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Embryonic growth and the evolution of the
mammalian V chromosome. I. The V as an

attractor for selfish growth factors

LAURENCE D. HURST
Department of Genetics, Downing Street, Cambridge CR2 3EH, U.K.

The fitness of a mammalian zygote is affected by its probability of implantation and of postimplant-
ation maintenance as well as the level of transplacental and transmammary uptake of resources. As
with paternally expressed imprinted genes, in a species in which females are not obligately
monogamous, a Y-linked sequence that can positively alter any of the above parameters could
spread in a population even if it harms the prospects of other embryos. Such a selfish Y-linked gene
could act as a sex ratio distorter. In contrast to autosomal imprinted loci, the patrilineal inheritance
of the Y ensures that selfish Y-linked growth-promoting genes need not evolve a means to ensure
correct parent-dependent expression rules. Thus, as the conditions for both their initial evolution
and spread are relatively relaxed, the mammalian Y chromosome is expected to be an attractor for
growth-promoting genes. Data from mice and humans indicate that, as expectedand in contrast to
the Y of flies, the mammalian Y harbours growth factors, sex ratio factors and multiple foetally
expressed genes. The accumulation of Y-linked genes may also be explained in terms of sexual
antagonism. Sexual antagonism and the model presented here are not mutuallyexclusive
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Introduction

Selfish genetic elements, such as meiotic drive genes
and cytoplasmic sex ratio distorters, are components of
the genome whose spread within a population inflicts a
cost. As a result of this cost the continued spread of the
selfish genetic element creates the context for the
spread of another gene with an opposing effect. There
is said to be a conflict between the selfish element and
certain other (typically unlinked) parts of the genome
(parts where a suppressor, when present, is capable of
spreading).

Recently there has been some debate as to the
potential importance to evolution of selfish genetic
elements. One of the strongest cases against the notion
that conflict is important is that the conditions for the
initial creation of a selfish genetic element can be rather
restrictive (Wu & Hammer, 1991). In contrast, the
conditions for the spread of a selfish gene, once
created, can often be quite relaxed and the rate of
spread potentially very rapid. Consider for instance the
creation of an autosomal meiotic drive gene (Charles-
worth & Hartl, 1978; Wu & Hammer, 1991; Hurst &
Pomiankowski, 1991). In broad outline two loci are

involved, one a Killer locus and one conferring insensi-
tivity to Killer. The drive chromosome must contain
the Killer allele and the insensitive allele. These two
must be tightly linked so as to avoid the creation of
suicide chromosomes through recombination. Once
the necessary linkage arrangements are set, and hence
the two loci segregate almost as one, then the condi-
tions for spread of the gene complex are quite broad,
although in the case of autosomal meiotic drive they
are dependent upon the frequency of sensitivity on
nondriving homologues. Many selfish genes are
believed to involve similar two-locus (killer/insensitive)
gene complexes and hence face similar problemswith
respect to their creation. Do all selfish genetic elements
have such restrictive conditions for their initial crea-
tion?

Fast replicating mitochondrial genomes (i.e. petite-
like mutants) that are often reported in animals, have
trivial creation conditions. It seems likely that their
deleterious effects and their selfish action (fast replica-
tion) are both commensurate upon the deletion of part
of the mitochondrial genome. That animal mitochon-
dna have free replication within the cell cycle is
thought to be responsible for the immediate replication
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advantage of small genomes (Avise, 1991). Nuclear
genes are not permitted free replication within the cell
cycle and hence are not liable to transform into fast
replicating genes. Are there then nuclear selfish genes
with trivial creation conditions? Here I note that one
class of selfish genetic element, mammalian Y-linked
growth factors, has near trivial conditions for both
initial evolution and invasion.

V-linked sequences as selfish foetal growth
promoters
If a mother has more than one mate, paternally derived
genes in any given foetus will not necessarily be related
to genes in fellow brood members or subsequent
offspring of that same mother. In contrast, a maternally
derived gene in any given foetus has a constant high
probability (0.5) that its sibs will contain a clonal copy
of it. As Haig (1992) notes, this tripartite asymmetry in
relatedness between (i) paternally derived foetal genes,
(ii) maternally derived foetal genes and (iii) genes in the
mother (and hence in the foetus's sibs) creates a three-
way conflict of interest over how much nutrition the
foetus should demand from the mother. The mother
would 'prefer' to divide resources more-or-less
equitably and so maximize her net fitness, not the
fitness of any given progeny. In contrast, if the pater-
nally derived genes in any given foetus are not going to
be present in the sibs, then any decrement in maternal
fitness resulting in reduced offspring production is, at
the very least, irrelevant to these paternally derived
genes. Paternally derived genes in a given foetus might
thus prefer an allocation in excess of that preferred by
the mother. The optimal amount of resources that the
maternally derived genes in the foetus should require
will be intermediate between the optima for the pater-
nally derived genes (a large amount) and the amount
the mother should be prepared to provide (a smaller
amount).

