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RARE SEX-LINKED GENES in man provide unique information on the sex ratio
of mutation rates. Mutants on the X chromosome are transmitted from sperm
to carrier daughters and from eggs to carrier daughters and affected sons,
which appear as sporadic cases. Therefore, the proportion of cases that are
sporadic depends on the relative mutation rates in egg and sperm. A completely
penetrant sex-linked dominant gene would be ideal for these studies, but un-
fortunately none has been discovered in man. Two recessives, hemophilia and
Duchenne muscular dystrophy, are sufficiently deleterious for an appreciable
fraction of cases to be mutants, but common enough so that the proportion of
sporadic cases can be estimated with some precision.

Contrary to an earlier suggestion by Haldane (1956), mutations to sex-
linked Duchenne muscular dystrophy arise with approximately equal frequency
in the two sexes (Cheeseman et al., 1958; Smith and Kilpatrick, 1958; Mor-
ton and Chung, 1959). Haldane (1947) also proposed that the hemophilia
locus mutates more frequently in sperm than in eggs, perhaps ten times as
frequently, and this conclusion has been widely quoted (e. g., Stern, 1960, p.
461; Roberts, 1959, p. 97). He drew his evidence from an attempt to dis-
criminate heterozygous carriers by Burker's coagulation-time method and from
a segregation analysis of isolated and familial cases. We shall now show that
this conclusion is unwarranted, and that the evidence is entirely consistent with
the hypothesis of equal mutation rates in eggs and sperm.

CLOTTING TIME OF MOTHERS OF ISOLATED CASES

Haldane (1935) demonstrated that the proportion of affected males that
are sporadic mutants if there is an equilibrium between selection and muta-
tion is

m
2 + v/u

where m is the selection coefficient against affected males, v is the mutation
rate in sperm, and u is the mutation rate in eggs. For hemophilia the selection
coefficient m has been estimated to be as high as .75 (Haldane, 1935) and as
low as .43 (Andreassen, 1943). Haldane (1947) pointed out that the lower
value is biased by selection of fertile affected ancestors and by the use of im-
mature brothers as a control. If mutation rates are the same in egg and sperm
(u = v), then the proportion of sporadic cases should be x = m/3, or be-
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tween .25 and .15. If the proportion of sporadic cases in the population is less
than this, the mutation rate may be greater in sperm than in eggs, the sex
ratio of the mutation rates being

v/u m/x - 2.
Haldane's first argument for a deficiency of sporadic cases is based on

five isolated probands studied by Andreassen (1943). All of the mothers
of these cases were thought to be carriers from their coagulation time. If in
fact they were carriers, this would indicate a low frequency of sporadic cases.
For the probability that an isolated case with normal brothers have a carrier
mother is

(1 - x) ( 1/2) - 1 -nx

(1 - x) (1/2) n + x 1- x + 2nx.
Andreassen's five cases had 0, 0, 1, 2, 3, normal brothers, so the probability
that all had carrier mothers is

(1 - X)

(1 + x ) (1 + 3x) (1 + 7x)
which is .04 for x=.25 and .13 for x=. 15. Because of uncertainty about the
true value of x, this provides no real evidence for a higher mutation rate in
sperm than in eggs, even if the mothers were in fact carriers. Moreover,
Mlerskev and Macfarlane (1951) were unable to confirm Andreassen's claim
that carriers usually show a prolonged coagulation-time by the Burker method.
None of his five possible carriers had a beginning or end point outside the
range of their eighteen control females. They note that the Burker method is
"crude and the end-points are not very definite." Andreassen neglected to verify
his claim to distinguish carriers by a blind test with normal controls. Using
more sensitive tests of prothrombin consumption time and titration of antihemo-
philiac globulin, no constant stigmata of carriers were demonstrated by lierskey
and Macfarlane (1919). Negative results were also obtained by Graham
(1956), both in human and in canine hemophilia. Thus Andreassen's claim
that the mothers of five isolated cases were carriers cannot be substantiated.

