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MATTERS ARISING

Challenges of accurately estimating sex-biased
admixture from X chromosomal
and autosomal ancestry proportions

Aaron Pfennig! and Joseph Lachancel*

Summary

Sex-biased admixture can be inferred from ancestry-specific proportions of X chromosome and autosomes. In a paper published in the
American Journal of Human Genetics, Micheletti et al." used this approach to quantify male and female contributions following the trans-
atlantic slave trade. Using a large dataset from 23andMe, they concluded that African and European contributions to gene pools in the
Americas were much more sex biased than previously thought. We show that the reported extreme sex-specific contributions can be
attributed to unassigned genetic ancestry as well as the limitations of simple models of sex-biased admixture. Unassigned ancestry
proportions in the study by Micheletti et al. ranged from ~1% to 21%, depending on the type of chromosome and geographic region.
A sensitivity analysis illustrates how this unassigned ancestry can create false patterns of sex bias and that mathematical models are high-
ly sensitive to slight sampling errors when inferring mean ancestry proportions, making confidence intervals necessary. Thus, unas-
signed ancestry and the sensitivity of the models effectively prohibit the interpretation of estimated sex biases for many geographic
regions in Micheletti et al. Furthermore, Micheletti et al. assumed models of a single admixture event. Using simulations, we find
that violations of demographic assumptions, such as subsequent gene flow and/or sex-specific assortative mating, may have confounded
the analyses of Micheletti et al., but unassigned ancestry was likely the more important confounding factor. Our findings underscore the
importance of using complete ancestry information, sufficiently large sample sizes, and appropriate models when inferring sex-biased
patterns of demography. This Matters Arising paper is in response to Micheletti et al.,' published in American Journal of Human Genetics.
See also the response by Micheletti et al.,” published in this issue.

Introduction

In the paper “Genetic consequences of the transatlantic
slave trade in the Americas,” Micheletti et al. conducted
an ambitious study that integrated genetic evidence of
admixture in the Americas with historic documents of
the transatlantic slave trade to the Americas." A central
component of their study was to estimate sex-biased con-
tributions of Africans, Europeans, and Native Americans
to the gene pools of contemporary populations in the
Americas. Using ancestry proportions from X chromo-
somes and autosomes, Micheletti et al. inferred sex biases
that are consistent with the directionality established by
previous studies (e.g., female-biased African contributions
and male-biased European contributions).! However, the
reported ratios of female and male contributions were
markedly larger than previous estimates.” For example,
they reported that African women contributed approxi-
mately 15 times as much as African men to the gene
pool in Central America, and European men contributed
approximately 71 times as much as European women to
the gene pool in Cabo Verde (Table 1 in Micheletti
et al.)." Importantly, these unusually large numbers were
directly repeated by various news outlets.'’"'? Although
there is no question that sex-biased admixture occurred,
we find that the extreme sex ratios reported by Micheletti
et al. are questionable.

There are three major reasons to question their claims of
such strong sex-biased admixture in the Americas. First,
inconsistencies in the results, which we describe below,
suggest that Micheletti et al. may have improperly imple-
mented a population genetics model for estimating sex
biases of a recent single admixture event, leading to mises-
timates of sex bias. Second, some geographic regions have
substantial amounts of unassigned genetic ancestry in the
study by Micheletti et al. As will be shown below, this unas-
signed ancestry can create false patterns of sex-biased
admixture. Third, the applied models assume a single
admixture event followed by random mating with no
subsequent population growth or gene flow. However,
admixture in the Americas was more complex than a single
pulse admixture event,'*™'? and violations of these simpli-
fying assumptions may have confounded the analyses of
Micheletti et al.'

Here, we set out to identify which of the above three
issues most likely confounded the analyses of Micheletti
et al.' Using the model by Goldberg and Rosenberg,® we
re-estimated sex ratios from X chromosomal and
autosomal ancestry proportions reported by Micheletti
et al.' As we still observed unexpectedly large sex ratios
and cases of model failure (i.e., negative sex ratios), we sys-
tematically explored the consequences of unassigned
ancestry, model sensitivity, small sample sizes, and
violations of simplifying demographic assumptions on
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the magnitude of estimated sex-biased admixture. We
found that violations of demographic assumptions can
lead to misestimations of sex biases, but unassigned
genetic ancestry was likely the primary confounding factor
in the analyses of Micheletti et al." Furthermore, we found
that the models are highly sensitive to small changes in the
inferred mean ancestry proportions, complicating the
interpretation of results. Thus, the large sex ratios
reported by Micheletti et al. are most likely the result of
unassigned ancestry in their study and the sensitivity of
the applied models. Altogether, we caution against over-in-
terpreting models when genetic ancestries do not add up
to 100%.

Material and Methods

Population genetic models for estimating sex-biased
admixture

Here, we briefly describe two models that were applied by Michel-
etti et al. to infer sex-biased admixture from X chromosomal and
autosomal ancestry proportions.” We start with a description of
an equilibrium model that assumes an infinite number of genera-
tions since admixture, and then we describe a model developed by
Goldberg and Rosenberg that considers a more recent admixture
event.®

The equilibrium model for estimating the sex-biased admixture
using X chromosomal and autosomal ancestry proportions is
easily derived by noticing the sex-specific inheritance of the
X chromosome. Females contribute two-thirds of the X chromo-
somes and males one-third, while females and males contribute
an equal number of autosomes.” In the limit of infinite genera-
tions since the admixture event, the equilibrium sex ratio for
ancestry $; is

f X A

SS—%, = H (Equation 1)
where sq and s7" are the female and male contributions from §; and
HY and H{ are the observed ancestry proportions of X chromo-
somes and autosomes in the admixed population (H) coming
from Sy, respectively. A sex ratio greater than one (s//s™ > 1)
implies female-biased admixture, whereas a sex ratio between
zero and one (0 < s//s™ < 1) implies male-biased admixture. For
a detailed derivation of Equation 1, see the supplemental
information.

Goldberg and Rosenberg proposed a model that captures the
dynamics of sex-specific contributions for the first few generations
after a single admixture pulse.” Their model is based on the obser-
vation that the X chromosomal ancestry proportion in males
depends only on the X chromosomal ancestry proportion in
females in the previous generation, leading to an oscillation of
the X chromosomal ancestry proportion during the first few gen-
erations after admixture. This oscillation of X chromosomal
ancestry proportions implies a time dependence during the early
generations after admixture that also applies to inferred sex ratios.
However, after approximately ten generations of random mating
within the admixed population, the expected X chromosomal
ancestry proportions in females and males converge to an equilib-
rium value (Figure 2 in Goldberg and Rosenberg).® Thus, the sex
ratio under this dynamic model converges to Equation 1. For
more details, see the original publication by Goldberg and Rosen-

berg.® Both models implicitly assume a constant population size,
no gene flow, random mating, no genetic drift, and no selection
after initial admixture.