Haig and colleagues propose this difference in
optima between the maternally and paternally derived
genes in a foetus as an explanation for genomic
imprinting (Haig & Westoby, 1989; Moore & Haig,
1991; Haig and Graham, 1991; Haig, 1992). This
proposition is supported by analysis of one of the best
described imprinting systems, namely that of the
murine insulin-like growth factor 2 (Igf2) and the Igf2
receptor (alias the mannose-6-phosphate receptor) (see
Haig and Graham, 1991, for interpretation and refer-
ences). Foetally expressed Igf2 is one of the factors that
are supposed to promote the acquisition of resources
from the mother. Early in mammalian embryogenesis,
as expected, paternally inherited genes are expressed
that promote the production of Igf 2, while maternally

inherited genes capable of the same function are not
expressed. Instead, again as expected, maternally
inherited genes that prevent the action of Igf2 are
expressed.

Not all maternal/foetal conflict need be expressed
through foetal growth demands. A differential ability to
implant and to resist being aborted by the mother may
have no effect on foetal growth when compared to
other survivors but could affect gene frequencies (Haig,
1993). For instance, in mammals, asynchrony of the
uterus and blastocyst development usually decreases
blastocyst survival and, after implantation, the endo-
crinological status of the uterus will change so as to
reduce the likelihood of implantation of less well
developed blastocysts (Pope, 1988). This situation
predisposes to competition between unrelated foetuses
to attain early implantation and rapid development.
For a fair comparison of two genotypes as regards net
growth these aborted/nonimplanted embryos should
be included in the equation. In the case of postimplant-
ation survival, some foetally expressed cell surface
antigens, such as the Rhesus factors, are involved in
immune-mediated maternal/foetal compatibility inter-
actions. Murine severe combined anaemia and
thrombocytopenia is due to the action of a selfish gene
that acts in the mother to kill foetuses that do not
contain a clonal copy of it (Hurst, 1993). Peters &
Barker (1993) provide evidence for the effect being
immune-dependent. In this paper, when reference is
made to growth demands it can be understood, unless
otherwise clarified, that growth effects involving pre-
implantation activity and implantation maintenance
would be equivalent.

Genes on the nonrecombining part of the Y (i.e. the
non-pseudoautosomal region: NPAR) are always
paternally derived. Hence by minor extension of Haig's
logic we would predict that a mutant NPAR Y gene
that could manipulate the mother into providing the
foetus with extra resources will be able to spread in the
population (see Appendix 1). Whereas autosomal
selfish resource attractors must not only act to extract
more resources, they must also evolve some means to
guarantee their appropriate expression (i.e. they must
become imprinted). Any NPAR Y gene that simply
managed to produce a growth effect would imme-
diately, by virtue of its position on the Y, guarantee
appropriate expression. The Y-linked sequence may
also act as a sex ratio distorter causing a bias in invest-
ment into male progeny. The conditions for invasion of
a resource-extracting Y-linked gene in a species in
which all sibs are full sibs is a subject left to future
study.

As selfish resource acquisition NPAR Y genes do
not require differential expression when inherited from
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a mother (they never are), it is inappropriate to
describe them as being imprinted. However, as the
logic behind their spread is very similar to that pro-
posed for imprinted genes with expression off the
paternally inherited genome, one might perhaps
describe them as being 'neo-imprinted' genes.

If their action was modified dependent upon
whether they were maternally or paternally inherited,
genes within the pseudoautosomal region (PAR) could
also spread as selfish genes. PAR-linked genes that
expressed growth demands when inherited from a
father, but not when inherited from a mother, would
behave in population genetic terms almost identically
to standard autosomal imprinted loci.

The eutherian V codes for growth factors

Several lines of evidence indicate that both in mice and
man there are probably multiple Y-linked genes that
code for growth factors. The identity of the genes
responsible for these effects is unclear. That the Y does
code for growth factors has also been noted by Kraak
& de Looze (1993) who argue that this feature maybe
intimately associated with the initial evolution of the
mammalian Y chromosome from an ancestral species
with environmental sex determination.

Burgoyne (1993) has demonstrated the existence of
growth promoters on the Y that act to ensure that male
mouse embryos, prior to implantation, grow faster than
female ones (see also Burgoyne, 1992). A growth
difference between XX and XY offspring could have
been due to an X effect, but, by following segregating Y
chromosomes in between-strain crosses, Burgoyne
showed that the effect segregated with the Y and not
with the X. This effect is not, however, one ensuring
that individuals with a particular Y are larger per se,
just that they develop faster and hence are more
advanced than their competitors. As discussed above,
early implanting embryos can reduce the success of
other embryos by altering uterine conditions to
predispose against further implantation Even if no
interference is witnessed at the preimplantation stage
the first implanting embryo may end up larger as it can
come to have postimplantation advantages. Further, if
at any given time a mother needs to abort some
foetuses, she may be more disposed to abort the
smaller and hence more slowly developing ones. In
sum, any Y-linked mutant that promoted early growth
rate could potentially spread because of its ability to
out-compete competitors.

The gene(s) responsible for this murine pre-implant-
ation growth effect are unknown. Ubelyl is however a
good candidate gene. Ubelyl codes for a ubiquitin acti-

vating enzyme El homologue that is known to be
involved in the progression of the cell cycle. It is
possible that one copy of Ubelyl and one of Ubeix
have a slightly more potent effect than two of the latter.
Recently Zwingman et a!. (1993), confirming the pre-
implantation Y growth effect (although they appear to
assume there not to be an X effect), claim to show that
Siy and Zfy are transcribed in murine two cell embryos
and hence suggest that they may be involved in this
pre-implantation growth effect.