SEGREGATION ANALYSIS OF ISOLATED AND FAMILIAL CASES

Haldane made some rough calculations of the frequency of sporadic cases
from the pedigree of Andreassen (1943) in Denmark, Birch (1937) in
Illinois, and Hoogvliet (1942) in Holland. Since then, Fonio (1954) has
published his summary of hemophilia in Switzerland which Vogel (1955)
considered to support Haldane's argument. Their estimates were neither ef-
ficient nor unbiased, and no attempt was made to test the significance of the
alleged shortage of sporadic cases.

Morton (1958, 1959) and Morton and Chung (1959) provided a maxi-
mum likelihood solution to the problem of estimating the frequency of sporadic
cases in sex-linked inheritance. Information is provided primarily by index
sibships (with at least one proband) and by their maternal uncles. A small
amount of information furnished by more remote relatives wvill be ignored,
since it is difficult to ascertain reliably without unconscious selection for
positive family histories. The relevant probabilities are:
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for an index sibship of s brothers to have r affected (Morton, 1959)

P(r =1/r Q) spr x + (1I - x) q8-l]
XSp ± (1 - x) [1 - (1 -p7r)S]

and

P(r/r > 1) r p-qS - p 1_ 7r)rp

for at least one of s maternal uncles to be affected if there is a single affected
nephew in an index sibship of n nephews (Morton and Chung, 1959)

= (1 - x) (1 xl) qn-1 - qs)
x + (1 - x) qfn-1

for at least one of s maternal uncles to be affected if there are two or more
affected nephews in an index sibship of n nephews (Morton and Chung,
1959)

P -I x1) (1 .-.qS),
for an index sibship with r affected to have a probands (Morton, 1959)

( )7Zra (1 r-a

1 - (1 - r)r

where
p = 1/2 is the segregation frequency from carrier mothers and

and q = I - p = 1/2
x is the proportion of cases in the population that are sporadic mutants

from noncarrier mothers
7r is the probability that a case in the population be a proband
x' = 1/2 is the probability that the mother of a carrier female not be a

carrier, and therefore the carrier's brothers not be at risk.
Maximum likelihood scores for these parameters provide a test of the null

hypothesis that p = 1/2, x = m/3, and x' = 1/2.
The only practical difficulty in applying this analysis to the literature is that

the method of ascertainment was unspecified and likely to have been irregular,
with selection of large pedigrees. This bias is minimized in the four systematic
studies of Andreassen, Birch, Fonio, and Hoogvliet, but information about
ascertainment is poor. Andreassen never indicated more than one proband per
kindred, yet he ascertained his material from the Invalidity Insurance Council,
the hospitals of Denmark, and the Danish general practitioners. He believed
that he had ascertained all cases living in Denmark, and it seems likely that
he approximated this objective, even if he did not reach it. Therefore, the
absence of multiple probands can only be due to failure to record probands
after the first in each kindred. This leads to an underrepresentation of index
families in large pedigrees, which would tend to overestimate the proportion of
sporadic cases. Fortunately, he indicates which of his cases were examined in
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hospitals. Since these patients would have been probands if the ascertainment

were through hospital records, sibships containing such patients have been
taken as index sibships. Hoogvliet did not indicate his probands, and we have
taken the patients that were examined for both hemophilia and color blindness
as probands. Birch considered all patients at the University of Illinois Hospital
to be probands. Fonio did not designate probands, and we have included all
sibships with living cases as index sibships, assuming that, like Andreassen, he
had ascertained most of the cases living in his country. Since it is likely that
some of the cases considered to be probands by these definitions were in fact
secondary cases which were ascertained and examined because of an affected
relative, the number of index sibships in large pedigrees will tend to be over-

estimated, and the sporadic cases to be underestimated.
Because of the inadequacy of the ascertainment data, it is impossible to

estimate 7r precisely. An upper limit may be obtained on the assumption that
all living cases were ascertained. Andreassen reported that the mean life of a

hemophiliac between 1860 and 1925 was 18 years, while that of Danish males
in 1905 was 55 years. Therefore, in the set of cohorts which make up the
population, only 18/55 = .327 of the hemophiliacs who would be present
if their survival were normal are now alive, and this is the maximum ascer-

tainment probability (7r) if all living cases were ascertained. A more exact
calculation is based on the cumulative survival of hemophiliacs by age, H(x),
the survival in the general population, G(x), and the distribution of age, f(x),
in the general population. This gives (v) = f H (x) f (x)/G(x) = .319
as the maximum ascertainment probability, computed from Andreassen's mor-
tality data and the national age and mortality distributions.

