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Female-to-Male Breeding Ratio
in Modern Humans—an Analysis
Based on Historical Recombinations

Damian Labuda,2* Jean-Francois Lefebvre,! Philippe Nadeau,! and Marie-Héléne Roy-Gagnon!:3

Was the past genetic contribution of women and men to the current human population equal? Was polygyny (excess of breeding
women) present among hominid lineages? We addressed these questions by measuring the ratio of population recombination rates
between the X chromosome and the autosomes, px/ps. The X chromosome recombines only in female meiosis, whereas autosomes
undergo crossovers in both sexes; thus, px/pa reflects the female-to-male breeding ratio, p. We estimated B from px/p, inferred from
genomic diversity data and calibrated with recombination rates derived from pedigree data. For the HapMap populations, we obtained
B of 1.4 in the Yoruba from West Africa, 1.3 in Europeans, and 1.1 in East Asian samples. These values are consistent with a high prev-
alence of monogamy and limited polygyny in human populations. More mutations occur during male meiosis as compared to female
meiosis at the rate ratio referred to as a. We show that at « # 1, the divergence rates and genetic diversities of the X chromosome relative
to the autosomes are complex functions of both o and B, making their independent estimation difficult. Because our estimator of  does
not require any knowledge of the mutation rates, our approach should allow us to dissociate the effects of & and p on the genetic diversity

and divergence rate ratios of the sex chromosomes to the autosomes.

Introduction

Was polygyny' (excess of breeding women) present
among hominid lineages? If both women and men
equally contribute to subsequent generations, then the
breeding ratio, B, is 1. Under skewed breeding ratio or
polygamy, female-to-male meiotic contributions differ
and lead to differences in the effective (breeding) popula-
tion sizes, N and N, such that N/N,,, = 6 # 1. Such
differences can be inferred by studying the uniparentally
transmitted markers that are independently affected by
N.rand N,,,,. For example, a study of Y chromosome diver-
sity® proposed a shift from polygyny to monogamy in the
recent history of modern humans. Differences in N, and
N.., also affect effective population sizes of the X chromo-
some and of the autosomes, N.x and N,4, respectively.
Because men carry only one X chromosome and women
carry two, the ratio N.x/N.4 changes as a function of
B (Figure 1). In turn, changes in N,.x/N., affect the extent
of genetic drift and the relative genetic diversities of these
two chromosomal systems. Therefore, comparative anal-
yses of genetic diversity and of the extent of genetic
drift between the autosomes and the X chromosome can
be used to reveal differences in demographic histories,
migration, and breeding patterns of females and males.
Two recent analyses yielded equivocal estimates of the
breeding ratio in human populations. One study sug-
gested that polygyny (8 > 1) was common in Africa and
was further increased in non-African populations;®
whereas another claimed the opposite—that there were
more breeding men than women during the out-of-Africa

migration, leading to greater than expected differentiation
of the X chromosome genetic diversity among continental
populations.? These conflicting results were attributed
to the confounding effects of natural selection and
demography differently affecting DNA segments and/or
samples examined by the two studies or to a bias in the
choice of the data set analyzed or the choice of outgroup
species for calibration of evolutionary rates.® As we show
here, there is an inherent difficulty in evaluating the
breeding ratio from the genetic (mutational) diversity of
the autosomes and the X chromosome, because these
diversities are a complex function of both the breeding
ratio and the difference in the male and female meiotic
mutation rate.®® Using, toward this end, uniparentally
transmitted markers can circumvent this difficulty, but it
requires assumption of neutrality, and this is question-
able.” We propose a different approach, which evaluates
B on the basis of the observed differences in the popula-
tion recombination rate, p, of the autosomes and the X
chromosome. This approach appears robust to different
confounding factors. We avoid potential biases due to
the choice of DNA segments,5 because entire chromo-
somes are used to estimate p. Because there is no need to
consider different rates of mutation in male and female
meioses,” our method does not require the choice of an
outgroup species to correct for differences in these muta-
tion rates.>* This is important, because over long evolu-
tionary periods separating primate lineages, both B and
the male-to-female mutation rate ratio are expected to
vary. Finally, we also rewrite Miyata’s’” equations to
include the effect of . Our study of HapMap populations
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Figure 1. Relationships among Population Size Ratio, Popula-

tion Recombination Rate Ratio, and the Breeding Ratio

The X chromosome to the autosomes effective population size
ratio, N.x/N.4 = ¢ (red line), and the corresponding population
recombination rate ratio, px/ps (blue line), are plotted as a
function of the breeding ratio 8 = Ng7/N,. Note that the
normalized recombination rate ratio, (px.ra)/(pa.rx), is equiva-
lent to px/ps because in humans rx/ry = 1.'® The red and
blue curves represent the following equations, respectively:
Nex/Nea = (98 +9)/(86 +16) and (px-14)/(pa 1) = 98(1 + )/
4(2+B)(26 + 1) (c.f Material and Methods).

reveals that in the history of the modern human, the
average B was greater than 1 and less than 2, in agreement
with conclusions of social anthropologists and paleontol-
ogists describing our species as monogamous with polygy-
nous tendencies. %13

Material and Methods

Population Genetic Diversity Data

We used data from the HapMap project (HapMap2 release 21a,
NCBI build 35) on genetic variation in the Yoruba (YRI) popula-
tion from West Africa (n = 60 individuals and n, = 90 X chromo-
somes), in Western Europeans (CEU [n = 60, n, = 90]), and in East
Asians (Chinese, CHB [n = 45, n, = 68]; Japanese, JPT [n = 45,
n, = 67]).171° To avoid any bias due to a different number of
sex chromosomes in comparison to autosomes in male samples,
we used only one haploid equivalent of the male autosomes, by
randomly selecting one of the two autosomes, such that the
number of X chromosomes and autosomes was identical.

