemia showed clinical
manifestations of gout. There were as many cases of transmission of the condition
by women as by men. They held that the greater manifestation in males is due not
only to the higher physiological concentration of uric acid in men, but also to the
stronger penetrance of the pathogenic gene in men. They give the average
frequency of gout in the population as 88: 100,000 and the frequency of heter-
ozygote carriers as 0-88 per cent.

B = Gouty Arthntis
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Figures below Lhe symbots renraient
age in years

FiG. 73.—Pedigree of gouty arthritis. (After Smith, C. J., Cottermann, C. W., and Freybzre,
R, H. (1948 J. clin. Invest., 19, 645.)

LiTHIASIC DIATHESES

Were our knowledge of the heredity of lithiasis more advanced, we might be able
to determine whether the formation of various kinds of concretions is due to a
general hereditary tendency towards stone formation or—as seems more probable
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at present—whether the different deposits of urates, phosphates or oxalates are
the result of specific hereditary factors.

Renal calculi arise from a disturbance in the crystalloid and colloid equilibrium
of the urine. Malformations of the kidney (hypoplasia, horse-shoe kidneys)
favour the formation of calculi, as perhaps do geographical factors, for lithiasis is
most common in tropical and subtropical countries. Both sexes are subject to the
disorder. Affected persons often show a neuro-vegetative lability.

The hereditary influence in lithiasis is clearly revealed only in cystinuria (see
page 183 and Fig. 71). In the other lithiasic diatheses, the role of heredity is less
certain: Romanow (1935) observed renal calculi in dizygotic twin sisters and in
their father. Mingers (1945) has recorded the presence of renal lithiasis in a pair of
female twins.

Uric acid lithiasis

Essential uric acid lithiasis is to be distinguished from the secondary lithiasis
of gout, although the association of the two affections has been described. It is
rare for a young lithiasic to be later affected with gout whereas, on the other hand,
uric acid calculi almost always appear with tophi in the case of gout. Crises of
renal colic alternating with attacks of gout have been observed.

There are no genetic studies of this type of lithiasis.

Phosphaturia
A pair of twins, probably identical, with a concordant calcariuria and

phosphaturia, have been observed (von Domarus, 1917).

Oxaluria

Dominant transmission of a sex-influenced character is shown by an extensive
pedigree (Fig. 74) which includes four generations, comprising 15 individuals
(Gram, 1932). Except for two doubtful cases, the affection manifested itself
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Fic. 74.—Pedigree of oxalic urinary caleuli. (After Gram, H. C. (1932). Acta med. scand., 78, 268.)
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only in males whereas the transmission took place through both sexes. This
pedigree also shows concordant manifestation in a set of twins, probably identical.

Discordant manifestation of urolithiasis (calcium oxalate) has been described
by Ostertag and Spaich (1936) in the case of monozygotic twins aged 54 years.
In this case, there was also a discordance in the appearance of a heterochromia
present only in the twin exempt from oxaluria.

DISTURBANCE OF CARBOHYDRATE METABOLISM

Glycogen storage disease (von Gierke)
Clinical aspects.—This is characterized by an enormous accumulation of glycogen,
primarily in the liver, the kidneys (glycogenic hepato-nephromegaly) and the
heart (cardiomegaly). These glycogen accumulations are remarkable for their
stability and cannot be used for the intermediary sugar and lipid metabolism.
The inability of the organism to mobilize the glycogen is probably due to the
inhibited action of a diastase enzyme (amylase) in the hepatic cells.

The abnormal fixation of glycogen in the parenchymal cells of different organs
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Fig. 75.—Glycogen storage disease in a 3§-vear-
old boy with consanguineous parents. (Pub-

lished by Fanconi, G., and Bickel, H. (1949).
Helv. paediat acra, 4, 359, Case 1, Fig. 5.)
(By courtesy of Professor Fanconi.) Dwarfing
of stature, fat red cheeks, protruding abdomen
with umbilical hernia, compensatory lordosis.
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results in a sugar deficit manifested by (1) a hypoglycaemia with hypersensitivity
to insulin, a resistance to adrenaline and an abnormal blood sugar curve; and
(2) disturbances of lipid regulation through compensatory mobilization of the
fats characterized by hypercholesterolaemia and ketonuria.