Mittwoch (1969, 1989) has consistently argued that
not only do XY embryos develop faster than XX
embryos but that this growth rate difference is central
to the means of sex determination. If so, then Sry as the
sex determining gene must also be the gene deter-
mining growth rate (at least indirectly). Burgoyne
(1989, 1992) argues that if there are growth effects
associated with sex determination then Zfy is a good
candidate for these. Potentially then both Siy and Zfy
might also be candidate loci for the pre-implantation
growth effects and other Y-linked growth effects (see
below). That Sry may be a growth factor is also consist-
ent with Kraak & de Looze's (1993) model for the
initial evolution of the mammalian Y.

Further evidence for a Y growth effect comes from
analysis of individuals with two or more Y chromo-
somes and from those with deletions. XYY humans are
male and typically taller than the average (Varrela &
Alvesalo, 1985; Ogata & Matsuo, 1993). Effects on
growth assayed by tooth size in XYY individuals also
provide direct evidence of a Y effect on tissue growth
(Alvesalo eta!., 1985; Townsend & Alvesalo, 1985). A
large component of the Y effect has been shown to
operate between birth and puberty (Ratcliffe et a!.,
1992) and hence a very large prenatal effect can be
ruled out (Chen et a!., 1971; Ratcliffe et al., 1992).
Because of limited sample sizes, however, a small or
moderate prenatal effect cannot be ruled out.

Analysis of individuals with deletions or absence of
the Y corroborates the growth effects. Human XO
individuals are severely growth-retarded (Ranke et a!.,
1983). As both human XY males and most XY females
are not retarded, it is concluded that the Y must code
for some growth factor(s) for which there is a non-
dosage compensated X-linked homologue (see Hurst
(1994, this issue) for discussion of escape from X-
inactivation). This is further supported by the finding
that structural abnormalities of the Y often lead to
short stature (Simpson, 1975; Buhler, 1980). Deletion
analysis indicates that a factor with a growth effect on
adult stature is located at Yqi 1 (long arm) proximal to
the gene(s) for spermatogenesis (see Ogata & Matsuo,
1993, for review and also Alvesalo & de la Chapelle,
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1981. A growth-related gene has also been localized in
the PAR (see Ogata & Matsuo, 1993, for references).

The mechanism(s) of growth effects is uncertain.
Ogata & Matsuo (1993) review evidence suggesting
that the Y growth effects can be independent of the
effects of gonadal sex steroids. Furthermore, a severe
(but not mild) lack of androgen has growth retarding
effects (Ogata & Matsuo, 1993). Androgen metabolism
is at least in part under Y-linked control.

Early embryonic growth and post-meiotic gene
expression

Zygotic and early embryonic growth effects need not
involve gene expression (transcription) coincidental
with the growth effects. Postmeiotic gene expression in
spermatids is unusual (Erickson, 1989) but has been
reported for proto-oncogenes (Propst et al., 1988).
This late expression may be to prime the sperm with
transcripts/proteins that will be necessary for early
postfertilization development (Propst et at., 1988).
Moore & Haig (1991) suggest that these proto-
oncogenes may exercise selfish effects. By definition
genes that are expressed in spermatogenesis will be
paternally derived if they are to be inherited. Hence a
proto-oncogene that mutates so as to enable it to have
expression in late spermatogenesis is liable to spread if
the expression can have concomitant growth effects in
the zygote. It is thus significant that, like these proto-
oncogenes (and hence putative growth-related factors),
Zfy (Kalikin et at., 1989), Ubely] and Sry (Hendriksen
et a!., 1993) also have postmeiotic gene expression. As
noted above, a Y-linked mutant that promoted early
growth rate could potentially spread because of prefer-
ential implantation. That gene expression is found in
spermatids (Hendriksen et al., 1993) suggests that the
transcripts may be maintained within the sperm that
produced them (i.e. a haploid specific effect). If foetal
competition is between full sibs, as well as between
paternally unrelated individuals, then haploid specifi-
city would be required. If only the latter, then haploid
specificity would be irrelevant.

Both Zfy (Koopman et at., 1991) and Ubelyl (Kay et
at., 1991) cannot be excluded as having some role in
spermatogenesis. However, even if Zfy and Ubelyl are
involved in spermatogenesis the boost in transcription
of the latter at the spermatid stage (Hendriksen et at.,
1993) is enigmatic. Sry's testicular expression is of
unknown function. As Sry transcripts in sperm are not
associated with polysomes (Capel et a!., 1993) it is
possible that translation is not achieved during sperma-
togenesis. Similarly, many of the spermatid-expressed
proto-oncogenes also do not associate with polysomes
(Propst et at., 1988). However, protamine transcripts
go through a phase in which they are not attached to

polysomes. These genes are, however, used in late
spermatogenesis for the packaging of DNA. Hence a
lack of polysome attachment at any given stage in
spermatogenesis does not imply a complete absence of
translation (Propst er at., 1988). It might, however, be
conjectured that the circularity of Sry transcripts
(Capel et at., 1993) could be a device to prevent
premature translation. That human Sry is not circular
would suggest that either the circular nature of murine
Sry is of no particular importance (Capel et at., 1993),
or that human Sry has achieved the same end by an
alternative route. Note also that two X-linked genes,
Libeix and the human homologue of RAD6(HHRAMM),
also have spermatid gene expression (Hendriksen et
at., 1993) and hence these might be suspected as being
selfish imprinted-like genes (again note the paternal
specific nature of genes expressed in spermatogenesis).