Additional simulations of American admixture

To evaluate whether the analyses of Micheletti et al. were
confounded by violations of demographic assumptions, we simu-
lated different demographic scenarios after initial admixture. Specif-
ically, we simulated exponential population growth of the admixed
population, subsequent gene flow into the admixed population,
and sex-specific assortative mating. For each scenario, we simulated
diploid individuals with a single 100 Mb autosome, 100 Mb sex
chromosomes (X and Y), and 20 kb mtDNA using SLiM v3.7.1.%°

Prior to admixture, African (S;), European ($;), and Native
American/East Asian (S3) ancestries were simulated as three conti-
nental ancestries according to the Gravel 2011 demographic
model.?' Initial American admixture was then simulated 15 gener-
ations ago as a three-way admixture of $y, S,, and S3 with the admix-
ture proportions 1/6, 1/3, and 1/2, respectively (proportions taken
from Browningetal. 13). Initial contributions from S; and S5 were fe-
male biased, with ratios of 2 and 1.25 females to 1 male, respec-
tively. Initial contributions from S, were male biased, with a ratio
of 2 males to 1 female. Note that the proportions and sex biases
used do not necessarily represent historical realities. Instead, they
are used to quantitatively assess the effect of different demographic
scenarios when inferring sex-biased admixture.

A single-pulse admixture scenario was simulated as the null
model. Additional simulations incorporated exponential growth
of the admixed population, constant gene flow from the source
populations into the admixed population, and/or sex-specific as-
sortative mating. First, exponential growth of the admixed popu-
lation was simulated at a rate of r = 0.05. Second, constant gene
flow from all three source populations into the admixed popula-
tion was simulated at migration rates m; = 0.05, m, = 0.025,
and m3 = 0.01, with the same sex biases as used during the initial
admixture. Third, we simulated sex-specific assortative mating
with S, females being asymmetrically more likely to mate with
S, males. This was achieved by replacing a non-S, male mating
with an §, female with an §, male in 40% of the cases (i.e., p =
0.4). In this mating scheme, female contributions from the
different populations remain unchanged, but S, males contribute
more than expected under a random mating scheme (Table S3).
We also simulated a more extreme case of sex-specific assortative
mating with p = 0.9.

Simulated X chromosomes and autosomes were LD pruned
using plink2”* before estimating ancestry proportions using
ADMIXTURE.”> Simulated mtDNA and Y chromosomes in
admixed individuals were assigned to different ancestries based
on proximity to ancestral haplogroup clusters. A detailed descrip-
tion of the simulations can be found in supplemental
information.

Re-estimation of sex ratios based on ancestry
proportions and haplogroup frequencies from

Micheletti et al.

Micheletti et al. appear to have miscalculated s//s™ ratios, i.e., they
miscalculated sex ratios when using the model of Goldberg and
Rosenberg (see results and discussion).!® To assess the impact of
this on the results of Micheletti et al., we implemented the model
by Goldberg and Rosenberg® to re-estimate sex ratios based on the
ancestry proportions in Table S9 of Micheletti et al.' Since the
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Table 1.

Re-estimation of sex bias reveals the confounding effects of unassigned ancestry

African European Native American Unassigned ancestry
Region sho/smosh/sm HX  HA mt/y s /st osh/se WX HA mi/y sl st oshyse W WA mt/vy 1- SHX 1- Y HA
Guianas 1.73 1.71 0.650 0.598 1.27 0.22 0.23 0.122 0.154 032 - - 0.039 0.043 - 0.189 0.205
United States 147 148 0.756 0.710 1.35 033 033 0.206 0.248 0.25 - - 0.029 0.023 3.05 0.009 0.019
British Caribbean 1.88 1.86 0.824 0.749 1.52 0.04 —-0.03 0.119 0.184 0.09 - - 0.014 0.013 1.74 0.043 0.054
Latin Caribbean 13.3  10.3 0.237 0.186 1.24 1.11 1.11  0.531 0.522 0.21 3.78 —4.08 0.155 0.100 43.66 0.077 0.192
C. South America 4.62 —-5.56 0.182 0.123 1.62 092 093 0.632 0.640 0.34 2.26 —2.44 0.115 0.064 - 0.071 0.173
N. South America 17.2  10.5 0.139 0.109 1.03 0.44 0.47 0.430 0.489 0.09 3.38 —3.80 0.363 0.231 15.64 0.068 0.171
Central America 15.6 109 0.106 0.083 0.55 1.12 1.12 0.321 0.315 0.13 28.0 15.7 0.507 0.392 3.47 0.066 0.210
Cabo Verde 22.6 —81.4 0.593 0.442 2.50 0.01 0.05 0.351 0.504 0.09 - - 0.002 0.004 - 0.054 0.050

X chromosomal (H*) and autosomal (H*) ancestry proportions from Table $9 in Micheletti et al." were used to infer ratios of female to male ancestry contributions
for each admixed population after 15 generations of random mating (s’/s™). Subscripts indicate whether sex ratios refer to the original miscalculated values re-
ported by Micheletti et al. (s&,,/s;’,}) or the re-estimated sex ratios from our study (s, /s, see Table S4 for all generations). Ratios of female to male contributions
were not calculated when ancestry proportions were below 0.05. mt/Y refers to ratios of mtDNA and Y chromosome haplogroup frequencies inferred from
Table S8 of Micheletti et al." Unexpectedly large sex ratios and model failure occur more often when there are large fractions of unassigned ancestry—especially
when the amount of unassigned ancestry differs between X chromosomes and autosomes. There are also multiple situations where the direction of sex bias from X
chromosomal and autosomal data is discordant with the direction inferred from mtDNA and Y chromosome haplogroups.

model by Goldberg and Rosenberg also requires knowing the frac-
tion of sampled females and males, we inferred those for each
broad region from Tables S2 and S10 in Micheletti et al.'
(Table S1 in our paper). mtDNA and Y chromosome haplogroup
imbalances were inferred from reported haplogroup frequencies
in Table S8 in Micheletti et al." (Table S2 in our paper). Note that
there are inconsistencies between the reported Native American
ancestry proportions in Table 1 of Micheletti et al. and Table S9
of Micheletti et al., as well as internal inconsistences between
ancestry proportions reported for granular and broad regions in
their Table S9.! Here, we chose to use the numbers found in the
“ancestry composition by broad region” section of Table S9 in Mi-
cheletti et al.,' as more significant digits were reported there.

