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ESTIMATING THE STRENGTH OF SEXUAL SELECTION FROM Y-CHROMOSOME AND
MITOCHONDRIAL DNA DIVERSITY
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Abstract.—We show that a sex difference in the opportunity for selection results in sex differences in the strength of
random genetic drift and thus creates different patterns of genetic diversity for maternally and paternally inherited
haploid genes. We derive the effective population size N, for a male-limited or female-limited haploid gene in terms
of 1, the **opportunity for selection’’ or the variance in relative fitness. Because the variance in relative fitness of
males can be an order of magnitude larger than that of females, the N is much smaller for males than it is for females.
We derive both nonequilibrium and equilibrium expressions for Fsy in terms of | and show how the portion of | owing
to sexual selection, |4 es that is, the variation among males in mate numbers, is a simple function of the F's for
cytoplasmic (female inherited) and Y-linked (male inherited) genes. Because multiple, transgenerational data are
lacking to apply the nonequilibrium expression, we apply only the equilibrium model to published data on Y chro-
mosome and mitochondrial sequence divergence in Homo sapiens to quantify the opportunity for sexual selection.
The estimate suggests that sexual selection in humans represents a minimum of 54.8% of total selection, supporting
Darwin’s proposal that sexual selection has played a significant role in human evolution and the recent proposal
regarding a shift from polygamy to monogamy in humans.
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Sexual selection ‘. .. depends, not on a struggle for ex-
istence, but on a struggle between males for possession of
the females; the result is not death of the unsuccessful com-
petitor, but few or no offspring’’ (Darwin 1859, p. 88). Sexual
selection is one of the strongest known evolutionary forces,
responsible, within species, for differences between males
and females in coloration, weaponry, and sperm morphology
and, among species, for large differences in male phenotypes
(Endler 1986; Andersson 1994; Shuster and Wade 2003). As
a consequence of reproductive competition, typically some
males have many mates whereas many other males have no
mates at all. This variation in mate numbers is the cause of
sexual selection and in most species makes selection on males
several times stronger than selection on females (Wade 1979;
Arnold and Wade 1984a,b; Fairbairn and Wilby 2000; see
also below). We show how a sex differencein the opportunity
for selection results in sex differences in the strength of ran-
dom genetic drift and creates different patterns of genetic
diversity for maternally inherited and paternally inherited
haploid genes. We use studies of Y chromosome and mito-
chondrial sequence divergence in Homo sapiens to quantify
the opportunity for sexual selection. We estimate that sexual
selection in humans represents a minimum of 54.8% of total
selection, supporting Darwin’s proposal that sexual selection
has played a significant role in human evolution.

Differences in the diversity of human Y-linked and mi-
tochondrial markers have been interpreted as evidence for a
higher female than male migration rate (Seielstad et al. 1998;
Perez-Lezaun et a. 1999) or a more recent expansion of the
Y chromosome out of Africathan previously thought (Thom-
son et al. 2003) while the role of sexual selection has been
discounted. Some studies have found more modest reductions
in levels of Y-linked diversity (e.g. Nachman 1998). How-

ever, these studies used an indirect measure of sexual selec-
tion based on the sex ratio of breeding males to females and
not on a formal sex-specific measure of the opportunity for
selection (e.g., Seielstad et al. 1998) and its effect on genetic
drift. The sex-ratio approach used by other authors seriously
underestimates sexual selection’s effect on Y-chromosome
diversity as we show below. Low diversity of Y-chromosome
sequence variation is common (Dupanloup et al. 2003). For
example, from the observation of a single Y-chromosome
haplotype originating in Mongolia approximately 1000 years
ago, it has been inferred that the Mongol warlord, Genghis
Khan, and his male relatives were the progenitors of nearly
8% of the men now living in the geographic region formerly
controlled by the Mongol Empire, which is approximately
1.0% of the world’s human population (Zerjal 2003). If true,
such accounts indicate that sexual selection in human pop-
ulations has the potential to be very strong. However, the
actual intensity of sexual selection remains unclear.