Estimating the Breeding Ratio B from Differences

in the Autosomal and X Chromosome

Recombination Rates

The population mutation parameter is ® = 4 N,u, in which N, is
the effective population size and u is the mutation rate per DNA
segment per generation. Likewise, the population recombination
parameter is p = 4N.r, in which r corresponds to the recombination
rate per DNA segment per generation.'” An autosomal sequence is
equally derived from the mother and from the father, such that its
sex-average recombination rate is ry = (rja + 1,,4)/2 per generation,
in which the subscripts f and m denote the female and male
recombination rates.'®!? The population recombination rate of
autosomes is thus

pa = 4Neata, (Equation 1)

in which N,, denotes the autosomal effective population size:*

4N,,N;

N = X7 . a7
4T Nu+ Ny

(Equation 2)
in which N,,, and Nyrepresent the number of breeding males and
females, respectively. For the X chromosome, the effective popula-
tion size is

9NN
N, f

X = 4N, t 2N, 2N, (Equation 3)

At the breeding ratio 8 = N¢/N,, = 1, the X chromosome goes
through the male meiosis one third of the time and thus has
a chance to recombine only two thirds of the time, when going
through the female meiosis. Hence, the apparent rate of recombi-
nation of an X-linked sequence in the population is ry = (2/3)rx,
in which rg denotes its recombination rate per female meiosis,
and for any g, rx = (268/(1428))rsx. Thus, the population recombi-

nation rate for X-linked sequences is
px = 4Nex (28/(1 4 20))rsx. (Equation 4)

Defining 6 = N.x/N.4, we have®

166 —9 .
B= 985 (Equation 5)
and
_98+9 .
=831 16 (Equation 6)

Equations 5 and 6 thus define the mutual relations between the
female-to-male and the X chromosome-to-autosomes effective
population size ratios, B and 3, respectively.

The X chromosome-to-autosome ratio of population recombi-
nation rates is

px _Ix  9B(1+4)

a1 A2+H2BH1) (Fquation 7)

From this, we can define

R_PxTa_  9B(1+86)

= I = 74(2 1) (Equation 8)

in which R is the ratio of the normalized X chromosome recombi-
nation rate (px/rex) to the normalized autosomal recombination
rate (pa/r4). R is thus a function of the breeding ratio B. Because
R can be estimated with the use of the available pedigree data
(ra/rex) and the population genetic diversity data (px ,p4), We can
use it to compute the breeding ratio:

_ 20R —9++/144R% — 72R + 81

g 18 — 16R

(Equation 9)

The dependence of px ;p4 and & upon B is shown in Figure 1.

Germ Line and Population Recombination Rates

Germ line recombination rates were independently estimated
from the pedigree studies'® and are available for each autosome
(ra;) and for the X chromosome (rz). The average estimate over
both sexes and the autosomal genome is denoted r, and happens
to be equal to 71 such that the ratio r,/rx = 1,'® which is also seen
by others.'® Thus, in humans, the overall estimate of R reduces to
px/pa- The estimates of p were obtained with the use of InfRec as
previously described.?’ The InfRec procedure relies on the existing
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methods developed for the analysis of recombinations and haplo-
types, namely “PHASE,” which reconstructs haplotypes from
genotypes;** “RecMin,” which estimates the minimum number
of recombinations, Rnmin, in a sample of haplotypes of the analyzed
DNA segment;** and the estimation of “FIR” and “FNR,” which
correspond to the fraction of informative recombinations and
the fraction of visible novel recombinants, respectively.>* The
expected number of recombinations in a DNA segment is'”*

n—1 1
Rr = PZ?
i=1

(Equation 10)

in which n is the size of the analyzed population sample, in the
number of sequence copies. InfRec computes p from the inferred
number of historical recombinations corrected for the informa-
tiveness of the analyzed haplotypes by using the FNR estimate as
a correction factor to compensate for “undetectable” historical
crossovers, which leads to

Rmin

— . (Equation 11)
FNR Y 1 / i
i=1

Pobs =

The average p of a chromosome is obtained from a sliding
window scan of its entire length.

We routinely use windows of size 8, but we also analyzed
the data using windows of sizes 6 and 10 (Table S1, available
online). Windows characterized by a very low FNR (< 0.05) and
thus effectively noninformative were discarded and were not
included in the final estimate (c.f. 2! for details). Each window’s
sequence coverage is taken into account to express the recombina-
tion rate estimates in units of sequence length, usually per Kb. The
chromosomal average is calculated as a weighted average from the
first to the last polymorphism, excluding the centromere and
windows covering unusually large genomic segments lacking
polymorphisms. On the basis of the observed distribution of
window sizes, we used the first 99% of windows, ranked from
the smallest to the largest size. On average, this corresponds to
93% of the chromosome length (except for chromosomes 9 and
16, in which the excluded area is much greater—see Table 1 in '®).
The excluded sequence mostly represents centromeric and telo-
meric regions.