Computation of confidence intervals for sex ratios

As we shall see, the models are highly sensitive to small changes in
inferred mean ancestry proportions. For this reason, reporting sex
ratios with confidence intervals is preferable over point estimates.
A general approach for computing confidence intervals of sex bias
estimates involves bootstrapping individual-level ancestry propor-
tions (e.g., obtained using ADMIXTURE?®). Given m individuals in
the dataset, m individuals are resampled n times with replacement,
and for each resampling step, mean ancestry proportions and
corresponding sex biases are calculated. From the obtained distri-
bution of sex biases, confidence intervals are inferred, e.g., 2.5%
and 97.5% percentile. This approach was used to compute 95%
confidence intervals of sex bias estimates from simulations. We
dynamically set the number of bootstrap samples (n) to equal
the sample size (m). However, we always did at least 500 and at
most 10,000 bootstrap resamples.

Results and discussion

Re-estimating sex ratios based on summary statistics
from Micheletti et al

Micheletti et al. reported sex ratios for 15 generations after
admixture in their Table 1." However, their implementa-
tion of the model of Goldberg and Rosenberg® appears

to be flawed for two reasons. First, the sex ratios reported
by Micheletti et al. do not match expectations under the
model of Goldberg and Rosenberg, as their implementa-
tion of the model does not converge to the expected equi-
librium value after approximately 15 generations of
random mating (compare g 15 and g inf in
Table S9 in Micheletti et al.)." For example, Micheletti
et al. inferred that African women contributed approxi-
mately 22 times as much as African men to the gene
pool of Cabo Verde after 15 generations of mating, but
an equilibrium sex ratio of approximately 81 African
females to males was reported in Table $9.' Second, in
some cases, the models are misspecified for the reported
ancestry proportions, i.e., they yield non-sensical negative
sex ratios, but only positive sex ratios are reported in Table
1 of Micheletti et al. and Table S9 of Micheletti et al.' For
instance, given the reported African ancestry proportions
in Cabo Verde, the equilibrium model yields a non-sensi-
cal sex ratio of approximately negative 81 African females
to one male instead of the positive 81 reported by Michel-
etti et al. in Table S9.! For these reasons, we re-estimated
sex ratios after 15 generations of random mating in ad-
mixed populations using the ancestry proportions re-
ported in Table S9 in Micheletti et al." and the model by
Goldberg and Rosenberg.”

In regions for which Micheletti et al. assigned almost all
of the ancestry, such as the United States, the originally
reported numbers are reasonable (Table 1). However, unex-
pectedly large sex ratios, instances of model failure (nega-
tive sex ratios), and impossible scenarios like female-biased
contributions from all three ancestral populations are
observed for geographic regions with substantial amounts
of unassigned ancestry. These issues appear to be especially
problematic if the amount of unassigned ancestry differs
between X chromosomes and autosomes (e.g., in Central
America and the Latin Caribbean). We therefore caution
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Figure 1. A wide range of sex ratios is plausible in geographic

regions with substantial amounts of unassigned ancestry
Missing ancestry in the study by Micheletti et al. for the Latin
Caribbean, central South America, northern South America, and
Central America was distributed in 1% increments such that
ancestry proportions add up to 100%. Corresponding sex ratios
were then computed using the equilibrium model (Equation 1).
Ancestry proportions that led to model failure were discarded.
The boxes represent the inter-quartile range, with the median
sex ratio indicated by the line spanning the box. The whiskers
represent the range between the 2.5 and 97.5™ percentile.
Note that the x axis is logarithmic to show the full range of
possible sex ratios but that s’/s™ < 0.1 and s//s™ > 10 are improb-
able. The clustering of the sex ratios is due to increments of 0.01
that were used for distributing unassigned ancestry. Black triangles
correspond to sex ratios estimated from mean ancestry propor-
tions reported by Micheletti et al. (Table 1). If no black triangle
is shown, model failure was observed.

against interpreting the s//s™ values observed in Table 1 as
the actual ratios of female to male contributions.

False patterns of sex bias arising from unassigned
ancestry

Because many of the irregularities in Micheletti et al. are
observed when ancestry estimates do not sum to 100%,"
we give an example to illustrate how unassigned ancestry
can create false patterns of sex bias. We consider a scenario
with no underlying sex biases where S, contributes 75% of
the genetic ancestry to the admixed population and S,
contributes 25%. We suppose that ancestries are inferred
accurately, but 5% of X chromosomal and 10% of auto-
somal data of each ancestry cannot be unambiguously
assigned, i.e., in total, 10% of the X chromosomal and
20% of the autosomal ancestry are left unassigned (these
are approximately the proportions of unassigned ancestry
for the Latin Caribbean populations in Micheletti et al.").
Then, for §;, the inferred observed X chromosomal
ancestry proportion is HY = 0.75 — 0.05 = 0.70 and the
autosomal ancestry proportion is Hf = 0.75 — 0.1 =
0.65. Similarly, for S,, the inferred X chromosomal and auto-
somal ancestry proportions are Hy = 0.25 — 0.05 = 0.20
and H{ = 0.25 — 0.1 = 0.15, respectively. In this case,

Equation 1 falsely implies female-biased admixture for $;
(1.6 females to one male), and the model is not specified
for the observed ancestry proportions for S,. Note that
unassigned ancestry can also create false patterns of
male-biased admixture depending on the distribution of
missing ancestry. For these reasons, sex ratios from Michel-
etti et al. reported for the broad regions of the Latin Carib-
bean, central South America, northern South America, and
Central America should be questioned, as 6%-8% X chro-
mosomal and 17%-21% autosomal DNA ancestry were left
unassigned (Table 1)." Because inferred sex ratios depend
on relative X chromosomal and autosomal ancestry
proportions, these imbalances between unassigned
amounts of X chromosomal and autosomal ancestry
further contribute to misestimates of sex bias.

Given the potentially significant confounding effect of
unassigned ancestry in the study by Micheletti et al., we
distributed the unassigned ancestry in 1% increments to
the three source ancestries—African, European, and Native
American—such that ancestry proportions sum to 100%.
This was done for the geographic regions of the Latin
Caribbean, central South America, northern South Amer-
ica, and Central America. Sex ratios were then re-estimated
for each possible combination of ancestry proportions us-
ing the equilibrium model (Equation 1). Figure 1 shows
that wide ranges of sex ratios are possible, given the
amounts of unassigned ancestry in these four regions. Afri-
can contributions (blue) could have been either female- or
male-biased based in all four regions. In contrast to this,
male-biased European contributions (orange) are persis-
tently indicated, as most of the possible s//s™ values are
smaller than one. For Native American contributions
(green), it is not possible to definitively say whether they
were female or male biased in the Latin Caribbean and cen-
tral South America, while most ways of distributing the
unassigned ancestry suggest female-biased contributions
in northern South America and Central America (Figure 1).
Interestingly, mean African and Native American ancestry
proportions reported by Micheletti et al. yield extreme
sex ratios that are in the tails of the distributions of
possible s//s™ values (black triangles) or lead to model fail-
ure (no black triangle shown). Thus, s//s™ values reported
by Micheletti et al. are unlikely to represent true values,
illustrating the confounding effects of unassigned ancestry
in their study.