It has been shown elsewhere (Wade 1979, 1995; Arnold
and Wade 1984a,b; Shuster and Wade 2003) that the variance
in reproductive fithess among males, V4, is related to the
variance in offspring number of females, Vigmae, through the
following equation:

Virgle = RViermale + (Wremalo)*Vimates: (1)

where R is the sex ratio, Nemaie/ Nmales Wiemale 1S the mean
number of offspring per female; and V415 IS Variancein mate
numbers among males. Although the term Ve Measures
the variance in male fitness due to differences in mate num-
bers among males, it is evaluated in terms of the number of
offspring males obtain with each mating. Thus, when pater-
nity can be accurately assigned, this method provides a pow-
erful meansfor quantifying malefitnessvariance, particularly
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when multiple mating by females or cryptic female mate
choice leads to differential fertility among males (Shuster
and Wade 2003). Because each individual in a sexual pop-
ulation has one father and one mother, the mean fitness of
males, W, e, must equal RWgmae, the mean fitness of females
multiplied by R, the mean number of mates per male. The
term (Wigmaie)2Vmates: 1N €quation (1) can make the variance
in male reproductive success as much as 2.0 X 108 times
larger than that of females (Shuster and Wade 2003). The
greater the variance in offspring numbers, the stronger is the
force of random genetic drift (Crow and Kimura 1970, p.
100). Consequently, a sex difference in fitness variance will
cause a sex difference in the strength of random genetic drift,
which will manifest itself as different levels of diversity in
those genes with sex-limited inheritance (as opposed to sex-
limited gene expression). Diversity will be lower in the sex
with the greater fitness variance because random drift will
be stronger in that sex.

Thevariancein relative fitness from all causes, genetic and
environmental, affects random drift. The variance in relative
fitness, I, is called the ‘*opportunity for selection’” (Arnold
and Wade 1984a,b; Crow 1989; Shuster and Wade 2003),
and it equals the variance in absolute fitness divided by the
mean fitness squared. Because the opportunity for selection
measures the increase in average fitness of the breeding par-
ents relative to that of the parent population before selection,
it is a measure of the opportunity for selection. Dividing
equation (1) by mean male fitness squared, RWemac2 (Wade
1979; Arnold and Wade 1984a,b; Shuster and Wade 2003),
gives:

Imale = (UR)ltemate + lmatess (2

where the ratio Vigmaie/ Wremaie? 1S lemale: the opportunity for
selection on females, and | ates 1S Vimaed RZ, the variance in
mate numbers among males divided by R2, the square of mean
number of mates per male. | e 1S the opportunity for sexual
selection among males; that is, the variance in relative male
fitness that results from the variance among males in mate
numbers (Wade 1979; Arnold and Wade 1984a,b; Shuster
and Wade 2003). It includes mating as well as nonmating
males. When Ris unity, | aes €QUalS (I maie — lemale), the sex
difference in the opportunity for selection in many circum-
stances (Wade 1979, 1995; Arnold and Wade 1984a,b; Shus-
ter and Wade 2003). Moreover, the value of |4 can be much
greater than that of leyge FOr example, in the northern water
snake, Nerodia sipedon, paternity analysis using microsat-
ellite markers reveals that |,y iS 70 times greater than ligpae
(Gibbs and Weatherhead 2001). Similarly, in the marine iso-
pod, Paracerceis sculpta, |,qe iS more than 20 times greater
than ltemae (Shuster and Wade 2003). The magnitude of the
sex difference in sex-limited gene diversity will depend on
the magnitude of the sex difference in the opportunity for
selection, with predictable patterns in species with conven-
tional aswell aswith reversed sexual roles. Thus, this method
is also useful for quantifying the opportunity for sexual se-
lection in sex-role reversed species. For example, in the
broad-nosed pipefish, Nerophis ophidion, males carry asingle
brood of offspring, but females may mate with up to three
males. In this species, ligmale IS three times greater than I,4e
(Berglund et al. 1989).
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Selection, by definition, affects the variance in offspring
numbers. It reduces N, the effective population size (Seiel-
stad et al. 1998; Perez-Lezaun et al. 1999), and thereby en-
hances genetic drift. The greater the variance in relative fit-
ness, the smaller N, becomes and the stronger is random
genetic drift, all else being equal (i.e., selection, migration,
and mutation). Consequently, sex differencesin the operation
of drift cause differences in the amount of variation in ma-
ternally and paternally inherited genes. For a neutral haploid
gene with uniparental inheritance, where W is mean fitness
(Crow 1958; Crow and Kimura 1970; Wade 1996):

Ne = (N — [UW]/(1 + [VIWA] — [L/W]). ©)