We used a bootstrap approach?® to estimate standard errors for
our estimates of B. We used 100 bootstrap replications in which
we resampled with replacement 90 (60 female and 30 male) entire
chromosomes for the CEU and YRI HapMap populations or 135
(90 female and 45 male) entire chromosomes for the combined
CHB and JPT population. Each bootstrap replication thus included
90 or 135 copies of each autosome and the X chromosome. For
each of these replications, we calculated p with Equation 9 from
the InfRec estimates of px and p, (the average p of the autosomes
appropriately weighted for their respective contributions to the
genome). The estimate of the standard error was calculated as
the observed standard deviation of the 100 § values.

Simulation Experiments

We carried out coalescence simulations to estimate the effect of
genetic diversity, recombination density, and demography on esti-
mates of p,ps from the DNA variation data. Simulations were per-
formed with the msHot software?’, a modification of the ms
program,”® under a simple version of the standard neutral model
at constant population size including population growth and
demographic bottleneck.

We performed 1000 independent simulations of 100 Kb
sequence segment in a sample of 120 or 90 chromosomes (i.e., cor-
responding to the number of autosomes or X chromosomes,
respectively, in a sample of 30 male and 30 female diploid individ-
uals). We used several models with varying parameters. The popu-
lation mutation rate, ®, was set to 40, 60, 80, 100, and 120 (i.e.,
corresponding to nucleotide diversities between 0.04% and
0.12%). Likewise, p varied between 40 and 120 (i.e., between 0.4
and 1.2 per Kb), and the recombination rate was considered
uniform over the sequence or allowed to be concentrated in
2-Kb-wide hotspots with an average occurrence of one per
100 Kb and an intensity of 90% (defined by the proportion of
recombination events expected to happen within hotspots; i.e.,
hotspot quotient (HQ);?° HQ = 90%). We estimated p,ps (typically
expressed per Kb of the sequence) by sliding windows of size 8,
either using all segregating sites (all simulated SNPs) or consid-
ering only those having minor allele frequency (MAF) > 5%. We
also estimated the resulting ©s°° and @ ;.3

In order to study the effect of a demographic bottleneck, we
simulated a population at constant size (N, = 10,000) that
undergoes a bottleneck reducing it to 5% or 15% of its size for
a period of 300 generations, thus corresponding to bottleneck
intensity F of 0.26 or 0.1, respectively, in which F =1 — (1 —
1/2N,,)%, with 2N, representing the number of chromosomes
during a bottleneck that lasts ¢ generations. The estimates of
p and ® without a bottleneck were compared to those obtained
after the bottleneck, first immediately after (generation 1) and
then after 300, 600, 1200, and 2000 generations at a constant
initial population size. By the same token, these simulation exper-
iments test the effect of population growth, here simply modeled
as a sudden increase in population size at generation 1 after the
bottleneck.

To test for the effect of sex-biased migration, we simulated
a simple case of two subpopulations of equal size and equal
number of males and females, exchanging migrants at the same
rate. For a given input ® and p values, we varied 4Nm,? in which
m describes the migrating fraction out of the total number of chro-
mosomes in a subpopulation. When both sexes migrate at the
same rate, the fraction m, of the total number of autosomes equals
that of the total number of X chromosomes, my, such that
my = (mg + my)/2 and mx = (2mg + my,)/3 with my and m,,
standing for the fraction of female and male migrants, respec-
tively. When only females migrate, mx/m, = 4/3 and when only
males migrate, mx/m, = 2/3. We carried out sets of simulations
at high (4N.m of 40, 30, and 20), intermediate (4N.m of 2, 1.5,
and 1), and low (4N,m of 0.1, 0.075, and 0.05) migration rates to
obtain estimates of px/ps from which the corresponding B esti-
mates were computed. These parameters were evaluated (1) in
the two subpopulations separately, to examine the effect of immi-
gration-emigration (admixture), and (2) in a total population rep-
resented by a mixed sample of both subpopulations, to investigate
the effect of hidden population structure.

Finally, we investigated the effect of inbreeding by using the
HapMap CEU and YRI data for which family trios are available.
Replacing a parent with a child of the same sex in the analyzed
data sets creates a repetition of one X chromosome and half of
the autosomes as though due to inbreeding. In a set of 45 trios,
we substituted a child for a parent in 5, 10, and 15 trios. Note
that because we randomly remove one autosome in males to
maintain the same number of X chromosomes and autosomes
in the analysis, there is always twice as many X chromosomes
than autosomes that are repeated, thus modeling a strong
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female-driven inbreeding. By combining different sets of results,
we also model both sex-equal and male-driven inbreeding.

Results

Inference on the Breeding Ratio

The breeding ratio affects the ratio px/ps (Figure 1 and
Equation 7). As shown in Material and Methods, at
different px/p4 the corresponding estimate of 3, E, can be
calculated from Equation 9. To obtain B, the observed
px/pa needs to be normalized by a reciprocal ratio ra/rex
of the recombination rates derived from pedigree studies
(Equation 8). In humans, this ratio is 1."®!? Thus, when
px/pa = 1/2, the breeding ratio § = 1 (Figure 1). Any devi-
ation from B = 1 is expected to be reflected in px/p4, which
can be estimated from population genetic diversity data.*?
To estimate p, we used the InfRec method, a heuristic
approach described previously.>! We obtained estimates
of px, pa, and B for three HapMap populations: Yorubans
from Nigeria, Western Europeans, and East Asians (Table 1).
Consistent estimates of B were obtained at different sizes of
the sliding window (Table S1). They range from 1.4 in
Yoruba to 1.1 in East Asia. These estimates are close to
but greater than 1, suggesting some polygyny in the
history of human populations. Polygyny means that the
reproductive variance of males is greater than that of
females.>* This implies that some males father more
offspring than others and, by the same token, that in
average more women than men contribute genetically to
subsequent generations. Polygyny (B > 1) is not immedi-
ately equivalent to men’s polygamy in a social sense.'" It
is biologically possible that most monogamous societies
could be polygynous considering that more men than
women fail to marry, that more men than women remarry
after death or divorce, and that the most reproductively
successful men have many more children than the most
fertile women. However, social polygyny is also practiced
in many human societies.! Taken at their face value of
1.1-1.4 females per male, our B estimates do not indicate
a great level of polygamy but rather conform to the image
of our species as monogamist with polygynous tenden-
cies.!"1%11:35 These estimates represent historical averages
and thus are also likely to be affected by past demographic
events and/or social changes of the ancestral human
populations.>3¢37