Sensitivity of models to small differences in ancestry
proportions

As delineated above, many cases of model failure (i.e.,
negative sex ratios) are observed based on the data of
Micheletti et al. For this reason, we conducted a sensitivity
analysis of the equilibrium model, to better understand the
conditions that lead to model misspecification. Using two
examples, we show that the models are highly sensitive to
small differences in inferred ancestry proportions and that
the models are only specified for a narrow range of ancestry
proportions. For both examples, we use the equilibrium
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Figure 2. Estimates of sex-biased admixture from X chromosomes and autosomes are highly sensitive to small differences in ancestry
proportions

sT/s™ refers to the ratio of female to male contributions, X chromosomal ancestry proportions are represented by H*, and autosomal
ancestry proportions are represented by H”.

(A) Presuming an autosomal ancestry of 0.123 (i.e., the autosomal African ancestry proportion in central South America reported by Mi-
cheletti et al.’), X chromosomal ancestry proportions must be in the interval [0.082, 0.164] under a demographic model of a single
admixture event. X chromosome-related ancestries outside of this range cause negative sex ratios (i.e., model failure). The black triangle
indicates the sex ratio inferred based on the ancestry proportions reported by Micheletti et al. for African ancestry in central South Amer-
ica (Table 1).

(B) Exploration of parameter space for different combinations of autosomal and X chromosomal ancestry proportions. Scenarios that
yield female-biased sex ratios (s'/s™ > 1) are colored green, male-biased sex ratios (0 < s’/s™ < 1) are colored blue, and model failures
(s//s™ < 0) are colored gray. Black triangles indicate ancestry proportions reported by Micheletti et al. (Table 1). Most cases of model fail-
ure are observed when inferred ancestry proportions are small (black triangles in gray area). No triangle is shown when either the X chro-

mosomal or autosomal ancestry proportion was below 0.05.

model (Equation 1), but the analyses described below also
hold for the dynamic model developed by Goldberg and
Rosenberg.” The models’ sensitivity implies that slight dif-
ferences in inferred ancestry proportions can lead to
qualitatively different results or model failure, exacer-
bating the problem of unassigned ancestry.

First, we assume that the true observed autosomal
ancestry proportion for $; is 0.123 (the autosomal African
ancestry proportion in central South America reported by
Micheletti et al.!), and the observed X chromosomal
ancestry proportion is 0.130. In this case, Equation 1 yields
a sex ratio of 1.412 females to 1 male. However, if the X
chromosomal ancestry proportion were observed to be
0.120, the sex ratio would be 0.864 females to 1 male.
Thus, slight differences in observed ancestry proportions
can change the conclusion from female-biased contribu-
tions to male-biased contributions, a qualitatively different
interpretation (Figure 2A).

Second, we consider the two scenarios when only one
sex from §; contributes to the admixed population. Again,
we suppose a true autosomal ancestry proportion of 0.123
for §; (the autosomal African ancestry proportion in
central South America reported by Micheletti et al.'). If
§, contributes only females, the expected X chromosomal
ancestry proportion for §; would be 0.164 (Equation S8),
yielding a sex ratio of plus infinity. Due to a singularity
of the equilibrium model at this point (Figure 2A), the
model is highly sensitive, and inferred sex ratios can
vary significantly. Contrarily, if §; contributes only males,

the expected X chromosomal ancestry proportion would
be 0.082 (Equation S9), yielding a sex ratio of 0. Therefore,
plausible X chromosomal ancestry proportions under the
demographic model of a single admixture event would be
in the interval [0.082, 0.164] in this example. For values
outside of these demographically possible limits, a model
of a single admixture event is misspecified, yielding nega-
tive sex ratios. This was the case for the X chromosomal
ancestry proportion inferred by Micheletti et al.
(0.182)," leading to a non-sensical negative sex ratio
(black triangle in Figure 2A). In such cases, models
accounting for more complex demographics should be
considered.

Figure 2B shows that the equilibrium model (Equation 1)
is specified for only a narrow range of observed ancestry
proportions, which becomes narrower when the estimated
ancestry proportions are close to zero. When Micheletti
et al. inferred small ancestry proportions, the combina-
tions of X chromosomal and autosomal ancestry propor-
tions often lead to model failure (black triangles in gray
areas in Figure 2B). Furthermore, some of the combina-
tions of X chromosomal and autosomal ancestry propor-
tions inferred by Micheletti et al. are close to regions of
the parameter space where the models are most sensitive
to small changes in ancestry proportions (black triangles
close to the border between the green area and the gray
area in Figure 2B). Thus, some of the cases of model failure
and large sex ratios observed based on the data of Michel-
etti et al. may be partially attributed to the sensitivity of the
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mate the extent of sex-biased admixture using X chromosomal
and autosomal ancestry proportions

Admixture in the Americas was simulated as three-way combina-
tions of source population 1 (§y; blue), source population 2 (Sy;
orange), and source population 3 ($3; green) with female-biased
contributions from §; and S3 (i.e., 2 and 1.25 females to 1 male,
respectively) and male-biased contributions from S; (i.e., two
males to one female). The simulated admixture proportions were
1/6, 1/3, and 1/2 for $;, Sz, and S, respectively. The crosses indi-
cate the simulated sex ratio (s/s”), filled circles indicate mean
estimates, and error bars represent 95% confidence intervals.

models, especially when small ancestry contributions were
inferred (Table 1; Figure 2B).

Effects of small sample sizes on the inference of sex bias
The above-demonstrated sensitivity of the models also im-
plies that sample sizes may be a confounding factor due to
sampling errors. While Micheletti et al. generally had large
sample sizes for most geographic regions (i.e., >1,500),
sample sizes were less than 300 for both Cabo Verde and
the Guianas.' To evaluate what sample sizes are necessary
to confidently infer sex-biased admixture, we simulated
sex-biased American admixture 15 generations ago (see
material and methods). We sampled between 100 and
30,000 random individuals and computed mean ancestry
proportions as well as corresponding sex ratios with confi-
dence intervals for 15 generations after admixture, i.e., the
model by Goldberg and Rosenberg.®

Generally, confidence intervals of sex ratios are a func-
tion of the sample size as well as the level of inferred
ancestry proportions. For small sample sizes and low
inferred ancestry proportions, the confidence intervals
are large, precluding any statement about the extent of
sex bias (Figure 3). This is because the models exhibit
greater sensitivity to slight changes in ancestry propor-
tions if inferred ancestry proportions are low (Figure 2B).
Sample sizes of 1,000 or greater are sufficient to guarantee
reasonable confidence intervals for ancestries that made
medium or large (i.e., H{ > 0.3) contributions to the

admixed population (i.e., S, and S3), while sample sizes
of 5,000 or greater are required to yield reasonably narrow
confidence for ancestries that made only small contribu-
tions (i.e., $; component is 1/6; Figure 3). Thus, for Cabo
Verde and the Guianas sampling uncertainty and presum-
ably large confidence intervals preclude any definitive
statement regarding sex-biased admixture in the study by
Micheletti et al.