Genes on the V are capable of acting as sex
ratio distorters
The resource extraction model predicts not only that
males with the selfish Y should be larger than ones
without, but also that the selfish Y could be associated
with a sex ratio effect (meaning both a sex bias in
investment and a bias in the absolute number of
individuals). This sex ratio effect should be found in
organisms with multiple zygotic implantations per
pregnancy. Any such sex ratio effect could be asso-
ciated with a growth effect but need not be. If a
Y-linked sequence could simply act to ensure that
competitors received less nutrition than they ought to,
and hence were aborted or died early, then a net
growth effect would not be found in the survivors but a
sex ratio effect could be seen.

Weir (1976) (see also Weir, 1960) has demonstrated
that mice of strain PHH and PHL differ in their sex
ratio, and that this effect is Y-linked and mediated by
the action of the Y on non-Y sequences. It is unknown
which gene(s) is responsible for this effect. However,
the strains of mice in which a Y-linked sex ratio effect
has been found have also been shown to have a
Y-linked pubertal testosterone titre effect (Jutley &
Stewart, 1985). Further, female rodents positioned
within the uterus between two males become
androgenized through the import of testosterone that
has passed out of the males and into the female (see
Clark et at. (1993) for references). The level of expo-
sure to androgen in utero slows the development of the
females and they achieve puberty later than
nonandrogenized controls (see Clark et at., 1993, for
references). Furthermore, the androgeriized females in
turn produce male biased progeny sex ratios (Clark et
at., 1993). This may simply be because poor quality
females typically produce male-biased broods. It is
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unclear whether the androgenization of females is itself
directly responsible for the growth retardation. It could
be that testosterone forces increased resources to be
diverted to the males and hence nearby females
competing for the same resources are starved of nutri-
tion. Alternatively, androgenized females may demand
fewer resources. Either way, the slowing of female
development suggests that the males of such broods
might be receiving more resources (assuming net
investment is not decreased in line with the decreased
demands of the females). Males exposed to high intra-
uterine testosterone develop to be reproductively more
successful than those exposed to low testosterone titres
(Clark eta!., 1992).

If the Weir effect is mediated by testosterone levels it
might be possible that the same testosterone variation
should have a growth effect. The variation in testoster-
one level described by Jutley & Stewart (1985) in the
PHH and PHL mice (see above) does not, however,
result in significant variation in organ weight of those
tissues responsive to testosterone. Jutley & Stewart
(1985) argue that this is paradoxical but postulate that
endogenous testosterone levels are likely to be above
the dose range at which a Y-effect on organ weight
could be seen in intact animals. In humans severe
androgen deficiency does lead to growth defects
(Ogata & Matsuo, 1993).

As Sry and Y-linked steroid sulfatase (Sts) are both
involved in testosterone production their involvement
in the Weir effect might be suspected. Sry is slightly
further implicated as its expression is also associated
with prostate cancer (Tricoli et al., 1993, but see also
Tncoli and Bracken (1993) for the involvement of Zfy)
and prostate cancer is associated with a sex ratio effect
as well. The sex ratio of the progeny of human males
with prostate cancer is significantly higher than the
overall sex ratio expected on the basis of live birth sex
ratios (P <0.05) (James, 1987). From subsequent
analyses, James (1990) reports that of two independent
studies, one found a significant effect (0.5 16:0.454,
P <0.05, n = 142 individuals with prostate cancer),
whilst the other, though also finding a higher sex ratio
in males with prostate cancer (0.487:0.469), found no
significant difference with the control group (n = 142).
The mechanism of this effect is unknown and it is
unclear why cancer in the male should communicate to
a sex ratio effect in the progeny. A connection between
androgen titre and sex ratio has, however, been noted
previously (James, 1992, and references therein).

For the above connection between Sry and a sex
ratio effect to be coherent it is probably necessary to
suppose that a mutant form of Siy could modify testo-
sterone titre without compromising sex determination.
Is this reasonable? SRY seems to have two principle

effects. First, it prevents the formation of female
tissues; second, it promotes the production of male
tissues (possibly by inhibiting an inhibitor of male dif-
ferentiation: McElreavey et al., 1993). These effects
are possibly mediated (but the evidence is far from
conclusive) by Sry promoting the production of
Mullerian inhibiting substance (MIS) and down-regu-
lating P450 aromatase (see Haqq et al., 1993, for refer-
ences). MIS is a member of the transforming growth
factor fi family. P450 aromatase catalyses the conver-
sion of testosterone to oestradiol. Down-regulation of
P450 aromatase could thus maintain a high level of
testosterone. MIS also blocks the conversion of testo-
sterone to oestradiol.