Testing InfRec with HapMap and Simulated Data

To validate our results and identify possible sources of bias,
we examined the InfRec performance when dealing with
HapMap data as well as with data simulated under a broad
range of parameters. We compared the average InfRec esti-
mates of individual chromosomal p,,s obtained for each
of the three HapMap populations, and compared these
with the average estimates of the pedigree recombination
rates r.'® We observed a high correlation between pairs of
HapMap populations for the average chromosomal pps
values (Figure S1) with R? values between populations

Table 1. Breeding Ratio Estimates and the Underlying Autosomal
and X Chromosome Population Recombination Rates in the Three
HapMap Populations

Estimate + Standard Error

Parameter Africa: YRI Europe: CEU East Asia: CHB, JPT
pA 0.449 + 0.004 0.237 = 0.002 0.301 = 0.002

px 0.264 + 0.010 0.136 + 0.006 0.158 = 0.005

B 1.42 = 0.14 1.34 = 0.14 1.11 = 0.09

InfRec' computes p as pobs = Rmins~"11 /j ijn which n is the number of chro-

mosomes and Rnn is the estimate of the minimum number of historical recom-
binations. Dividing by the fraction of new recombinants, FNR (SI), provides
a correction for the informativeness of the analyzed haplotypes. The average
pobs Of @ chromosome is obtained from a sliding window scan of its entire
length and p, is the weighted average of all autosomes (see SI Eq. S 0.9 for
the calculation of B). Standard errors were estimated from 100 bootstrap repli-
cations in which entire chromosomes were resampled with replacement (SI).

ranging from 0.95 to 0.96. Satisfactory R?, of 0.68, 0.65
and 0.55 for Yoruba, Europeans and East Asians, respec-
tively, were also obtained between p,,s and the pedigree
estimates of r'8 (Figure S2). Moreover, these correlation
coefficients increased to 0.81, 0.81 and 0.77, respectively,
after removal of the two outlier chromosomes 9 and 16,
found to be the least “HapMappable” autosomes (Figure 15
and Table S9 in '® and Figure 1 in '®). A lower correlation
between the r values estimated from two sets of pedigree
data was observed (R? = 0.51).1%17

We also used coalescent simulations to examine InfRec
performance at a range of values of population recombina-
tion (p) and population mutation rates (®) (Figures S3 and
S4). The resulting p,s estimates were practically linearly
related to the input p. We also tested different ways of col-
lecting data; considering all segregating sites or using only
polymorphisms with MAF > 5%. The estimates of p,ps
obtained with and without such a cutoff were almost
identical for a wide range of ®, which is reassuring because
simulations with MAF > 5% more resemble the real
HapMap data. Moreover, their associated variance was
lower at MAF > 5%. A linear relationship was observed
between simulated and observed p values before and after
the bottleneck and at different times of postbottleneck
recovery (Figures S4 and S5). The ratios of p,ps estimates
before and after demographic bottlenecks appear to faith-
fully reflect the corresponding ratios in the effective popu-
lation size of the X chromosomes and the autosomes
(Discussion and 3°). Sex-biased migration is known to
differentially affect genetic diversity and population differ-
entiation of the uniparentally inherited markers,*®3° and
it is also expected to differentially affect the X chromo-
some and the autosomes. We simulated two identical
subpopulations with B = 1 that exchange migrants. We
considered two extreme scenarios, in which either only
women or only men migrate. When samples of two
subpopulations were merged and analyzed as a single total
population (unrecognized population structure), the esti-
mates of p were most affected at the lowest migration rates
(Figure S6). At 4 N.m = 0.075 (the proportion of autosomes
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exchanged between the subpopulations per generation),
we observed a 50% increase in 8 when only women
migrated and a decrease of the same magnitude when
only men migrated. The effect was smaller at 4 Nn =
1.5 and disappeared at 4 Nn = 30. Within subpopula-
tions, practically no effect of migration on 8 was observed
at the lowest and the highest migration rate tested. At an
intermediate rate of 1.5, migration affected 8 by about
10%, upwards when only women migrated and down-
wards when only men migrated (Figure S6). The same
pattern was observed when migration was not symmetrical
between subpopulations but was unidirectional, occurring
from emigrant subpopulation to the second immigrant
population (data not shown). The migration schemes
that we have tested are extreme; they assume separation
of the subpopulations over their entire evolutionary
history and the migration of only one sex. When migra-
tion rates of men and women differ only slightly and/or
when population split and subsequent migration occur
only over a relatively short period of the population
history, these effects are expected to be much more subtle,
although not necessarily without any consequence on our
estimates of B.