However, this maximum ascertainment is unlikely to have been realized,
even though the studies were conducted over several years and had a chance
to ascertain some cases that died before the end of the investigation. Many
cases dying at birth or during the first week of life would be missed, as would
living cases who had not yet had severe bleeding. These losses would be
especially likely for sporadic cases. Andreassen reported eighty-one living cases
in Denmark in 1943, and Fonio found seventy-nine living cases in Switzer-
land. However, Hoogvliet reported only seventy-five living cases in Holland,
and Birch fewer than one hundred cases in Illinois, each with a population
about twice as large as Denmark or Switzerland. It is not stated that all of
Birch's patients were alive and resident in Illinois. Even if Andreassen's and
Fonio's studies were nearly complete, with an ascertainment probability ap-
proaching .30, the studies of Birch and Hoogvliet could not have attained an
ascertainment probability more than half of this, and quite likely less.

Accordingly, we first analyzed the data according to single selection(r 0),
for which it is appropriate to deduct one patient from each index sibship
and then analyze the sibs as if theywere obtained under complete selection
(table 1). There is a striking contrast between Birch's study and the others,
which show no significant deviation from the assumed parameters (p = 1/2,
x = 1/4). Birch's data, however, show a marked deficiency of sporadic cases,
coupled with a suspiciously high segregation frequency,which is nearly sig-
nificant even when attention is restricted to multiplex families (X2 = 3.74).
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Even when p is fitted simultaneously, the deficiency of sporadic cases in
Birch's data remains significant (x2 5.34), and the heterogeneity with the
other studies approaches significance (x' = 3.71). For Birch's study, x
.0445 + .0889, while for the others, x = .2517 + .0676. Pooling these two
estimates, we obtain .1758 + .0538, which is still in good agreement with
x = .25, and therefore, with the assumption of equal mutation rates in egg
and sperm. On the basis of the analysis under single selection, we have no
reason to reject this hypothesis.

It seems worthwhile also to examine the data using the maximum ascertain-
ment probability, 7r = .30, to determine whether our conclusion depends on
the ascertainment model (table 2). In Fonio's data the scores for the distribu-
tion of living cases among affected are highly discrepant (U, = 42.9 K, =
105.3, %2 17.51), with probable heterogeneity among families (x.}3=
34.53, p S .05). This is because sibships with living cases are a selected
group, in which mortality is less than in the whole population of hemophiliacs.
Therefore the distribution of living cases in Fonio's material cannot be used to
estimate the ascertainment probability, and has been omitted from table 2.

The situation is little better in the other studies. The total score for 7r is not
significantly discrepant from = .30, but there is gross heterogeneity among
families. For Birch, %2, = 61.95; P <.001; for Andreassen, xl2 22.26,
P = .04. This is probably due to inclusion of secondary cases as probands,
with variable likelihood among families. The estimate of 7T cannot be trusted
and is very likely too high, while the estimate of sporadic cases is too low,
both through inclusion of nonindex sibships and because of the negative co-
variance of the estimates of x and ir.