One human pedigree supports the notion that strong
Y-linked sex ratio distorters may exist. Harris (1946)
identifies a human pedigree of 34 individuals over 10
generations. Only two of the progeny in this pedigree
were female. This case history is regarded as one of the
two unambiguous cases of sex ratio distortion in a
human lineage (Stern, 1973). This pedigree is consist-
ent with a Y-linked sex ratio effect. It is, however,
unknown whether the effect is prezygotic or post-
zygotic, although most evidence supports the former.
Suggestive of a prezygotic effect is the finding that the
male's sperm, though plentiful, had a very small head
size. In favour of a hormonally mediated effect,
possibly androgenic, was the finding that the male had
low libido. This low libido is consistent with the small
average family size (only 2.125 offspring per genera-
tion). Hormone/androgen mediated effects on the sex
ratio have been extensively described (James, 1990,
1992 and references therein) and may, as discussed,
also be the explanation of the above murine effect.
Were the effect prezygotic this could still be indicative
of involvement of selfish genes (e.g. a Y-linked meiotic
drive gene).

Interpretation of the sex ratio and growth
effects

The finding of growth factors and sex ratio factors
associated with the Y chromosome of mammals, while
consistent with the proposed model, is not proof that
the model is correct. Rice (1992) has experimentally
shown that in Drosophila a pseudo-Y chromosome can
accumulate sexually antagonistic genes. If growth and
sex ratio factors are sexually antagonistic (as indeed
they may be) then the existence of Y-linked growth
effects has at least two potential explanations. The two
hypotheses (conflict and sexual antagonism) are, how-
ever, mutually compatible. Hence, the demonstration
of a Y-linked growth factor in salmon (Forbes et a!.,
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1994), a species without parental care, while support-
ive of sexual antagonism as a force in the evolution of
the Y, does not exclude conflict as a potential force in
the evolution of the mammalian Y chromosome.

The model evoking sexual antagonism need not
suppose Y-linked genes to be foetally expressed
whereas it is a prediction of the conflict hypothesis. It
would be instructive to know whether the mammalian
Y (particularly the eutherian Y) is unusual in having so
many foetally expressed genes (see also Hurst, 1994,
this issue). Comparison with the only other well
described Y chromosome, that of Drosophila melano-
gaster (Lindsley & Zimm, 1992, for review), reveals it to
be significantly different from the mammalian Y.
Whereas for instance the mammalian Y has numerous
genes that are active during foetal development, the
Drosophila Y-linked genes typically have expression
restricted to events during or just prior to spermato-
genesis. Only the bobbed locus (the rDNA repeats that
constitute the nucleolar organizer region) seem to be
an exception to this rule in having somatic expression
as well. The author can find no evidence for the exist-
ence of Y-mediated growth effects (either positive or
negative) on the Drosophila Y. This difference between
mice and flies, however, might simply reflect a differ-
ence in the means of sex determination and the fact
that female flies are larger than males.

Kraak & de Looze (1993) present the argument that
growth factors on the mammalian Y may be what
initially defined the Y. They argue that in species with
environmental sex determination, growth rate is often
the determiner of sex. In species with large males they
thus argue that a growth factor would often find
itself in a male and could even become the male-deter-
mining gene; hence it would define the sex chromo-
some. This model for the initial evolution of the
mammalian Y is hence complementary to the one
presented here for the future evolution of the Y due to
the spread of mutant forms of the sex/growth deter-
mining genes.

The V as a vulnerable chromosome

The absence of recombination between X and Y
(except in the pseudo-autosomal region) ensures that
any selfish gene that requires linkage disequilibrium
between two potentially polymorphic genes is more
likely to evolve on the Y than on the autosomes or the
X, all other things being equal (Hurst & Pomiankowski,
1991). Meiotic drives genes are, for instance, of this
nature and Hamilton (1967) postulates that the
inactivity of theY may be as a response to the presence
of Y-linked drivers. This hypothesis is dismissed by
Charlesworth (1991) as not being particularly

mechanistically feasible. However, genes on the Y are
also particularly vulnerable to becoming selfish
resource extractors. This is for the simple reason that,
by virtue of their position, they need not evolve any
special means to ensure expression only when
inherited from a father. Following Hamilton's logic, Y
inactivity might in part be a counter to such selfish
growth promoters. However, if these growth factors also
exercise their effects in the same act as their normal
function (e.g. sex determination) then Y inactivation
would not be a viable counter to these selfish genes.
Genes that are involved in a necessary function and
that exercise developmentally early growth effects
might thus be expected to accumulate on the Y because
of the Y's singular transmission genetics. That Y-linked
genes can easily become selfish resource extractors
thus provides a novel understanding of the evolution of
the mammalian Y and of the genes which might be
found on it. In the following paper (Hurst, 1994, this
issue) I address how the above model might also
explain why some Y-linked genes are fast evolving, why
they may vary in copy number and how they interact
with their X-linked homologues.

Acknowledgments
I wish to particularly thank Dr Paul Burgoyne for
assistance. I should also like to thank Professors Peter
Goodfellow, Brian Charlesworth and Chris Graham,
Drs Jamie Foster, Simon Whitfield, Alan Schafer, Peter
Holland, Richard Griffiths, Katrina Mangin, Andrew
Pomiankowski, Andy Purvis, Eddie Holmes, Marion
Petrie, Rosie Woodruffe, Amanda Vincent, David Haig
and Alan Grafen. This research was funded by the
Royal Society Horace Le Marquand and Dudley Bigg
Research Fellowship and The Browne Research
Fellowship at The Queen's College, Oxford.