The effect of sex-biased inbreeding can be compared to
sex-biased migration, with similarly affected estimates of
B. The difference is that inbreeding lowers nucleotide
diversity, whereas limited migration increases nucleotide
diversity. When migration and inbreeding are sex-biased,
the diversity of the X chromosome and that of the auto-
somes are differentially affected, and this affects our esti-
mates of B. Enriching our sample in additional copies of
the same X chromosome when analyzing HapMap data
(see Material and Methods) mimics inbreeding preferen-
tially on the maternal side and leads to a decrease in
B (i.e., as in the case of male-biased migration). Likewise,
inbreeding on the paternal side that increases homoge-
neity of the autosomes would inflate the values of B (data
not shown). The same differences when assessed at the
level of ® are not only a function of the breeding ratio
but also depend upon differences between male and
female germ line mutation rates. Because of this, the esti-
mation of B from differences in ® is not straightforward
unless an independent estimate of the ratio between
male and female germ line mutation rates is available.

Interdependence of o and B

The relative rate o of germ line mutation in males (u,,) and
in females (u) is known to be different than 1.%*° The ratio
o has always been estimated by following the original
Miyata’s equations,” which do not explicitly consider the
breeding ratio.*'** Taking both « and § into account, the
rate of mutation of an X-linked sequence is ux = ur (26 +
a)/(28 + 1), whereas that of an autosomal sequence is
wa = pr (1 + a)/2. Therefore, the ratio of genetic diversities
of the X chromosomes and the autosomes, ®x/®,, is
affected by both o and B (see Figure 2, Appendix A, and
Equation A4), and so are the ratios @x/®y and @/, , in

A
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Figure 2. Genetic Diversity Ratio and Divergence Ratio as a
Function of the Breeding Ratio at Different Values of «
Dependence of the X chromosome to the autosomes genetic diver-
sity ratio ®@x/@, = 2(96 + 9)(28 + )/ (86 + 16)/(28 + 1)(a + 1) [A],
and of the mutational divergence ratio dX/dA =2(26+ «)/
(a4 1)(26 + 1) [B] on the breeding ratio B for different o = w,/ur
as indicated on the right of the graphs.

which index Y stands for the Y chromosome (see Equa-
tions A8 and A10 in Appendix A; Figure S7). Using intra-
specific data sets from a genome-wide survey** and
assuming B between 1 and 1.4, we obtained estimates of
o between 2.9 and 3.4 from human ®x/®, (Table S2).
When « # 1, the interspecies divergence ratios between
the X chromosome and the autosomes, dx/d, (Figure 1),
and between the sex chromosomes, dx/dy (Equations A16
and Al7 in Appendix A; Figure S8), are also dependent
upon both « and B. When estimating « from the divergence
ratios between the autosomes and the sex chromosomes
it is important to correct for differences in the respective
coalescence times of these chromosomes in the common
ancestral population, proportionally extending their diver-
gence time beyond the time of speciation.** The correction
factor is % ®, which represents the average number of new
sites that are expected to become fixed in one or the other
of the species compared. If the present day values of ® are
used, we assume equal sizes of the present and ancestral
populations. To estimate o, we considered a range of popu-
lation sizes: 1 (an ancestral population size equal to the
present one), 2, 3, and up to 4-fold greater.®®** Using
human-chimpanzee dx/d, and human diversity data from
genome-wide surveys,*>*® we obtained estimates of
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o between 2.7 and 5.9, again assuming B between 1 and 1.4
and a range of ancestral population sizes (Table S3).

Discussion

Polygyny or Monogamy

Our estimates of the breeding ratio are close to but greater
than 1, suggesting some polygyny in the history of human
populations. Polygyny occurs when the reproductive
variance of males is greater than that of females.>* Greater
variance implies that some males father more offspring
than others. Excessive manifestations of polygyny are
documented in the recent history of Asian populations,*’
but this may be the exception rather than the rule. Human
beings are usually characterized as monogamous with
polygamous tendencies.”!'*> Indeed, in approximately
half of societies categorized as polygynous, only a small
proportion of males (< 5%) take on more than one wife.
Most populous contemporary societies are institutionally
monogamous, leading to overall similar reproductive vari-
ance in men and women' However, more men than
women do not marry and more men than women remarry
after death or divorce, producing offspring in these later
unions.'" This so-called serial monogamy also applies to
preagriculturalist societies'® and correlates with g greater
than 1. Moreover, the generation time of men exceeds
that of women by 13%-23%.%® Integrated over a long
evolutionary time, this effect could additionally inflate
N.rwith respect to N,,,, and, by the same token, 8, although
this effect may be weakened as a result of a faster genetic
drift of the X chromosomes transmitted by females.

