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Dominant and Recessive Inheritance

1.1 Dominent inheritance: Hyntington’s chorea as an-
example of a rare disorder

Huntington’s chorea (HC) is an inherited disease characterized by involuntary
muscular movement and progressive mental deterioration. The age of onset is
usually about 35 years so that the majority of those affected can produce a
family before they are aware of their plight. The disease is transmitted by an
autosomal dominant gene (Fig. 1.1), so both sexes are equally affected and,
moreover, because penetrance (see glossary) is complete the disorder never
skips a generation. It is rare — one estimate in this country is five cases per
100 D00 of the population - and so affected individuals are highly likely to be
hetcrozygotes (see below for explanauon of this pmnt) The mutant gene at the
HC locus is probably on chrompsome 4 and it is how possible in certain
families to tell which individuals are at risk (see Chapter 12).

The disease, iritroduced into North America by two Suffolk immigrants in
1630, derives its name from the US doctor who first described it in 1872. Fraser
Roberts (1973) writes ‘the boy George Hummgton, driving through a wooded
lane in Long Island while accompanying his father on professional rounds,
suddenly caime upon two women, mother and daughter, both tall, thin, almost
cadavérous; both bowing, twisting, grimacing, so that he stared in wonder-
ment, almost in feat. The memory was as vivid more than fifty years Iater, long

Heterozygous L._[]—J Homozygous

-affected - normol
Hcmoz ous Honbz us
ﬂedygd -nov!nggl
[ Mot
QO Female

Pig. 3.1 Pedigres of Huntington's chorea (HC).



2 Dominant and Recessive Inheritance

after he had translated into fact the youthful resolve, born that day, to make
chorea the subject of his first contribution to medical science: a resolve which
led him into many a home where the bearers of the gene waited with stern
Calvinistic stoicism for the dreadful fate that Providence had meted our 1o
them.’

Affected individuals will almost invariably be heterozygous for the condition
because their parents will have married-normal partners. Though theoretically
an affected x affected mating could take place and produce a homozygote, this
would probably be lethal, and the gene is so rare that it is most unlikely to
occur. By contrast, where a trait is common, such as the various ABO blood
types, it is readily possible to have the homozygote, e.g. blood group OO or AA.

1.2 The problem of controls in assessing the mutation
rate in HC

. matter of considerable interest is the reason for the persistence of the disease.
Recurrent mutation’ is the obvious answer, but another explanation is that,
s nce heightened sexual desire (increased libido) is one of the early symptoms,
sz ‘ected individuals will have more children than their unaffected siblings
(I others and sisters) and this in fact has been found to be so. The mutation
r+.e, therefore, could be extremely low (or even non-existent) since, on the
:ssumption that unaffected sibs behave as normal individuals, the biological
‘itness (see glossary) is higher than unity in the patients. However, to use the
u.1ffected sibs may not be the right comparison because, since they are aware
ot the inherited nature of their disease, they may marry late or limit their
iamilies. In fact, where the fitness of HC individuals is compared with normal
pecple it is well below unity (0.81) and if these are the right controls (as seems
likely) then a higher mutation rate must be invoked. It might be thought that
this is only of theoretical importance but in an age of radiation hazards any
information about mutation rates is of great importance, and HC shows how
difficult it is to assess it — a value for biological fitness being necessary for the
cal ulation.

" he situation in HC should be compared with that of duodenal ulcer (see
p. +6)and it will be clear that it is perfectly legitimate to draw opposite conclu-
sio1s about the best type of control in the two diseases.