Complications arising from violations of demographic
assumptions

Micheletti et al. applied models for estimating sex bias that
assume constant population size, no subsequent gene flow,
and random mating after initial admixture.”® However,
admixture in the Americas as a consequence of the Euro-
pean colonization and the transatlantic slave trade was
more complex than a single admixture event.'*'° Here,
we used simulations to evaluate whether violations of
these demographic assumptions may have confounded
the analyses of Micheletti et al. The following analyses
are based on sample sizes of 10,000 individuals. Inferred
sex ratios under different demographic scenarios for 15
generations after admixture are listed in Table 2.

Recent analyses have shown that admixed populations
in the Americas experienced population expansion after
admixture.'” In our simulations, exponential growth of
the admixed American population at a rate of r = 0.05
did not affect the sex ratios inferred from X chromosomal
and autosomal data nor mtDNA and Y chromosome hap-
logroup imbalances. Differences between simulated and
estimated sex ratios are due to the sensitivity of the models
(Table 2). This suggests that population growth alone
cannot have caused the large sex ratios estimated by
Micheletti et al.

Constant, sex-biased gene flow

Historically, admixture in the Americas involved contin-
uous gene flow as opposed to a single admixture event.'’
Although our simulations show that constant gene flow
from source populations into an admixed population
changes estimates of sex bias, it does not yield as extreme
s’/s™ values as reported by Micheletti et al." Note that these
effects are weaker when population growth is also present
(Table 2).

We also investigated whether an additional constant
gene flow model from Goldberg and Rosenberg® better
fits the data of Micheletti et al. In regions with nearly com-
plete ancestry assignments, this model yields a range of
smaller s/s™ values that consistently indicate sex biases
in one direction (e.g., United States). However, in
geographic regions with substantial unassigned ancestry,
either female or male sex bias fits the data (e.g., European
ancestry in Central America; Figure S1). For these reasons,
constant gene flow after initial admixture likely contrib-
uted to the extreme sex ratios reported by Micheletti
et al., but unassigned ancestry appears to be the more
important confounding factor.
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Table 2.
ancestry proportions

Evaluation of the effect of different demographic scenarios on the sex ratios inferred from X chromosomal and autosomal

51 Sz 53

Demography s’/s™  H* H mt/Y s'/sm HX HA mt/Y  s'/sm H* H mt/Y

Simulated 2.00 0.1852 0.1667 2.00 0.50 0.2963 0.3333 0.50 1.25 0.5200 0.5000 1.25

parameters

(single pulse)

Single pulse  2.02 0.1828 0.1644 1.70 0.54 0.2974 0.3305 0.48 1.19 0.5198 0.5051 1.33
(1.73-  (0.1797- (0.1624- (1.57-  (0.49- (0.2937-  (0.3280- (0.46- (1.12- (0.5158- (0.5025- (1.28-
2.37) 0.1859) 0.1664) 1.84) 0.59) 0.3011) 0.3330) 0.51) 1.26) 0.5238) 0.5078) 1.38)

Population  2.56 0.1861 0.1624 1.37 0.38 0.286 0.3369 0.60 1.39 0.5280 0.5007 1.21

growth (2.15-  (0.1830- (0.1604- (1.27-  (0.34- (0.2824-  (0.3344- 0.57-  (1.31-  (0.5240- (0.4980- (1.17-
3.06) 0.1891) 0.1644) 1.47) 0.41)  0.2896) 0.3394) 0.63) 1.48) 0.5319) 0.5033) 1.26)

Gene flow 1.78 0.3475 0.3179 1.61 0.42 0.2378 0.2758 0.43 1.13 0.4147 0.4063 1.21
(1.58-  (0.3422- (0.3143- (1.52-  (0.37- (0.2335-  (0.2725- (0.41- (1.04- (0.4097- (0.4027- (1.16-
2.00) 0.3527) 0.3216) 1.70)  0.47)  0.2421) 0.2790) 0.46) 1.23) 0.4199) 0.4099) 1.26)

Population  1.64 0.3089 0.2858 1.76 0.55 0.2636 0.2922 0.37 1.08 0.4274 0.4220 1.51

growth + (1.46- (0.3043- (0.2825- (1.66- (0.49- (0.2595-  (0.2891- (0.35- (1.00- (0.4227- (0.4187- (1.44-

gene 1.85) 0.3136) 0.2891) 1.87) 0.61) 0.2677) 0.2953) 0.39) 1.17) 0.4322) 0.4252) 1.59)

flow

Sex-specific ~ 2.96 0.1671 0.1436 4.48 0.39 0.3755 0.4403 0.28 1.85 0.4574 0.4162 4.97

assortative (2.42- (0.1642- (0.1416- (3.92- (0.36- (0.3715-  (0.4375- 0.27- (1.71-  (0.4534- (0.4135- (4.60-

mating (40%) 3.66) 0.1700) 0.1454) 5.12) 0.42) 0.3793) 0.4430) 0.29)  2.00) 0.4614) 0.4188) 5.39)

Sex-specific ~ 2.76 0.2826 0.2446 3.94 0.31 0.3303 0.4009 0.23 1.76 0.3871 0.3545 3.18

assortative (2.33-  (0.2780- (0.2414- (3.60- (0.28- (0.3259-  (0.3975- 0.22-  (1.59- (0.3823- (0.3513- (2.96-

mating 3.27) 0.2873) 0.2479) 4.32) 0.34) 0.3348) 0.4042) 0.24)  1.95) 0.3919) 0.3578) 3.42)

(40%) + gene

flow

Sex-specific ~ 2.30 0.2829 0.2502 3.42 0.41 0.3422 0.3971 0.23 1.46 0.3748 0.3527 2.99

assortative (1.98- (0.2782- (0.2469- (3.16- (0.38- (0.3376-  (0.3937- 0.22- (1.33- (0.3702- (0.3496~ (2.78-

mating 2.70) 0.2877) 0.2534) 3.70) 045 0.3468) 0.4005) 0.24) 1.61) 0.3795) 0.3561) 3.22)