References
ALVESALO L. AND DE LA CHAPELLE, A. 1981. Tooth size in two

males with deletions of the long arm of the Y chromo-
some. Ann. Hum. Gene,'., 54, 49-54.

ALvESALO, L., TAMMISALO, E. AND HAKOLA, P. 1985. Enamel
thickness in 47,XYY males' permanent teeth. Ann. Hum.
Biol., 12, 42 1—427.

AVISE, .i. c. 1991. Ten unorthodox perspectives on evolution
prompted by comparative population genetic findings on
mitochondrial DNA. Ann. Rev. Genet., 25, 45—69.

BUHLER, E. M. 1980. A synopsis of the human Y chromosome.
Hum. Gene,'. 55, 145—175.

BURGOYNE, i'. s. 1989. Thumbs down for zinc-finger? Nature,
342, 860—862.

BURGOYNE, p s. 1992. Y chromosome function in mammalian
development. Adv. Devel. Biol., 1, 1—29.



EVOLUTION OF THE MAMMALIAN V CHROMOSOME 229

BURGOYNE. '. s. 1993. A Y-chromosomal effect on blastocyst
number in mice. Development, 117, 341—345.

CAPEL, B., SWAIN, A., NICOLIS, S., HACKER, A., WALTER, M., KOOPMAN,

P., GOODFELLOW, P. AND LOVELL-BADGE, R. 1993. Circular

transcripts of the testis-determining gene Sry in adult
testis. Cell, 73, 1019—1030.

CHARLESWORTH, B. 1991. The evolution of sex chromosomes.
Science, 251, 1030—1033.

CHARLESWORTH, B. AND HARTL, a L. 1978. Population dynamics
of the segregation distorter polymorphism of Drosophila
melanogaster. Genetics, 89, 171—192.

CHEN, A. T. L., CHAN, Y. K. AND FALEK, A. 1971. The effects of
chromosome abnormalities on birth weight in man. I. Sex
chromosome disorders. Hum. Hered., 21, 543—556.

CLARK, M. M., KARPIUK, P. AND GALEF, B. G., Jr. 1993. Hormonally
mediated inheritance of acquired characteristics in
Mongolian gerbils. Nature, 364, 712.

CLARK, M. M., TUCKER, L. AND GALEF, B. 0., Jr. 1992. Stud males
and dud males: intra-uterine position effects on the repro-
ductive success of male gerbils. Anim. Behav., 43,
215—221.

ERICKSON, R. p 1989. Post-meiotic gene expression. Trends
Genet., 6, 264—269.

FORBES, S. H., KNUDESN, K. L., NORTh, T W. AND ALLENDORF, F. W.

1994. One of the two growth hormone genes in coho
salmon is sex linked. Proc. Nat!. Acad. Sci. U.S.A., 91,
1628—163 1.

HAlO, D. 1992. Genomic imprinting and the theory of
parent—offspring conflict. Semin. Devel. Biol., 3, 15 3—160.

HALO, D. 1993. Maternal—fetal conflict in human pregnancy.

Q. Rev. Biol., 68, 495—532.
HAlO, D. AND GRAHAM, C. 1991. Genomic imprinting and the

strange case of the insulin-like growth factor II receptor.
Cell, 64, 1045—1046.

HAlO, D. AND WESTOBY, M. 1989. Parent-specific gene expres-
sion and the triploid endosperm. Am. Nat., 134,
147—15 5.

HAMILTON, W. D. 1967. Extraordinary sex ratios. Science, 156,
477—488.

HAQO, C. M., KING, C-i, DONAI-IOE, P. K. AND WEISS, M. A. 1993.
SRY recognizes conserved DNA sites in sex-specific
promoters. Proc. Nat!. Acad. Sci. U.S.A., 90,1097—1101.

HARRIS, H. 1946. Microspermia in an individual from a family
of unusually high sex ratio and low fertility. Ann. Eugen.,
13, 156—160.

I-IENDRIKSEN, P. J. M., HOOGERBRUGGE, J. W., VAN DER LENDE, T. AND

GROOTEGOED, J. A. 1993. Transcription of the X and Y
chromosomes in mouse spermatids. J. Reprod. Fertil., 12,
12.

HURST, L. D. 1993. scat is a selfish gene analogous to Medea
of Tribolium castaneum. Cell, 75, 407—408.

HURST, L. 0. 1994. Embryonic growth and the evolution of the
mammalian Y chromosome. II. Suppression of selfish
Y-linked growth factors may explain escape from X-inacti-
vation and rapid evolution of Sry. Heredity, 73, 233—243.

HURST, L. D. AND POMIANKOWSKI, A. 1991. Causes of sex-ratio
bias may account for unisexual sterility in hybrids: A new
explanation of Haldane's rule and related phenomena.
Genetics, 128, 84 1—858.

JAMES, W. Fl. 1987. The human sex ratio. Part 2: A hypothesis
and a program of research. Hum. Biol., 59, 873—900.