1.3 Dominant inheritance: Dupuytren’s contracture as
on example of a common disorder

Few doctors have ever seen a case of HC whereas Dupuytren’s disease is very
common and therefore of more general interest. Figure 1.2 shows the contrac-
ture in the hands (the feet may also be affected) which is the result of the forma-
tion of an abnormal type of connective tissue (collagen). The condition is
inherited as an autosomal dominant: non-familial cases are also reported but
‘Lis is probably because insufficient care has been taken in examining the rela-
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Fig. 1.2 Dupuytren’s contracture. (From Hueston and Tubiana (1974), Dupuytren’s
Disease, Churchill Livingstone.)

tives. The condition may be very mild in young adults, is usually much less
marked in women but all cases worsen with age and it has been stated that 25%
of male old age pensioners have the ondition. It is not surprising, therefore,
that a host of associations has been found, e.g. with diabetes mellitus,
alcoholism and epilepsy. An interesting piece of research would be to find out
what the homozygotes look like and with such a common condition this could
easily be done. The gene in double gose may simply result in a worse form of
the disorder or possibly produce sofae other abnormality.

1.4 Recessive inheriiunce; (a) fibrocystic disease (FCD)

This disease, mainly affecting Europeans, is a generalized disorder of mucus
secreting glands, particularly those in the pancreas, the intestines and the
lungs. The mucus is more viscid than normal and, as a result, dried up secre-
tions block the glands and their ducts so that they atrophy and become replaced
by scar tissue. However, the cells in the pancreas which secrete insulin are not
affected so diabetes does not occur. Another feature is that the sweat contains a
higher concentration of sodium chloride than normal i.e. above 60 mmol/litre
in infants or 100 to 110 mmol/litre in adults.



4 Dominant and Recessive Inheritance
vt

The disease is fairly common, occurring once in about 2000 births, and it
accounts for between 1% and 2% of admissions to children’s hospitals. The
outlook for a sufferer is not good even with antibiotics and pancrestic extracts,
many of the children dying of pneumonia, though a few survive to adult life and
may have offspring. ' .

The disease is an autosomal recessive condition, so that both sexes are equally
affected and as a rule neither parent manifests the condition. Figure 1.3 shows
that one in four individuals on average will be affetted in a sibship where the
disease occurs.

Possible explanations of the high frequency of fibrocystic disease

The fact that the disease is oftén met with makes the genetics of considerable
interest and any of the following would explain the frequency:

(a) A high mutation rate — but this would have to be so high as, a priori, to
be unlikely.

(b) Several different genes, each with its own mutation rate, might cause the
condition which could vary in severity according to which of several alleles was
responsible. In other words, the disease might be heterogeneous (as is often the
case with other conditions) and possibly in support of this, the association with
HLA types varies in different families (see p. 53).

(¢) The heterozygotes, i.e. those individuals which carry one dose of the géne
and which form 5% of the entire population (see p. 31 for the way in which this
figure is calculated), might have an advantage, that is be biologically fitter, than
the normal homozygotes. Thus the disease might constitute a polymorphic
system (see p. 22) though what the advantage of the heterozygotes may be or
may have been is unknown. Danks et al. (1965) investigated the family size of
parents of children with fibrocystic disease, and they did find when investigat-
ing 144 of these grandparental couples, matching three different control groups
with each grandparental pair, that there was a tendency for the grandparents of
children with fibrocystic disease to have larger families.

Heterozygous for
recassive gene-
apparently normal
Carrier of FCD

¢

Heterozygous for
recessive gene-
apparently normal

Carrier of FCD

5 b

J) l‘FcD

—_—
Homozygous Hetorozy?ous Homozygous
normal apparently for recessive

normal. gene-affected
Carriers of
FCD

Fig. 1.3 Mating between two individuals heterozygous for the gene controlling FCD.
Pedigrée of fibrocystic disease (FCD).
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Why grandparents? Parents of known fibrocystic disease patients might well
limit their families, but in the generauons before, heterozygotes would have
been likely to marry normal people, and it is these who produced the bigger
families thar the controls.

The authors of the paper, however, put forward their results with great
reservation, since the magnitude of the heterozygous advantage apparently
shown is very much greater than would be needed to maintain the gene at a
steady frequency in the community.