(40%) + gene

flow +

population

growth

Sex-specific  7.63 0.0947 0.0719 30.1 0.51 0.6678 0.7478 0.19 —-336 0.2375 0.1803 29.0

assortative (—335- (0.0922- (0.0705- (22.3- (0.49- (0.6633-  (0.7452- (0.19- (—395- (0.2336- (0.1780- (23.7-

mating (90%) 364) 0.0972) 0.0733) 41.8) 0.54) 0.6724) 0.7504) 0.20)  463) 0.2414) 0.1825) 35.9)

For each scenario, the initial admixture of Sy, S,, and S3 was simulated with admixture proportions 1/6, 1/3, and 1/2, respectively. $;’s and S5’s contributions were
female biased with ratios of 2 females and 1.25 females to 1 male, and S,’s contributions were male biased with a ratio of 2 males to 1 female. Additionally, expo-
nential population growth was simulated at a rate of r = 0.05, constant gene flow from the source populations into the admixed population was modeled at pop-
ulation-specific rates of my = 0.05, m, = 0.025, and m; = 0.01, and sex-specific assortative mating was simulated according to the mating scheme shown in
Table S3 with p = 0.4 and p = 0.9. The expected X chromosomal and autosomal proportions for a single admixture event with the above parameterization
are shown in the first row of this table (computed using Equations 5, 12, and 13 in Goldberg and Rosenberg®). Confidence intervals are given in parentheses

for each point estimate.

Sex-specific assortative mating

Given well-established historical accounts, random mating
did not happen in the Americas or was even prevented
through anti-miscegenation laws.'*'® These appalling
laws and other social norms led to sex-specific assortative
mating. To evaluate the effect of sex-specific assortative
on sex ratios inferred from X chromosomal and autosomal
data by Micheletti et al., we performed simulations in
which S, females were asymmetrically more likely to
mate with S, males (Table S3).

In concordance with theory,”* our simulations show
that sex-specific assortative mating confounds estimates
of sex biases from X chromosomal and autosomal ancestry
proportions (Table 2). Extreme sex-specific assortative
mating (i.e., a non-S, male is rejected 90% of the time as
a mating partner of an S, female and replaced with an S,

male (p = 0.9)) can cause model failure, but it also leads
to extreme mitochondrial and Y chromosome haplogroup
imbalances. If sex-specific assortative mating was a major
factor confounding the estimates of sex bias from X chro-
mosomal and autosomal ancestry proportions by Michel-
etti et al., it should also be reflected in mtDNA and Y chro-
mosome haplogroup imbalances, which is not the case (see
Table 1 in Micheletti et al. and Table S8 in Micheletti
et al.).! Furthermore, sex-specific assortative mating (p =
0.4), constant gene flow, and population growth do not
enhance each other in ways that lead to model failure,
given the current parameterization (Table 2). For these rea-
sons, although sex-specific assortative mating may have
contributed to the extreme sex ratios, it appears that unas-
signed ancestry was a more important confounding factor
in the study by Micheletti et al.
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Conclusions

The racist legacy of the slave trade has undoubtedly
left its mark in the genomes of admixed individuals in
the Americas. However, our findings suggest that the
extreme sex biases reported by Micheletti et al. are
questionable.

Substantial amounts of unassigned ancestry were likely
the primary confounding factor in the study by Micheletti
et al. (Table 1). This is because artificial deviation of the
observed ancestry proportions from the true ancestry pro-
portions can create false patterns of sex-biased admixture,
explaining the observed exorbitant sex ratios and cases of
model failure (i.e., negative sex ratios). The problem of unas-
signed ancestry is further exacerbated if different amounts of
X chromosomal and autosomal ancestry are missing. Unas-
signed ancestry arises when genomic windows have multi-
ple competing ancestries with low posterior probabilities.
Low posterior probabilities are oftentimes observed in ad-
mixed individuals with Native American ancestry due to
the lack of good reference panels.”>*” This conservative
approach to assigning ancestry is justified when reporting
ancestries to consumers but leads to problems when
ancestry proportions are applied to estimate magnitudes of
sex-biased admixture.

While population genetic models provide the theoret-
ical background for inferring sex bias of past admixture
events from X chromosomal and autosomal data, their
real-world applicability is limited due to their sensitivity.
This limitation can partially be addressed by providing
confidence intervals, which can be obtained by boot-
strapping individual ancestry proportions as described
in material and methods. For the present analyses based
on the data from Micheletti et al.," we were unfortunately
not able to improve the interpretability of their results
with confidence intervals because 23andMe’s consent
and privacy guidelines limit the availability of
individual-level genotype data." This underscores the
importance of open data-sharing policies.”® Overall, we
caution that inference methods of sex-biased admixture
that use X chromosomal and autosomal data perform
poorly when ancestry proportions do not add up to
100% and that reconstructing recent human history
from genetic data requires both accurate data and appro-
priate models.

Data and code availability

The code and all data needed to reproduce the results presented in
this study are available at https://github.com/LachanceLab/
sex_biased_admixture. The referenced supplemental tables from
the study by Micheletti et al. are available at https://doi.org/10.
1016/j.ajhg.2020.06.012.
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Supplemental information can be found online at https://doi.org/
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Figure S1: Possible sex ratios inferred from X ¢
proportions by Micheletti et al. using a mod

1072 107t
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hromosomal and autosomal ancestry
el that assumes constant, nonzero

admixture. Sex ratios were estimated based on ancestry proportion reported in Table S9 in
Micheletti et al., for which the Euclidean distance D (Eq. S13) between the expected admixture

proportions and reported admixture proportions was

at most 0.01. Because there is not one

single solution, a range of values is reported. The boxes represent the inter-quartile range
(IQR), with the median sex ratio indicated by the line spanning the box. The whiskers represent
the range between 2.5 and 97.5" percentile. For ancestries for which no box plot is shown,
no combination of sex-specific contributions could be found that explains the observed
ancestry proportions under a demographic scenario of constant, nonzero admixture.