Most nonhuman primates are polygynous, with males
specializing in mating effort and females in parental effort.
However, many higher primate males have a tendency to
devote a greater proportion of their reproductive energy
to offspring care, even if it occurs only at the group level.
Maximizing parental care while minimizing number of
offspring could have led to the increase in male parental
investment favoring the development of a monogamous
mating structure.'? Mating structure is correlated with
anatomical traits such as body-size dimorphism and the
size of canines.**® In higher primates, the degree of
canine tooth dimorphisms is closely associated with the
amount of direct competition among males for active
access to females. Those species in which there is intense
male-male competition, in comparison to female-female
competition, are characterized by greater body-size dimor-
phism than those in which competition is lower in males
or equal among the sexes. In humans, male-biased body-
size dimorphism is only 1.15. This can be traced back to
Australopithecus afarensis more than 3 million years ago
and to Ardipithecus ramidus 4.4 million years ago, suggest-
ing a shift toward monogamy already occurring in early
hominids."**! In summary, our finding of an overall
breeding ratio close to but greater than 1 is consistent
with conclusions from higher primate anatomical corre-

lates of the mating structure'®*?°" that suggest a shift

toward monogamy while greater reproductive variance of
males is maintained in the lineages leading to modern
humans. Our results also concur with the analyses of
evolutionary psychology and studies in anthropological
demography describing humans as mildly polygynous or
as monogamous with polygynous tendencies.!*%*1:3°

Interspecies Divergence Ratios and Genetic Diversities
in the Context of « and B

Because population diversities and interspecies divergence
ratios are essential for estimating o’-***> and/or B,32
and because o and B are interdependent, one has to
consider 8 # 1 when estimating o and « # 1 when esti-
mating B (Figure 2 and Figures S7 and S8). Graphs of O/
®, as a function of the breeding ratio p given different
values of a are shown in Figure 2A. The effect of p on the
ratio ®x/@, is quite different depending on the value of a.
Indeed, ®x/®, increases with B when o < ~1.5, it becomes
almost independent of B at o ~2, and it decreases with
B at a > ~2.5 (Figure 2). Thus, a reduction in ®x/®, can
reflect two situations: (1) a decrease in B when o is close
to 1 (« < ~ 1.5) or (2) an increase in B when « > ~ 2.5.
A similar phenomenon is observed for the evolutionary
mutation rates, or interspecies divergence ratio of the X
chromosome to the autosomes, dx/d,, which, when « # 1,
also becomes dependent upon B and always decreases with
increasing B at o > 1 (Figure 2B).

In principle, this problem can be taken care of in the
estimation of B by correcting the ratio of genetic diversities
for differences in the mutation rates on the X chromosome
and the autosomes by using an outgroup species. In
practice, the correction differs depending on the choice
of outgroup, such as chimpanzee, gorilla, orangutan, or
macaque.®**>5% This is not surprising given that differ-
ences in o and B are probably present along different
phylogenetic branches as a result of variations in genera-
tion length and/or differences in mating structure along
lineages, such as those currently observed among living
primates, 124041495053

The only phylogenetic comparisons of the divergence
rates that provide o estimates that do not depend on B,
when B # 1, are those between the autosomes and the Y
chromosome (Equation A18). Unfortunately, the Y chro-
mosome appears to evolve under effective purifying
selection,” such that the o estimates that rely on its evolu-
tionary divergence may be strongly biased. Divergence
between the X chromosome and the autosomes or
between the X chromosome and the Y chromosome
depend on both B and o (Figure 2A and Figure S8; Equa-
tions A18 and Al17). Depending on the outgroup species,
the connecting phylogenetic branches may be differently
affected by variation in B, reflecting mating structures of
the intermediate species, and by changes in a resulting
from variation in generation length and other factors.
Therefore, one has to be very cautious in using and inter-
preting such phylogenetic calibrations of chromosomal
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rate ratios because these may differ as a result of averaging
over different levels of o and B along the lineages
compared. The fact that many species are polygamous
further emphasizes the need to consider the joint effect
of B and o in evolutionary comparisons involving sex chro-
mosomes.

Issues

Our values of 8 range from 1.1 to 1.4 (Table 1), indicating
a slight 10%-40% excess of breeding females per breeding
male. They do not support the claim of a large excess of
breeding females in the history of human populations.®
They seem to be more in line with the conclusions of
those* who suggest a population bottleneck and a decrease
in the breeding ratio during out-of-Africa expansion.
However, although we find p estimates substantially lower
in non-Africans (Table 1), consistent with an important
demographic bottleneck (Figure S5), our estimates of
B are similar in Furopeans and in Africans and lower only
in Asians. The question is whether a reduced breeding ratio
during a bottleneck, i.e., greater reduction in the number
of breeding females than in the number of breeding males,
could cause a sufficiently large decrease in N,x/N.s to
account for the observations of Keinan et al.* Using the
inbreeding coefficients F estimated by these authors (Table
S1in %), it is possible to express the relative strength of the
autosomal and the X chromosome bottlenecks in terms of
N.x/N.4. On the basis of these data, we calculate that N,x/
N4 = 0.196 for North Europeans and that N.x/N.4 = 0.259
for East Asians (Appendix B). Such values of N.x/N,, are
well below the 9/16 limit of the ratio N,x/N,, when g tends
toward O (Figure 1, Equation 6). However, assuming real-
istic B values, the shift in ®x/®, observed by Keinan
et al. could be explained provided that « > ~2.5. On the
other hand, mutations alone would not be sufficient to
modify diversity patterns between the autosomes and the
X chromosomes over a short period of evolutionary time.
Therefore, selection or complex demography is a conceiv-
able explanation, as suggested by the authors themselves.*
Complex demography is plausible, involving earlier popu-
lation subdivisions within Africa itself>*~>° and/or subdivi-
sions and founder effects during range expansion after the
out-of-Africa bottleneck.®’