1.5 Dem:tion of heterozygotes in fibrocystic disease

This still remains a problem, and the two following approaches have been
made.

The sodium content of the sweat

It was thouglit at orie time that the sodium content of the sweat in the hetero-
zygotes might be helpfiil in identification, It is true that on average these have a
somewhat higher value than do normal people yet the range is very great and
there is much overlap. Furthermore, allowance is often not made for age. The
sodium content of the sweat rises as one gets older and therefore comparison
must be made between patients of similar age groups. Figure 1.4 demonstrates
this point, where it will be seen that there is practically no differénce in the
sodium contént of the sweat between parents of affected mdmduals, i.e. known
heterozygotes, and that of normal controls of the same age group. .

Linkage analysis

Since the basic gene effect remains unidentified the only available method for
searching for its position is linkage analysis by exclusion mapping, using poly-
morphic DNA probes that have been mapped to a known chromosome region
(see Chapter 12). In this way, using only samples from affected individuals and
obligate heterozygotes a number of chromosome regions have been found not to
be linked to fibrocystic disease. More reoently (October, 1985), there have beeni
advances indicating that chromosome 7 is involved and a new marker has béen
found, but not very close to the cystic fibrosis gene (see Chnptex 12). The whole
point of this genetic engineering exercise is to identify carriers of the gene or
affected fetuses in utero.

1.6  Recessive inheritence: (b) phonylkﬂnm (PKO)
(incidence 1 In 15 000 biiths)

The features are mental retardmon, restlessriess and anxiéty, the muscles are
hypertomc (‘stiﬂ“’) and there is often eczema and epnlepsy Aﬂ‘ected ch:ldren
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Fig. 1.4 Sodium content of sweat iri relation to age. (Redrawn with permission from
Anderson and Freeman {1960) ‘Sweat Test' results in normal persons of different ages
compared with families with fibrocystic disease. Archives of Disease in Childhood, 38,
581-7.) )

frequently have blue cyes and fair hair. The biochemical lesion is lack of a
specific enzyme, phenylalanine hydroxylase, which normally converts phenyl-
alanine into tyrosine. Everyone lacks the enzyme for about 2 days after birth
but in phenylketonurics the synthesis never begins. Thus, ‘the earlier the
better’ may not always be best for screening tests. Lack of tyrosine leads to
diminution in melanin production, hence the characteristic fair hair of the
patients. The diagnosis is made by a bacteriological inhibition test (the Guthrie
test) perfotmed on blood from a heel prick. The principle of the test is that the
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growth of’ Buciflus subtilis is inhibited by a chemical which in its turn is over-
come by phenylalanine, thus allowing the growth of the bacillus i.e. if the
bacillus grows the child has the disease.

A low phenylalanine diet often prevents symptoms developing but there are
difficulties in deciding for how long the diet should be continued.

Mild cases may occur and phenylketonuric women bear children. A coun-
sellot might be tempted to say that the risk of these children being affected is
very small since it would only happen if the affected woman married a carricr.
However, 2 woman with mild PKU may produce mentally retarded children
becaunse her phenylalanine has crossed the placenta, and although the affected
children are not true PKUs this does not help them. Treated PKU women will
increasingly pose the problem of whether dieting should be resumed during
pregnancy.

There are still other problems. Thé feature of PKU is brain damage, but the
primary enzyme defect lies in the liver and kidneys. Recemly there have come
to light variant forms of PKU; the result of defects in the metabolism of a
co-factor of the missing enzyme, anda sxudy of pauents with these variants may
perhaps teach us something about ‘substances whlch are essennal to normal
brain development.

The antenatal diagnosis of PKU is in the process of bemg improved by the
use of restriction fragment ‘length polymorphnsms and this principle is
explained in Chapter 12.