Supplemental Tables

Broad Region Region Pr Pm N
Cabo Verde Cabo Verde 0.55 0.45 121
C. South America Rio De La Plata 0.57 0.43 29
C. South America Brazil 0.51 0.49 1461
N. South America Venezuela 0.48 0.52 495
Central America Mexico 0.55 0.45 3270
Latin Caribbean Dominican Republic 0.53 0.47 2307
Guianas Guianas 0.57 0.43 267
British Caribbean® | Trinidad and Tobago 0.61 0.39 282
British Caribbean ?;i:ii;r;;_ae:ward Islands and French 0.45 0.55 163
British Caribbean Haiti 0.51 0.49 596
British Caribbean Jamaica and the Caymans 0.58 0.42 1526
British Caribbean Bahamas 0.54 0.46 65
United States South Atlantic 0.58 0.42 1235
United States Gulf Coast 0.59 0.41 1411
United States Inland Midwest 0.60 0.40 235
United States East Inland 0.57 0.43 340
United States Chesapeake 0.58 0.42 653
United States Northern States 0.64 0.36 166
N. South America Colombia 0.55 0.45 1029
Central America Spanish Caribbean Mainland 0.53 0.47 2766
Latin Caribbean Cuba 0.51 0.49 840
Latin Caribbean Puerto Rico 0.55 0.45 6127
British Caribbean British Windward Islands 0.58 0.42 293
United States Midwest 0.58 0.42 1745
Mean p; | Mean p,, | sum N
Guianas 0.57 0.43 267
United States 0.58 0.42 5785
British Caribbean 0.56 0.44 2925
Latin Caribbean 0.55 0.45 9274
C. South America 0.51 0.49 1490
N. South America 0.53 0.47 1524
Central America 0.54 0.46 6036
Cabo Verde 0.55 0.45 121

Table S1. Calculation of female (ps) and male (p,,) proportions in samples for each

broad region. The proportions of females and males were inferred based on the data provided
in Table S2 and S10 of Micheletti et al.

awas once listed under British Caribbean and once under Latin America in Micheletti et al. Based on

the language spoken in Trinidad and Tobago, we chose British Caribbean.
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Table S3. Mating matrix of sex-specific assortative mating scheme. Females from S, are
asymmetrically more likely to mate with males from S,. This is modeled in a way such that it
does not reduce the overall likelihood of S, females mating. In consequence, it inflates the
contributions of S, males and reduces the contributions of males from other populations (i.e.,
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Supplemental Methods

In this section, we provide the derivation of the equilibrium model for estimating sex biases
from observed X chromosomal and autosomal ancestry proportions after a single admixture
event and elaborate on models proposed by Goldberg and Rosenberg for estimating ancestry
proportions for a more recent single admixture event as well as constant, nonzero admixture.
Both models of a single admixture event were applied by Micheletti et al. to estimate
magnitudes of sex-biased admixture from X chromosomal and autosomal data.! Because
these models make a series of simplifying demographic assumptions that may have
confounded the analyses of Micheletti et al.,* we evaluated the robustness of the models to
violations of these assumptions using simulations. Here, we describe performed simulations
of admixture in the Americas and subsequent interrogation of the models of sex-biased
admixture regarding their robustness to sampling sizes and violations of demographic
assumptions in greater detail.

Models of sex-biased admixture assuming a single admixture event

Equilibrium model

The expected X chromosomal and autosomal ancestry proportions in equilibrium after a single
admixture event, i.e., an infinite number of generations of random mating within the admixed
population since admixture, are easily inferred by acknowledging that the X chromosomal
inheritance is sex-biased, while autosomal inheritance is not. Females contribute two-thirds of
the X chromosomes and males one-third, while both sexes contribute half of the autosomes.
Following the notation by Goldberg and Rosenberg, we will denote the admixed population by
H and the expected ancestry proportions inherited from source population 1, S;, on the X

chromosome and the autosomes by E[H{] and E[H{], respectively. Given the fraction of

females and males originating from S; (slf and s, where s{ + s = 1), E[H{] and E[H{'] are

given by:23

2 1

E[HX] = §slf + 37 (S1)
1 1

IE[Hfl] = ES{ + ES{H (82)

Solving the Equations S1 and S2 for s{ and si"* yields the sex-specific contributions from S;:

s/ = 3E[H}] - 2E[H{] (S3)
s = 4E[H{] — 3E[H{] (S4)

A dynamic model for a recent single admixture event
Here, we will briefly review the core ideas of the dynamic model proposed by Goldberg and
Rosenberg for the X chromosomal admixture fraction of a recent single admixture event.
Interested readers are referred to the original publications for more details.?*

Goldberg and Rosenberg consider the female and male contributions separately, but the

overall contributions of S; in generation g (s; 4) are the mean of both (i.e., (slf,g + s1%)/2).

Furthermore, the female (male) contributions across all populations — all ancestral populations
plus the admixed population — must sum to one.?4>

The key idea of Goldberg and Rosenberg is that E[H{] and E[H{'] are not identically
distributed because females inherit one X chromosome from each parent, while males only
inherit one X chromosome from the mother, which is why the expected X chromosomal
ancestry proportion in males is the expected ancestry proportion of a female X chromosome
in the previous generation.? The authors derive a recursion for this relationship, which has a
closed-form solution for a single admixture event (Equations 6-13 in Goldberg and
Rosenberg).? Thus, the expected female and male ancestry proportions for the X chromosome
in generation g are given by:



19]s! 1\9] s
E[Hig ] = [2 +(-3) ]T+ [1 ~(-3) |3 (55)
E[Hfg,m] = [2 + (— E) ]_;,0 + [1 — <— E) —13'0 (56)

for g =1 and g = 2 in Equation S5 and S6, respectively.? The mean X chromosomal
ancestry proportion is then given by:

E[Hfg] =Dr [E[Hfg.f] + me[Hfg,m] (S7)

where pr and p,, are the fractions of females and males in the sample, respectively (see
Equation 24 in Goldberg and Rosenberg).? Thus, estimates of initial contributions of females
and males from S; - 5{,0 and s}, - during a single admixture event g generations ago are

obtained by solving Equations S2 and S7 for s£0 and s7'y.

Due to different initial X chromosomal ancestry proportions in females and males, the
expected ancestry proportions oscillate during the generations immediately following
admixture. However, after approximately ten generations of random mating within the admixed
population, the ancestry proportions converge to the expected equilibrium ancestry proportion,
defined in Equations S1 and S2 (see Figure 2 in Goldberg and Rosenberg).?

This dynamic model and the equilibrium model defined in Equations S1 and S2 implicitly
assume a constant population size of the admixed population, no subsequent gene flow,
random mating, no genetic drift, and no selection. In the main text, we evaluated the
robustness of the models to violations of some of these demographic assumptions using
simulations. The simulations are described in detail below.

Estimating sex bias for a single admixture event
To determine if S;’s contributions to an admixed population were sex-biased, we require
values for sf and s1"*, which can be obtained by applying one of the models delineated above.

The contributions of S; are considered sex-biased if s{/s{” # 1. For the equilibrium model, the
closed-form solution for the ratio of female and male contributions is directly obtained from
Equations S3 and S4 and is given by Equation 1 in the main text (for ease of notation, we refer
to E[H{] and E[H{] as Hf and H{ in the main text). The closed-form solution for the ratio of
female and male contributions using the model proposed by Goldberg and Rosenberg is more
complex and is omitted here.?