Setting aside natural reservations, we find that the studies excluding Birch
are still in good agreement with the null hypothesis (x = .2144 + .0665).
However, the deficiency of sporadic cases and segregation disturbance in Birch's
material are even more marked than before. In multiplex families, p = .694
± .077. Fitting p simultaneously, x = .0174 + .0870. Since there are
discrepancies in both parameters, it seems necessary to provide an explanation.
With regard to the segregation frequency p, it seems important that Birch
obtained most of her pedigree information "from facts recalled by the patients
themselves, their mothers, and other members of their families. . . Where the
chief source of information is memory, there are bound to be errors" (Birch,
1937, pp. 7-8). She lists 267 hemophiliacs and 33 "questionable hemophiliacs"
in the pedigrees. Some of the latter occurred in the index families and were
considered by us to be normal. They include individuals whose medical history
was "died at three weeks, of convulsions" (chart 21, 111-1) and "died on the
second day after his birth, cause unknown" (chart 18, IV-3). Moreover, some
of the males listed by Birch as affected were doubtfully so. For example, 11-12
in chart 21 "is said to have been a bleeder," and 11-3 in chart 31 "is said to
have had hemophilia. He died at the age of nine months from pneumonia."
Birch reported that 40 of 115 dead hemophiliacs died during the first year of
life, whereas Andreassen found only 3 cases in 105 deaths. If Birch was right,
then many sporadic cases must have been missed in other studies. However, it
may be wondered whether all the males thought by Birch to have hemophilia,
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especially the infant deaths not certified by a physician, were in fact affected.
It seems likely that the excess of affected males in these families is an artifact,
since it is still apparent even on the assumption of single selection.

Birch laid unusual stress on a positive family history in the diagnosis of
hemophilia. "Two findings should be essential to the diagnosis of hemophilia:
(1) a history of habitual bleeding, both spontaneous and following slight
injury: and (2) prolongation of the coagulation time. If sufficient family
history is obtainable, there should also be evidence that the disease is heredi-
tary." (Birch, 1937, p. 40). "Certainly in the vast majority of cases, the
disease is hereditary, although sometimes difficult to trace" (p. 66). This
emphasis on a positive family history may+ well explain not only the apparent
overdiagnosis of hemophilia in these pedigrees, indicated by the segregation
disturbance, but also the deficiency of sporadic cases. There was more oppor-
tunity for such unconscious bias in Birch's material, since the smaller incidence
of living cases indicates a less complete ascertainment than in the studies of
Andreassen and Fonio.

Although we believe that the evidence is sufficient to set aside Birch's data
in favor of the other studies which reveal no deficiency of sporadic cases,
there is no significant evidence of such a deficiency even when all the data
are pooled, giving x .14148 + .0529, with an upper 95 per cent confidence
limit of .1418 + 1.645(.0529) = .229. We have seen that estimates of the
selection coefficient m range from .75 to .43, so that the expected value of x
with an equal sex ratio of mutation rates lies between .25 and .1 5. Vogel
(1955) calculates m .62 from Fonio's data, which would give x .207 as
the expected proportion of sporadic cases. Even though the proportion of
sporadic cases is underestimated by the assumption of a maximum value of a,
with no selection of hereditary cases, the estimate is still not significantly less
than the value expected with equal mutation rates in egg and sperm.

DISCUSSION

Although the data on hemophilia do not demonstrate a deficiency of sporadic
cases, they do not rule out this possibility. Taking the pooled data for single
selection, a 95 per cent confidence interval for x is .1758 -+- 1.96 (.0538),
or .070 to .281. With m .62, this corresponds to a confidence interval for
the sex ratio of the mutation rates (v/u) of 6.86 to .21. Thus the rate in
sperm could be six times the rate in eggs or vice versa. The real range is even

greater than this, since the selection coefficient m is not known with certainty.
For Duchenne muscular dystrophy the limits are appreciably narrower, be-

cause the selection coefficient is nearly unity (1Morton and Chung, 1959).
The estimate for x is .355 ± .050, giving a 95 per cent confidence interval
of .257 to .453. The corresponding interval for v/u is 1.89 to .21, so that
the mutation rate in sperm is unlikely to be as much as twice as great as in
eggs.

This conclusion is subject to several reservations. Phenocopies may add to
the sporadic cases, although none has ever been demonstrated for hemophilia.
There is a sporadic limb-girdle type of muscular dystrophy which sometimes
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mimics the sex-linked type, but its frequency among all limb-girdle cases is
nearly the same as the expected frequency of sporadics in sex linkage, so that
no appreciable bias could be caused by admixture from this source.