Sex (X)-Linked Inheritance

’

2.1 Haeniophilia as an example of sex-linked recessive
inheritance

Haemophilia is a world-wide anomaly of blood coagulation (clotting) inherited
as a sex-linked recessive, and is the disease which created such havoc in the
royal families of Europe when introduced into them by the daughters and
descendants of Queen Victoria (see Fig. 2.1). Haemorrhage, usually following
injury but sometimes spontaneous, is the essential symptom. The bleeding is of
the nature of a persistent, slow oozing which is out of all proportion to the
extent of the injury; this can last for weeks and may lead to profound anaemia.
Orthopaedic problems often occur due to recurrent haemarthroses (bleeding
into the joints) but this can be greatly improved by aspiration.

The disease usually appears in early childhood or even in infancy, and it is
due to the deficiency of one of the clotting factors of the blood (factor VIII, anti-
haemophiliac globulin, or AHG) and is known as ‘haemophilia A’. Its severity
is very variable, yet within a given family it remains constant and this makes it
likely that there are a number of alleles of the haemophilia gene. Also, there is a
whole group of conditions which are the result of a deficiency of other blood
clotting factors. The best known of these, Christmas disease (or ‘haemophilia
B’) which was called after the patient in whom it was first described, is also a
sex-linked recessive, and is due to deficiency of the Christmas factor (factor IX),
which is distinct from AHG. A mixture of two equal parts of blood, one from a
patient with haemophilia A and the other from a patient with Christmas disease
clots normally, whereas separate samples show delayed clotting.

Another disorder of bleeding where the level of AHG is diminished is Von
Willebrand’s disease but this, unlike haemophilia, is inherited as an autosomal
dominant. The disease is of considerable interest. Although factor VIII is again
involved it is in a different way, there being defective synthesis of that part of
the molecule which is concerned with the immunological factors needed for
normal platelet function. The bleeding, therefore, is due to a different cause.
The treatment is the same.

Returning to haemophilia it must be remembered that haemophiliacs may
develop entirely unrelated diseases, and the writer has seen a fatal case of intes-
tinal haemorrhage which was thought to be due to the haemophilia but was in
fact secondary to a duodenal ulcer. In this connection, it is important to realize
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that haemophlhacs withstand operdtions quite well lf thcy are suitably pre-
pared with blood or (fresh) AHG beforehand.

The gene cpntrollmg haemoplnha is situatéd'on the X chromesome, and this
is almost always what is meant by ‘sex linkage” since Y linkage has very rarely
been reported in Man, and séveral claims t0 its occurrence have riot been sub-
stantiated on further investigation. It will be realized that sirice a woman is XX
and a man is XY, an X-linked gene can be passed to either sex; whereas one on
the Y could only go from father to son. (When s gene can only express itself jn
orie sex it is said to be sex-limited or sex-controlled. This situation is described
on page 12, and is quite different from sex-linkage.) Most, though not all, sex-
linked genes in Man are recessive. Just as with the autosomes, crossmg-over
(sée Chapter 8) can takeé place between one X and the other, but crossing-over
between X and Y has only very rarely been reporied, since there i is a part of the
X chromosome which does not pair with the Y.

1t will readily be understood that since haemophlha is controlled by a sex-
linked recessive gene, female carriers of the gene will never be affected uniess
they are homozygotes. This is because females have two X chromosomes and
the norinal gene on their second X will prevent the haemophilia gene from
expressing itself — they will however pass on equal numbers of normal and
abnormal X chromosomes to their offspring of both sexes, §o that the offspring
of carrier females will consist of half normal and haif affected sons and of half
normal and half carrier daughters. Owing to the rarity of the gene, females are
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most unlikely 10 be homozygotes and hence haemophiliacs, but cases have been
reported and some patients have survived childbirth and borne haemophilic
sons. Males, on the other hand, will always have the disease if they possess the
gene, and all their daughters will be carriers (since they can only pass on an
affected X). All their sons, however, will be completely free from the disease as
they will receive only a Y from their affected father. This should be apparent
but it is surprising how many people with quite advanced medical knowledge
do not appreciate this fact. I often used to ask candidates in medical examina-
tions what proportion of a male haemophiliac’s sons will develop the disease
provided he marries a normal woman. Nearly all candidates pause; look very
wise and then say ‘about 50%, sir’! It must be remembered that the men in these
affected families can always know what their children will be. The normal ones
in them will have all normal children by normal wives (ahd they will never
develop the disease later in life as it always manifests itself early), whereas
haemophiliac men, if they live long enough to have any children at all, will have
all normal sons and all carrier daughters. It is those women who have, say, a
haemophiliac brother, and who may have inhérited the gene from a carrier
mother who are in doubt, and it is sad that they cannot know for certain
whether or not they are carriers, though about 85% (see p. 34 for explanation)
of these heterozygote carriers can be detected by assessing the degree of factor
VI reduction in their plasma. .