JAMES, W. H. 1990. The hypothesized hormonal control of
human sex ratio at birth — an update. J. Theor. Biol., 143,
555—564.

JAMES, W. H. 1992. The hypothesized hormonal control of
mammalian sex ratio at birth — second update. .1. Theor.
Biol., 155, 121—128.

JUTLEY, J. K. AND STEWART, A. D. 1985. Genetic analysis of the
Y-chromosome of the mouse: evidence for two loci affect-
ing androgen metabolism. Genet. Res., 47, 29—34.

KALIKIN, L. M., FUJIMOTO, H., WITF, M. P., VERGA, V. AND ERICKSON, R.

P. 1989. A genomic clone of Zfy-1 from a YDOM mouse
strain detects post-meiotic gene expression of Zfy in testis.
Biochem. Biophys. Res. Commun., 165, 1286—1291.

KAY, G., ASHWORTH, A., PENNY, G., DUNLOP, M., SW! Fr, S.,
BROCKDORFF, N. AND RASTAN, s. 1991. A candidate sperma-
togeneSiS gene on the mouse Y chromosome is homolo-
gous to ubiquitin activating enzyme El. Nature, 354,
486—489.

KOOPMAN, P., ASHWORTH, A. AND LOVELL-BADGE, R. 1991. The

ZFY gene family in humans and mice. Trends Genet., 4,
132—136.

KRAAK, S. B. M. AND DE LOOZE, E. M. A. 1993. A new hypothesis
on the evolution of sex determination in vertebrates; big
females ZW, big males XY. Net/i. J. Zoo!., 43, 260—273.

LINDSLEY, D. L. AND ZIMM, . . 1992. The Genome of Droso-
phila melanogaster. Academic Press, San Diego.

McELREAVEY, K., VILAIN, E., ABBAS, N., I-IERSKOWITZ, I. AND FELLOUS,

M. 1993. A regulatory cascade hypothesis for mammalian
sex determination: SRY represses a negative regulator of
male development. Proc. Nat!. Acad. Sci. U.S.A., 90,
3368—3372.

MrrrwoCH, U. 1969. Do genes determine sex? Nature, 221,
446—448.

MIrrwoCH, u. 1989. Sex differentiation in mammals and
tempo of growth: probabilities vs. switches. J. Theor. Biol.,
137, 445—455.

MOORE, T. AND HAIG, Ii 1991. Genomic imprinting in mammal-
ian development: a parental tug-of-war. Trends Genet., 7,
45—48.

OGATA, T. AND MATSUO, N. 1993. Sex chromosomes and stature:
deduction of the principal factors involved in the determi-
nation of adult height. Hum. Genet., 91, 55 1—562.

PETERS, L. L. AND BARKER, J. E. 1993. Novel inheritance of the
murine severe combined anemia and thrombocytopenia
(Scat) phenotype. Cell, 74, 135—142.

pOPE, w. 1988. Uterine asynchrony: a cause of embryonic
loss. Biol. Reprod., 39, 999—1003.

PROPST, F., ROSENBERG, M. P. AND VANDE WOUDE, G, F. 1988. Proto-

oncogene expression in germ-cell development. Trends
Genet., 4, 183—187.

RANKE, M. B., PFLUGER, H., ROSENDAHL, W., STUBBE, P., ENDERS, H.,

BIERICH, 1. R. AND MAJEWSKI, F. 1983. Turner syndrome:
spontaneous growth in 150 cases and review of literature.
Eur. .1. Pediatr., 141, 81—88.

RATCLIFFE, S. 0., PAN, F!. AND McKIE, M. 1992. Growth during
puberty in the XYY boy. Ann. Hum. Biol., 19, 579—587.



230 L. D. HURST

RICE, w. R. 1992. Sexually antagonistic genes: experimental
evidence. Science, 256, 1436—1439.

SIMPSON, J. L. 1975. Gonadal dysgenesis and abnormalities of
the human sex chromosomes: current status of phenoty-
pic-karyotypic correlations. Birth Defects, 11, 23—59.

STERN, C. 1973. The Principles of Human Genetics. W.H.
Freeman, San Francisco.

TOWNSEND, G. AND ALVESALO, L. 1985. Tooth size in 47,XYY
males: evidence for a direct effect of the Y chromosome
on growth. Aust. Dent. J., 30, 268—272.

TRICOLI, J. V. AND BRACKEN, R. B. 1993. Zfy gene expression and
retention in human prostate adenocarcinoma. Genes
Chrom. Cancer, 6, 65—72.

TRICOLI, J. V., YAO, J. L, D'SOUZA, S. A AND BRACKEN, R. B. 1993.
Detection of sex-region-Y (Sty) transcripts in human
prostate adenocarcinoma and benign prostatic hypertro-
phy. Genes Chrom. Cancer, 8 28—33.

VARRELA, J. AND ALVESALO, L. 1985. Effects of the Y chromo-

some on quantitative growth: an anthropometric study of
47,XYY males. Am. J. Phys. Anthropol., 68,239—245.

WEIR, j. A. 1960. A sex ratio factor in the house mouse that is
transmitted by the male. Genetics, 45, 1539—1552.