The divergence ratio dx/d, is independent of B at « = 1,
whereas at o« > 1, it always decreases when B increases (Fig-
ure 2B, Equation 16). The relatively low divergence ratio
dx/d, between human and chimpanzee was interpreted
in terms of “complex speciation of humans and chimpan-
zees.”>® Instead, Wakeley>® postulated greater a to explain
this result. Indeed, increasing o lowers dx/d,, rendering
the data more consistent with a simple speciation model.
High « can itself account for a relatively low dx/d,, such
that there would be no need to invoke postspeciation
introgression of the X chromosome into lineage leading
to humans,®® as postulated by Hobolth et al.®® Larger
o along human and chimpanzee lineages than in other
primates is plausible considering the relationship between

generation time and «*!' and the fact that human and
chimpanzee generation times are the longest among
primates, about 28 and 22 years, respectively*®*%3 (e.g.,
more than two times longer than in Old World monkeys
such as macaque). Using data sets from genome-wide
sequencing or SNP surveys,** we estimated o between 2.7
and 5.9 (Tables S2 and S3), a plausible but relatively broad
range of values that should be replicated with the use of
different data sets.®*"®! Importantly for the discussion
above, these estimates are greater than 2.5 (see Figure 2).
In addition to o, our estimates of B will also benefit from
the ongoing genome-wide genotyping and resequencing
studies involving family trios and those using different
methods of estimating p.**

Estimation Protocol
We used a novel approach to assess the breeding ratio in
humans that takes advantage of the fact that recombina-
tion on the X chromosome occurs only in females but
occurs in both females and males on the autosomes. To
evaluate B, we compared the autosomal population recom-
bination rate to that of the X chromosome, estimated in
three HapMap population samples'*'> by the InfRec
program.>! Importantly, our estimates of B do not require
the knowledge of a« and rely only on independently
evaluated, average chromosomal recombination rates esti-
mated from the pedigree studies.'®'® Using both experi-
mental and simulated data sets, we have previously shown
that InfRec is a reliable tool for capturing fluctuations in
recombination intensity due to recombination hotspots
and is able to reveal overall differences in recombination
rates and to faithfully capture quantitative differences
between population samples.”! InfRec estimates rely on
the RecMin’s R, values, which underestimate the
number of historical recombinations. The extent to which
InfRec underestimates the intrinsic population recombina-
tion rate can be tested through simulation experiments.*!
These experiments demonstrate that about 40% of recom-
binations of the input p are being recovered in a simple
population model and that the recovery rate changes
with more complicated demography (Figures S3-S5). If
the model is known, experimental estimates can subse-
quently be rescaled with the use of known recombination
rates independently estimated from pedigree studies.
This is not necessary when the ratios of the average p esti-
mates between chromosomes or populations are sufficient,
as in the case of the evaluation of the breeding ratio.
Importantly, however, there is a very good correlation
between chromosomal p,,s evaluated by InfRec in the
three HapMap populations. This is also true between these
pobs and the chromosomal sex-average recombination rates
estimated from pedigree studies (Figures S1 and S2). It
shows that the population recombination rate inferred
by InfRec reflects well the extent of recombinations in
individual chromosomes observed at the pedigree level.
In simulation experiments, InfRec reliably recorded
changes in the intensity of input p and these caused by
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demographic variations (Figures S3 and S6). A decrease in p
was observed as a result of a demographic bottleneck as
well as a result of population structure and inbreeding.
This is consistent with earlier observation of an inflated
linkage disequilibrium due to the same factors.?” It was
already shown that population bottleneck more
profoundly affects the estimate of p than mutational diver-
sity ©.2%%? In our simulations, in addition to p we also
compared two estimates of ®@: the Watterson estimate O,
based on the number of segregating sites,>” and the Tajima
estimate @;,%' summarizing sites’ heterozygosity. The
results show that because of the bottleneck, ®g suffers
much more than 0. With an increasing number of gener-
ations after the bottleneck, estimates of p and Oy are
asymptotically recovering to their prebottleneck values,
contrasting @ that changes very slowly (Figure S5), and
this process is accelerated by population growth. A faster
recovery of Og is comprehensible as each new mutation
counts, irrespectively of the frequency of its new allele.
The estimate of p relies on the same principle (Equation
11)!7 as the Watterson estimate;** i.e., counting the
number of events and dividing it by the length of the gene-
alogical tree. This explains the similar behavior of these
two parameters during and after the bottleneck.
Therefore, depending on the population demographic
history, our estimates of p and subsequently B can be
more or less affected by recent or ancient events. For
example, we may expect that after an important popula-
tion bottleneck, recent recombination history will weigh
more than the ancient one, which would not be the
case if the population evolved without drastic size
changes. More data and analyses are needed to fully eval-
uate to what extent demographic history may bias our
estimates of B. This would be especially important if
there were substantial changes in reproductive behavior
over evolutionary time, such as a shift from poly- to
monogamy postulated from the analysis of the Y chromo-
some diversity.” In turn, the effect of migration, which
depends on migration rate, differs for p and ®. At high
migration rate within a population composed of subpop-
ulations, the estimates of p are similarly affected as the
estimates of ®, representing a sum of the subpopulation
values, as if there were no population structure but only
a single total population. When gene flow decreases,
the coalescence of lineages that share their time among
subpopulations becomes less probable. This extends
the time to the most recent common ancestor and the
length of the genealogy, leading thus to an increase in
® estimates®® (data not shown). The estimates of p by
InfRec do not follow this trend and gradually decrease,
consistent with an increase in linkage disequilibrium in
a structured population.?” This does not affect the ratio
of p estimates and therefore the estimates of B unless
the migration is sex biased. Over- or underestimated
B values are observed when only females or only males
are moving, respectively. This parallels the effect of
sex-biased inbreeding and genetic differentiation, such

as observed in patrilocal or matrilocal groups.”'64

Although broad utility of our method to study sex-
specific structure and social organization in human socie-
ties and other species still remains to be shown, the
method certainly provides a complementary approach
to studies comparing uniparentally transmitted markers
and sequence diversities of the autosomes and X chromo-
some, 3438396465 Ag guch, it may also provide new clues
to the history of human populations, because it uses
a type of information different than that based on muta-
tional genetic record.