Factor VIII is very much in the news at the present time because it
can be engincered and therefore should be free of the virus rhat causes AIDS.
However the clinical as opposed to the i vitro efficiency of the product is still
unknown.

A side issue of the synthesis of the factor VIII molecule is that part of it
tesembles in its amino acid sequences the molecule of the quite unrelated pro-
tein ceruloplasmin which honds copper atoms and its function .in human
plasma may be to convert ferrous (Fe?') into ferric (Fe**) ions. Perhaps evolu-
tion may have hit on a way of using a pre-existing molecular structure (cerulo-
plasmin) as a method of helping blood to clot rather than carrying out its
normal function of banishing Fe’ * jons.

. Before leaving haemophilia it is perhaps appropriate to give a résumé of how

bload coagulation works. The end result must be a plug to stop the bleeding,
but the steps involved in this are numerous — constriction of blood vessels,
aggregation of platelets to damaged surfaces, and finally the formation of fibrin
clots. These are all regulated by enzymes which function as a cascade, each
releasing an active factor from an inert precursor and all are under genetic
control. Therefore at each step there may be abnormalitics and most of these
mutants and variants have been recognized from a study ef patients, haemo-
philia, as will be appreciated, being the classic example. But lack of ‘con-
ract factors’ ray also inhibit coagulation, for example a defect in factor XI
which produces a blecding disease found particularly in Ashkenazi Jews.
Factor X111 the last in the line is responsible for the stabilization of fibrin and
its deficiency (controlled by an autosomal recessive gene) may lead to a faulty
clot with the result that bleeding occurs from the umbilical stump a week ot so
alter hirth,
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2.2 The frugile X
X-linkage is also iinportant in mental retardation because it has recently been
shown that there is an inhqgge%f rm Q\gex)gch; osomal abnormality — the
fragile X syndrome ~ so caife "%Iéchiﬁe 1h $Giiash p "%idﬂi {iti Which the
cultured. materjal is ‘squashed’ between glass slides) the X chromosome readily
fracturés at a particular site (Turner ec al., 1978), The affected ‘boys have a ten-
dency to big ears, a protruding chin, large hands and feet and large testes.
The syndrome is of ¢xtreme current ingerest because it still contains many
uncertainties. . Thus, ‘occasi,o‘ngllz,, carrier . females -are themselves mifdly
-mentally, retarded, and more importantly, there is an increasing, nymber of
teports of transmission through malés who appear peifectly normal. Siich
males have héterozygops danghters who gre. never mentally retarded and have
either po fragile sites or very few indeed, By.contrast, in the subsequent genera-
tion 8 third of the female hetefozygotes are mentally subnormal, with an
- average of 29% fragile sites. This information suggests that there is 4 premuta-
tion which generates the definitive mutation only when transmitted by a
female. It is proposed that jnitially there is a mutation that causes no ill effect
© . per se but generates a significant genetic imbalance when invalved in a recom-
hination event (in:a woman).with the other X chromosome. This hypothesis
(Pembrey et al., 1985) explains many of the puzzling aspects of the syndrome,
but a great deal more work needs: to be done, particularly as, the subject is
rélated 1o the question of therapeutic abostion of carrier woamen’ who are
pregnant with male fetuses. . . ... . -