When the average number of gametes per parent is one (i.e.,
replacement; Wright 1938), this reduces to (N — 1)/(l), rec-
ognizing that | is the ratio (V/W?). When Wis very large, the
expression reduces to N/(I + 1). Thus, for 1 = W < », we
have (N/[I + 1]) < Ne < ([N — 1]/1). In the following der-
ivation, we use the upper bound on N.. (Use of the lower
bound also leads to equation [7], below, when k [defined
below] is 1.0 and equation [7] remains an underestimate for
k > 1.) Throughout our derivation, we assume as in most
previous studies that the mitochondrial and Y -linked variants
are neutral and that direct selection on these haplotypes is
negligible. There are instances in which this assumption fails
and, in the interpretation of datain the context of these equa-
tions, this assumption should be investigated (e.g., Nachman
1998) to support the interpretation based on the neutrality
assumption.

Because |4 IS often an order of magnitude larger than
ltemate (Gibbs and Weatherhead 2001; Shuster and Wade
2003; see above), the effective population size of a male-
inherited gene, like those on the Y chromosome, can be very
much smaller than that of afemale-inherited gene, like those
of the mitochondria. The harmonic mean sex ratio of breeding
adults (Seielstad et al. 1998) is often used to evaluate the
reduction in the N, of males caused by polygyny relative to
the N of biparentally inherited nuclear genes. This approach
is appropriate only under the assumption of a random dis-
tribution of offspring numbers, such that the ratio, (V/W), is
one for both sexes. Note that when the variance in fitness
equals the mean (W = V), as expected in the absence of
selection, | is one and N equals (N — 1), or approximately
N. The existence of alarge sex difference in the variance in
relative fitness invalidates this assumption and the use of this
approach greatly underestimates the effect of sexual selection
on the difference in N between males and females.

The effective population size, N, determines the genetic
diversity maintained at equilibrium within a population by
the forces of random genetic drift, mutation (rate ), and
migration (rate m). For a haploid gene with the standard
assumption that m > p, the general equation (Wright 1951)
for the equilibrium probability of identity by descent, or the
among-population variation, is

F = 1/(2Nem + 1). (4
Substituting equation (3) for N, and rearranging, we obtain
F =~ U@2[N — 1][m] + I). 5)
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TABLE 1.
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Estimates of Fsr (or the related parameters, ®sr and Rgy) for nucleotide sequences located on the Y chromosome and on

mitochondrial DNA (mtDNA) in human populations. The ratio of sexual selection to total selection is estimated using equation (7) and
assuming that k equals 1. (If k > 1, then the tabled values are underestimates).

% sexual
Region Parameter Y chromosome mtDNA selection Data source
(a) Europe Dgr 0.187 0.057 58.4 Kittles et al. 1999
Rst 0.090 0.043 375 Kittles et al. 1999
(b) Native American Dgr 0.137 0.151 -5.7 Kittles et al. 1999
Rst 0.190 0.080 459 Kittles et al. 1999
Dgr 0.349 0.230 Kittles et al. 1999
(c1) Combined a and b Rst 0.178 0.054 28.4 Kittles et al. 1999
(c2) Fsr 0.185 0.062 58.3 Jorde et al. 2000
(d) Europe, Asia, Africa Fsr 0.645 0.186 54.9 Seielstad et al. 1999
(e) Europe 77.7
Average of cl, c2, d, and e 54.8
For maternally inherited mitochondrial haplotypes, F., at AF ~ (UNg) = /(N — 1). 9

equilibrium is
Frt = ltemad (CNtemate = UlMremaiel + ltemae)  (63)

and the corresponding equation for Y-linked, paternally in-
herited haplotypes is

Fy = lmad/(2[Nmae = 1[Mraiel + Imae)- (6b)

When R is unity (Ntemaie/Nmaie = 1) and the sex-specific
migration rates are Myge = KMemaier (Where k is a constant
of proportionality), then the ratio of the difference, { (1/Fy)
— (VFy)}, to the sum, {(VFy) + (UF,) — 2}, is given by

{(VFm) — (WFEI{(VFy) + (UFw) — 2}

= (Imates = [K = Ultemae)/(lmae + Kltemae)- (7)

When k = 1, equation (7) estimates the proportion of total
selection represented by sexual selection, namely, | yated (I mate
+ ltemale)- When k > 1, the migration rate of females exceeds
that of males, as has been reported for humans (Seielstad et
al. 1998; Perez-Lezaun et al. 1999). In this case, equation
(7) is an underestimate of the proportion of sexual selection.
Thus, the minimum strength of sexual selection (laes) rel-
ative to total selection (Iae + ltemaie) CaN be estimated from
equation (7) using Y-linked and mitochondrial haplotype di-
versities, even when k exceeds 1.