Somatic mutations seem unlikely to be an important cause of sporadic cases,
since 10 per cent of normal serum will correct the clotting defect in the serum
of hemophiliacs (Merskey and MacFarlane, 1951), and heterozygous women
are normal. Therefore mutations in a clone of the cells responsible for AHG
production should be clinically undetectable. Similarly, it is doubtful that a
somatic mutation in a clone of muscle cells could counterfeit Duchenne muscu-
lar dystrophy, given that the heterozygous carrier is usually normal. Autosomal
coagulation defects and muscular dystrophies are known, but the differential
diagnosis usually is not difficult and in any case they would affect p more
than x. There may be more than one complex locus for Duchenne dystrophy
and there is certainly more than one locus represented in the older studies on
hemophilia, which did not differentiate Christmas disease. This however would
not affect the estimation of x or its interpretation in terms of mutation rates,
except that v and u now represent the sum of several rates. Despite the defects
in the available data, they do not seem to be of a kind to cast doubt on the
conclusion that mutation rates are similar in eggs and sperm.

Evidence from lower organisms concerning the relative frequency of spon-
taneous mutation in the two sexes is inconclusive. Drosophila has given con-
tradictory results (Glass and Ritterhof, 1956; Muller, Valencia, and Valencia,
1950). Whatever the true situation in Drosophila may be, we cannot extra-
polate to mammals because of the difference in oogenesis, which continues
through the lifespan of a female Drosophila but is believed to stop shortly after
birth in mammals (Parkes, 1956). Spontaneous mutation rates in both sexes
have been measured by Russell et al. (1959) and Carter (1958) in mice.
They found no mutations at seven loci among 46,763 eggs as compared with
twenty-one mutants among 329,878 sperm. However, this difference is not
significant (X2 with Yates' correction = 1.945, p. = .16).

It is interesting to trace the consequences of the assumption that mutation
rates are nearly equal in the two sexes. We know that mutations can take
place in nondividing cells, like sperm (Muller, 1946), and that they increase
in frequency with paternal age but not appreciably with maternal age (Muller,
1946; Penrose, 1955; Morton and Chung, 1959). Gonial mutations are rarely
detected in mammals (Reed and Falls, 1955), and in Drosophila the post-
gonial stages beginning with meiosis and ending with early cleavage of the
zygote are inordinately mutable (Muller, 1946, 1959; Hildreth and Carson,
1957). These facts can be economically related to equal mutation rates in the
two sexes if we assume that a minority of mutations take place in gonial cells,
at rates proportional to the number of cell divisions, but the majority arise
during gametogenesis, the haplophase, and early cleavage, at rates independent
of whether the homologue is an X or Y chromosome. From the first assumption
it follows that mutations increase with paternal age but not with maternal
age, since spermatogonia divide constantly throughout adult life, while oogonia
apparently stop dividing soon after birth. Alternatively, prolongation of the
haplophase due to lessened sexual activity may account for the paternal age
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effect. From the second assumption it follows that mutation rates are never-
theless nearly equal in egg and sperm, and that studies of the effect of the age
of the maternal grandfather on sex ratio of grandchildren can detect only a
minority of sex-linked lethals (Cavalli-Sforza, 1962). However, this hypothesis
is only tentative, and there may be intrinsic mutability differences between
spermatogonia and oogonia which counterbalance the difference in number of
cell divisions and thus lead to nearly equal mutation rates in eggs and sperm
even if most mutations are gonial.

SUMMARY

The proportion of cases of a sex-linked trait that are sporadic depends on the
relative mutation rates in egg and sperm, and this was the basis of Haldane's
suggestion that mutations are much more frequent in sperm than in eggs. WXe
have reexamined this question by segregation analysis of several studies on
hemophilia. The data do not meet present standards of regular ascertainment
and differential diagnosis; the amount of information is relatively small, and a
deficiency of sporadic cases cannot be excluded. However, there is no evidence
of a deficiency of sporadic cases in these samples. Larger genetic surveys, con-
forming to regular ascertainment models, are needed to detect a deficiency of
sporadic cases if it exists. Meanwhile, the contention that studies of sex-linked
mutants in man reveal a deficiency of sporadic cases which could be due to a
higher mutation rate in sperm than in eggs, is not supported. Substantially
equal mutation rates, in conjunction with an effect of paternal age but not of
maternal age, would suggest that postgonial stages in mammals, as in Dro-
sophila, are extremely mutable and account for a large fraction of spontaneous
mutations.
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