2.3 Duchenne muscular dystrophy
This is an appalling disease of young boys which almescalways ends fatally
before the age of twenty years. It starts with a waddling gait and then increasing
difficulty in climbing stairs. The thigh museles arc wasted but there is pseudo--
hypértrophy of the calf museles. By about the age of ten, patients have 1o use
wheelchair and in their early teens they usually realize that they are going to
die — thcy are mentally perfecily normaly.— whereas earlier they have just
regarded themselv.s as the semisitivalid of the family. .

Since affected boys-hardly -ever seproduce (Harper, 1981); the disease is
transmitted almost éntirely by healthy carrier females. Serum creatinine kinase
is the standard test and is usually raised in carriers, but there are many pitfalls.
It is also sometimes of help to test for muscle weakness in potential carriers,
Very recently (1985) using a gene probing technique (see Chapter 12) much
more accurate prenatal diagnosis and carrier detection became possible.

The rules for simple mendelian inheriténice may be niédifiéd by information

“in particular families. For example, a woman who has had two affected sons
must be a carrier. Her daughtét mtay of may not be but if she had four normal
sons the risk for a subsequent pregnaiicy would be much rediiced.

There is a much mildet form of the diseasé, Becker muscular dysttophy, also
sex-linked, which has different clinical featufes and 7 larer onset. Patients oftén
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reproduce; all their daughters will be carriers and all their sons normal (see
Fig. 2.2 for positions on the X chromosome).

2.4 The mapping of the X chromosome

Crossing-over (see glossary) will be discussed in Chapters 4 and 8, as will the
method of calculating the cross-over value, which indicates how far apart the
genes are likely to be on the chromosome (p. 41).

Quite a number of genes are known to be situatéd on the X chromosome
(some concerned with disease but many not), the best known among them being
those controlling colour vision, two types of muscular dystrophy, the skin dis-
ease of ichthyosis, the two forms of haemophilid already mentioned, G6PD
deficiency (see p. 71) and the very important Xg blood group system. The last
two conditions are detectable in the heterozygotc, and the frequency of the Xg
heterozygote in the European female population (i.e. the frequency of women
having the gene controlling the Xg* blood group antigen on one X chromosome
but not on the other) is as high as 46%. Many families, therefore, which segre-
gate for one of the rare sex-linked conditions mentioned above will also segre-
gate for Xg, and one does not have to search for families segregating for two rare
traits. It thus becomes possible to find the relationship of the rare mutant gene
to the Xg locus, and thence to one another. The distances are measured in cross-
over units, or map units, one map unit being equal to 1% of crossing-over.
Thus if 5% of the offspring of informative matings (see p. 41)are of the ‘recom-
binant’ type — that is, they are the result of crossing-over — then the two gene
loci are said to be about 5 map units apart. Work is in constant progress so that
the map is often altered, but Fig. 2.2 is reasonably up to date.

2.5 Sex limitation or sex control

It was mentioned earlier that genes are said to be sex-controlled or sex-limited
when they can express themselves only in one sex, and this is quite different
from sex-linkage. An instance is described here for comparison. Frontal bald-
ness only shows itself in males except on the rare occasions where a female
receives the gene in double dose. The fact that an affected male can transmit the
condition to his son shows that the gene responsible cannot be on his X chromo-
some, and the fact that he can transmit it to his daughter shows that it cannot be
on the Y. Thus the gene is on an autosome but can only express itself in the
male gene complex — why this is so is unknown.

2.6 Expressivity of genes

What has been written in the first two clrapters is simply standard genetics but
we need to know more than whether a gene is dominant, recessive or sex-linked.
Of equal interest is why genes only express themselves in the appropriate organ
and here there are new discoveries.