Appendix A. Population Diversity Ratios,
Interspecies Divergence Ratios, and
Interdependence of o and B

Genetic Diversity of the X Chromosome
and the Autosomes
An autosomal sequence is derived from the mother and
from the father with equal probability. Its rate of mutation
is pa = (ur+ wm)/2 per generation, in which subscripts fand
m denote female and male germ line mutation rates,
respectively, and their ratio is usually referred to as
a = pulus’

The population mutation rate is

:U'f+,um

®4 = 4Ny 5

(Equation A1)

in which N, is the autosomal effective population size
defined by Equation 2. At the breeding ratio 8 = N¢/N,, = 1,
the X chromosome goes through the male meiosis one
third of the time and through female meiosis two thirds
of the time, such that the rate of mutation of an X-linked
sequence in the population is ux = (2ur + w,,)/3. For any
B, ux = (2Bur+ wm)/(26 + 1) and the population mutation
rate for an X-linked sequence is

Zﬂ,uf + M

Ox = 4Nex 2811

X (Equation A2)
in which N,y is the effective population size of X chromo-
somes defined by Equation 4 and ¢ = N.x/N.4 by Equation
6. The ratio of genetic diversities between the X chromo-
some and the autosomes is thus

Ox  98+9 20ur+mu 2
©4 88+16 28+1 pup+p,

(Equation A3)

or, defining a = u,,/u; we have

Ox 96+9 26+a 2
® 86+1628+1a+tl

(Equation A4)

Knowing ®x/®, and B, we can calculate

1888+ 1) — 35(48 +8)(28+ 1)
(4B +8)(286+1)-9(8+1) "

(Equation AS5)

and knowing a,
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_ —208%(a+1) +9(a+2) £ VA
162(a+ 1) — 36
A

, (Equation A6)

in which A =144(0x/04)%*(a+1)*-720x/04 (a+1)
(a+2) +81(a + 2)* — 648a.

Genetic Diversity of the Y Chromosome Compared

to the X Chromosome and the Autosomes

The genetic diversity of the Y chromosome, defined in
terms of the population mutation rate, is

®y = 2N,u,,, (Equation A7)

and thus the ratio of the Y chromosome to the X chromo-
some diversity is

Oy o ﬁ+2_a(25+ 1)

v Zita (Equation A8)

®Ox 96

from which

18675~ _
a= - o (Equation A9)
B+2)(26+1) - 965"

The Y chromosome-to-autosomes genetic diversity
ratio is

By Ff+1 2a .
— = . = E Al
o, 88 ail (Equation A10)
and thus, assuming neutrality, one can again calculate

8[3%

a=—""—+. (Equation A11)
2(8+1) — 86" d

Interspecies Divergence Data

We can also derive expressions to estimate o from interspe-
cies divergence data. Taking us = (ur+ tm)/2, ux = CBur+
wm)/(26 + 1), and uy + w,,, We obtain

2w .
Fon = a7 (Equation A12)
and
;= L (Equation A13)
Hf = 'quz 1 q
and thus
26+« .
=2Uup—————— Equat Al4
Mx /uA(a i 1)(26“’ 1) ( qua on )
and
2w .
Ly = MAm’ (Equation A1S5)

from which, assuming neutrality, interspecies divergence
ratios between the sex chromosomes and the autosomes
are as follows

dy . 2(2,3 + 0[)

- m, (Equation A16)

dx _ 26 + .
d_Y = m, (Equatlon Al 7)
and
dA 1 + .
d " 2a (Equation A18)

and the corresponding formulas for estimating « are

1

a= W, (Equation A19)

_ (dx/da)(28+1) — 48 )
=5 (dx/d) 28+ 1) (Equation A20)

and

28 .
a= a2+ 1) =1 (Equation A21)
Thus, importantly, we always have to consider B in the
evaluation of o when using genetic diversity data, and
the same applies to interspecies comparisons, except
when comparing divergence of the autosomes with that
of the Y chromosome.

Appendix B. Lower Limit of N.x/N,,

The inbreeding coefficient F is used to measure the inten-
sity of a population bottleneck: F = 1 —(1 — 1/2N,,)8, in
which 2N, represents the number of chromosomes during
a bottleneck that lasts g generations. With estimates of F
for the autosomes, F, (when 2N,, = N,.,), and the X chro-
mosome, Fx (wWhen 2N,;, = N,x), we can calculate the ratio
as Nox/N.4 = In(1 — F4)/In(1 — Fy).

Using the inbreeding coefficient estimates of Keinan
et al. (2009)* (see their Table S1) and assuming the same
bottleneck duration for the X chromosome and the
autosomes, we obtain N,x/N.4 = 0.196 for North Euro-
peans and N.x/N.» = 0.259 for East Asians. Assuming
neutrality, such a reduction of N,x/N., is beyond its
lowest limit of 9/16, with B tending toward O (Nox/N.s =
(96 + 9)/(86 + 16)).

Supplemental Data

Supplemental Data include eight figures and four tables can be
found with this article online at http://www.ajhg.org.
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