Nonequilibrium Gene Diversity

For humans, given high migration rates and temporally
and spatially variable selection, it might be better to avoid
the assumption of genetic equilibrium (cf. Whitlock and
McCauley 1999). In this nonequilibrium case, we can use the
standard recursion equation (ignoring migration for the single
generation between t and [t + 1])

Ft+ 1) = (UNe) + (1 — [UNDF (), (82)
AF = F(t + 1) — F(t) = (UNe) — (F[tI/Ns). (8b)

This equation describes both Y -linked and mitochondrial di-
versity as long as N, is understood to be the number of ef-
fective males or females, respectively. If we assume that Ng
is large and F is small, then terms of magnitude (F/Ng) will
be very small compared to (1/Ng). Ignoring such terms, and
substituting the upper bound, (N — 1)/I for Ng, we find

If we assume that Ny €quals Nigrae @ We did above, then
the ratio

(AFmaie — AFfemate)  (Imate — lemale)
(AFmae T AFfemaie)  (Imaie + ltemate)

(109)

I mates

B (Imae t lemale) (100)

To apply this nonequilibrium formulation, we require data
on mitochondrial and Y-linked diversity from the same pop-
ulation(s) for two consecutive generations and such data are
not presently available from the published literature. For that
reason, we must turn to the equilibrium solution, with all the
caveats that requires.

The best available data for applying our formulas come
from our own species, Homo sapiens, in which the distri-
bution of genetic diversity has been studied for mitochon-
drial, Y chromosomes, and nuclear autosomal genes in the
same populations (Wright 1951; Seielstad et al. 1998; Perez-
Lezaun et al. 1999; Santos et al. 1999; Dupanloup et al. 2003;
Hammer et al. 2003). Estimating sexual selection using the
nonequilibrium formula (eq. 10b) requires estimates of F,
and F,; from two sequential generations excluding migrants.
No such data currently exist for our species or any other.
Thus, we use the reported values (Wright 1951; Poloni et al.
1997; Seielstad et al. 1998; Kittles et al. 1999; Perez-L ezaun
et al. 1999; Santos et al. 1999; Jorde et al. 2000) of Fgr (or
related parameters, @<t and Rgy) given in Table 1 and apply
the equilibrium equation (eqg. 7). Using these data and equa-
tion (7), we obtain combined estimates indicating that sexual
selection represents an average of 54.8% (range 28.4—77.7%)
of all selection in H. sapiens.

Humans are sexually dimorphic in several traits. Compared
to females, human males, on average, are taller and heavier
than females, with more facial and body hair, deeper voices,
larger brains, higher juvenile mortality, and shorter longevity
(Barkow et al. 1992). Human size dimorphism is consistent
with an evolutionary history of more intense reproductive
competition between mal esthan femal es, and sexual selection
has been accorded a large and controversial role in human
evolution with respect to warfare (Alexander 1971), human
intelligence (Alexander 1971; Ridley 1993), bipedalism (Dar-
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win 1874; Parker 1987), language (Darwin 1874; Ridley
1993) and culture (Barkow et al. 1992). Greater male fitness
variance than female fitness variance has been documented
in modern human populations (Mulder 1988). However, until
now, in humans, or for that matter, in any other animal pop-
ulation, no quantitative method has been available for esti-
mating the historical intensity of sexual selection relative to
total selection that is captured in the patterns of diversity of
sex-limited genes. Following his catalog of human traits pos-
sibly influenced by sexual selection, Darwin (1874; p. 600)
lamented, ‘‘ The views here advanced, on the part which sex-
ual selection has played in the history of man, want scientific
precision.”” Our finding that more than half of all selection
in humans has been sexual selection supports Darwin’s orig-
inal inference (1874) of its central role in human evolution.
More importantly, our method provides a novel means for
estimating the relative opportunity for sexual selection in any
species for which sex-specific molecular genetic markers
exist.
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