The glycogen disturbance appears at an early age and shows the following
clinical symptoms: a characteristically large and protruding abdomen, infantilism
with retarded static, skeletal and, sometimes, also psychic, development. The
patients’ moon-shaped face with a doll-like expression suggests a hypophyseal
obesity (Fig. 75). Their carriage is that of a pregnant woman. The prognosis
for children affected with the hepatomegalic form is fairly good although they are
particularly susceptible to infections. On the other hand, the cardiomegalic form
frequently ends in sudden death by heart failure. Diabetes is sometimes present.

Histological examination shows voluminous polygonal parenchymal cells,
resembling vegetable cells, with a vacuolar cytoplasm containing large quantities
of glycogen in the form of droplets, which is often accompanied by an overloading
with fat.

Heredity—Hanhart (1946), in a systematic genetic study in Switzerland, found
a total of 24 cases of glycogenosis, of whom 11 were men and 13 women. Eight
of these patients (one-third) died of their affection. The recessive character of
this disease was shown by its familial occurrence (3 out of 5; 2 out of 4; and
2 out of 2 children, respectively). In one case reported by Ziegler, a woman
married successively two brothers and in each marriage had an affected daughter.
Hanhart found consanguinity of the parents in 3 of 18 families. Consanguinity
of the parents was also present in one case of van Creveld and one of Goeters.
The frequency of this condition in the population of Switzerland is estimated
to be 1 : 280,000.

Idiopathic spontaneous hypoglycaemia

The hereditary occurrence of idiopathic hypoglycaemia was recognized by
Weitz (1936) and Hartmann and Jaudon (1937). Anderson and his colleagues (1950)
described fully two affected sibships. In the first sibship, there were three affected
brothers, aged 5, 3 and 2 years respectively. They were all mentally retarded and
showed mild ataxia and convergent strabismus. The hypoglycaemic syndrome
consisted of tremor, clonic spasms, sweating, irritability and occasional con-
vulsions. During these crises, the blood sugar fell to between 10 and 35 milligrams
per cent. In the second sibship, hypoglycaemia was present in a brother and
sister aged 7 and 2 years respectively, as well as in a cousin (the 3-year-old daughter
of a maternal uncle). Only the brother was mentally retarded. His hypoglycaemia,
already manifest during the first year of life, was practically constant except for
rare remissions. On the other hand, the cousin was subject to intermittent crises
with generalized convulsions. In the two children, a diet and subtotal
pancreatectomy had no notable effect upon the hypoglycaemic crises, but treatment
with adrenocorticotropic hormone (ACTH) was most effective. The cousin’s
condition was improved by a diet rich in protein, normal in fat and poor
in carbohydrate.

These two pedigrees suggest a recessive inheritance, a fact confirmed by the
experiments of Cammidge and Howard (1937) on mice.
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THE MELITURIAS
Renal diabetes (glycosuria)

Clinical aspects.—Renal diabetes is a benign congenital anomaly caused by a
lowering of the level of the renal threshold. Clinically, it must be clearly
distinguished from pancreatic diabetes since it is extra-insular in origin. It
manifests itself by (1) glycosuria without hyperglycaemia and with a normal
blood-sugar curve; (2) no tendency toward a progressive evolution or com-
plications: (3) insulin-resistance: (4) practically no subjective symptoms
(occasionally fatigue and acetonuria, but no coma); and (3) its frequent occurrence
as a familial and hereditary disorder.

Heredity.—Many observations demonstrate the dominant transmission of
renal diabetes in contrast to diabetes mellitus which is usually recessive. Von
Mentzingen (1935) described a pair of identical twins both affected by renal
diabetes and by schizophrenia. The father was also a renal diabetic.

Although the two diseases are clinically distinct entities, familial relationships
have been noted between renal diabetes and diabetes mellitus. An intra-familial
variability has been observed between these two conditions: t