WEIR, j A. 1976. Allosomal and autosomal control of sex ratio
in PHH and PHL mice. Genetics, 84, 75 5—764.

WU, C.-!. AND HAMMER, M. F. 1991. Molecular evolution of ultra-
selfish genes of meiotic drive systems. In: Selander, R. K.,
Clark, A. G. and Whittam, T. S. (eds) Evolution at the
Molecular Level, pp. 177—203. Sinauer, Sunderland, MA.

ZWINGMAN, T., ERICKSON, R. P., BOYER, T. AND AO, A. 1993.

Transcription of the sex-determining region genes Sty and
Zfy in the mouse preimplantation embryo. Proc. NatI.
Acad. Sci. U.S.A., 90,814—817.

Appendix
Consider a mammal in which a female has either one
(probability =x) or two (probability = 1 — x) mates but
always produces N male progeny. N may vary between
species but is assumed to be constant within any given
one. Let us assume that the female has only one brood
and allocates resources independently to sons and
daughters. Allocation is dependent upon a growth
signal from the foetus. Let us assume the situation to be
at equilibrium; that is, all foetuses are demanding
resources at some set level and all foetuses hence
receive the same titre of resources.

Consider now a mutant Y chromosome that has a
growth factor on it and hence the foetus bearing it
demands more resources. The increment in demand is
6 at a cost U. The net allocation to an individual
demanding 1 -+ 6 resources is a simple function of the
total resource demand. If the brood contains n male
progeny sired by a father with the mutant Y and the
remaining N — n progeny sired by a male without the
mutant Y then the net relative demand (D) by any

mutant-bearing foetus is

D6=(1 + 6)/(n(1 + 6)+(N— n)) (1)

whereas that of the wild-type in a such mixed brood is

= 1/(n(1 + 6)+(N— n)). (2)

It shall be assumed that the average size of the off-
spring is not dependent upon brood size. This assump-
tion is made to allow comparison between theoretical
species with different fixed brood sizes. Size (5) of
offspring is hence proportional to ND. The effect of
size on fitness (F) is assumed to be a diminishing func-
tion such that

F=(1 + a)S/(1 + aS)

which, as S tends to infinity, has an asymptote at

F=(1+a)/a.

(3)

The fitness due to demand 6 is F. The fitness of wild-
type individuals sharing a womb with individuals
demanding 6 is F_s. Fertilization is random. Hence a
mother with N progeny will produce a variable n with
the mutant Y. The net output of offspring containing
the selfish Y is a function of Q, where

n = N

n.F(o.s)N.NC/N.n0 (4)

Likewise, the output of the same mother of individuals
with the wild-type Y is a function of p where

= nN— n)F(0.5)N.NCNfl)/N.
n =0

(5)

The frequency of the mutant Y chromosome in the
next generation (p') relative to this generation (p) is
then given by

Wp'=(l— U)p[x+(1—x)(p+2(1—p)Q)}
where

W=(1— U)p[x+(1—x)(p+2(1—p)c� )]

+(1 —p)[x +(1 - x)((1 —p) + 2pm].

Invasion is possible when

dp'/dp> 1 atp=0
which resolves to the condition that

U<1— 1/(x(1—2Q)+2Q)

(6)

(7)

must be satisfied for invasion. It follows that, for
invasion, x<1, N>1, a<oo and 6>0 must all be
satisfied. The graphical solution for this is given in Figs
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Fig. 1 Cost of the signal (U) permitted to allow invasion of the growth-demanding Y chromosome as a function of the probabi-
lity of a single mating (x) and the number of male brood mates (N). The parameter values are a =1.5 and ô =0.1. The value of
U must be below the surface for invasion to be possible. Note the two limiting conditions: if x =1 all females are monogamous,
and hence a selfish Y cannot share a womb with a nonselfish Y. Similarly, if N (number of sons) is unity, the womb can neverbe
shared with another male.

Fig. 2 Cost of the signal (U) permitted
to allow invasion of the growth-
demanding Y chromosome as a lime-
tion of the strength of the signal (3) and
the parameter of the fitness trade-off
curve (a). The parameter values are
N= 5 and x =0.5.The value of U must
be below the surface for invasion to be
possible. Note the two limiting condi-
tions: if 6 =0 the selfish Y gains no
advantage (it is not selfish, only costly).
Similarly, as a tends to infinity, so the
fitness gain tends towards zero.
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1 and 2. Solving p' =p reveals that equilibria occur at

(2+x—2x)(1— U)—l*=' " ' (x—1)(2—2Q—2—U+2U)
(8)

Graphical solution (not presented) demonstrates that,
just so long as the invasion conditions are satisfied (eqn
7), the above term (eqn 8) is never greater than zero.
Invasion must hence be followed by fixation.

The model is designed to provide the most stringent
conditions for invasion of the selfish Y. Therefore (i)

sons cannot utilize resources intended for daughters,
(ii) mothers are semelparous, hence sons cannot
increase the total resource provisioned to a brood as
they might in iteroparous organisms, and (iii) N is
constant, hence if N = 1 a male can never share a
womb with another male. A limitation of the above
model is that it does not consider the possible trade-off
between signal intensity (6) and cost (U); it simply
derives the maximum value that U may take for any
given value of 6.