Assuming a generation time of 25 years, the transatlantic slave trade started approximately
15 generations ago. After 15 generations of random mating within the admixed population, the
model proposed by Goldberg and Rosenberg has always converged to the equilibrium model.?
For these reasons, we report the sex ratios for generation 15 after admixture in Tables 1 & 2.
We do not report sex ratios when either of the ancestry proportions is less than 0.05. Note that
due to the sensitivity of the models, the results can marginally differ depending on the number
of reported significant digits for ancestry proportions. Haplogroup imbalances between
mitochondrial Y chromosomal haplogroups were derived from haplogroup frequencies. Code
implementing these models can be found at
https://github.com/LachancelLab/sex_biased admixture.

Model failure and boundary conditions

Here, we infer conditions for model failure of the equilibrium model using the example shown
in Figure 2A. Recall that we assume 0.123 of all autosomes in an admixed population are from
S; (Hf = 0.123; this is the autosomal African ancestry proportion in central South America
reported by Micheletti et al.?) and that there is an equal number of females and males in the
admixed population. If all contributing individuals of ancestry S; were female, what proportion
of all X chromosomes in the admixed population (H{) are from ancestry S;? In such a
scenario, 12.3% of all initial individuals in the initially admixing population are females from S;,


https://github.com/LachanceLab/sex_biased_admixture

and 37.7% are females from S, (i.e., 24.6% and 75.4% of the females come from S; and S,,
respectively). Since S; does not contribute any males, the remaining 50.0% of all initial
individuals are males from S, (i.e., 100% of all males). Given that each female contributes two
X chromosomes, and each male contributes a single X chromosome, the total proportion of X
chromosomes from population S; for the equilibrium model can be calculated as follows:

E[HX] = 2xs] + 7" _ 2x0.246 + 0.0
YT oxsl + st r2xs] 45y 2X0246+00+2x0.754 + 1.0

=0.164 (S8)

Similarly, when all contributing individuals of ancestry S; were male, the expected X
chromosomal ancestry proportion can be calculated as follows:

2xs/ + s 2 x 0.0 + 0.246

2xs] + sP+2xs] +sp  2x00+0246+2x 1+ 0.754

E[H] = =0.082  (S9)

Thus, given the autosomal ancestry proportions H* = 0.123, the model is only specified for
H¥ € [0.082,0.164]. X chromosomal ancestry proportions outside of this range cause model
failure, i.e., negative sex ratios.

Alternatively, boundary conditions of ancestry proportions can also be calculated by
considering conditions where either the denominator or the numerator in Equation 1 are zero.
The maximum plausible X chromosome ancestry proportion (i.e., when all initial individuals
from S§; are female) is found by setting the left-hand side of Equation S4 equal to zero.
Similarly, the minimum plausible X chromosome ancestry proportion (i.e., when all initial
individuals from S; are male) is found by setting the left-hand side of Equation S3 equal to
zero.

A model of sex-biased admixture assuming constant, nonzero admixture

The model

Here, we will briefly review the core ideas of the model proposed by Goldberg and Rosenberg
for the X chromosomal and autosomal admixture fraction for constant, nonzero admixture.
Interested readers are referred to the original publications for more details.?*

The model for constant, nonzero admixture follows the basic logic of the model for a single
admixture event described above. In the short term, the ancestry proportions depend on the
initial admixture proportions (s o and s, o.) and the constant sex-specific contributions (s{, s,
etc.). Additionally, the sex-specific contributions from the admixed population (h/ and h™)
need to be factored in generations following initial admixture. The expected autosomal
ancestry proportion is then given by Equation 37 in Goldberg, Verdu, and Rosenberg (2014):*

S1,00 g=1

E|HA | = 1 — h91 S10
[ 1"g] 51,0h9‘1+51—1 —5 9 > (510)

where s; and h are the mean of the constant sex-specific contributions from S; and H,
respectively.

Initially, the X chromosomal ancestry proportion in males only depends on the initial female
contributions from S; (i.e., g = 1). From the second generation on, it depends on the constant
female contributions from S; (i.e., s{) and the female contributions from the admixed
population (h/) together with the X chromosome ancestry proportion in females in the previous
generation (E[Hfg—u])- Then, the recursion equation for the expected X chromosomal
ancestry proportions in males is given by Equation A2 in Goldberg and Rosenberg (2015):2



S{,O' g

51f+hfIE[Hfg—1.f]' g

Il
—_

E[Hgm] = (S11)

v
()

The X chromosomal ancestry fraction in females depends on the overall constant
contributions from source population S; (i.e., s1), the female contributions from the admixed
population (h/) together with the X chromosomal ancestry proportion in females in the
previous generation (]E[Hfg-Lf]), and the male contributions from the admixed population
(h™) together with the X chromosomal ancestry proportion in males in the previous generation,
which is equal to X chromosomal ancestry proportion in females two generations ago
(IE[H{fg_z,f]). The expected X chromosomal ancestry proportion in females is then given by
the second-order Equation:

( 51,0 g=1
1
_ f [ pm —
E[H, ] = ! 147 (5100 4 510h™) 9=2  (s12)

hf ¥ h™ f f X
S1 +7E[H1,g—1,f] + 7(51 +WE[Hg 2f]) 923

which is Equation A3 in Goldberg and Rosenberg (2015).2 Goldberg and Rosenberg also
derived a closed-form expressions for the expectation of X chromosomal ancestry proportion
in females and males (Equations 17 and 18 in their paper), but we omit them here for
simplicity.2

Estimating sex bias for constant, nonzero admixture
The expectations of the X chromosomal ancestry proportions in females and males depend
on initial admixture proportions and constant contributions during the first few generations
immediately after initial admixture. In the long-term, however, the expectations only depend
on the constant contributions. Since American admixture happened approximately 15
generations ago, the effect of the initial admixture on the expected X chromosomal ancestry
proportion is erased.? For this reason, the choices of initial sex-specific contributions have
negligible effects on the inferred sex ratios. Here, we chose 0.5 for females and males.
Then, a grid search using 0.02 increments of permissible constant sex-specific
contributions (i.e., 0 < h < 1) was performed to identify combinations of s{, s, s{, and s
that can describe the observed ancestry proportions using Equations S10 - S12. The
goodness of the parameter fit was assessed by computing the Euclidean distance between
the observed ancestry proportions and the expected ancestry proportions:

D= J[qA — E[H{,] 1" + [ax — (prE[HE, ] + pmE[HE g ])]” (S13)

where p; and p,, are the fraction of females and males in the sample, respectively. Equation
S13 is Equation 25 in Goldberg and Rosenberg (2015).2 We accepted all parameter
combinations for which D < 0.01. Furthermore, only parameter combinations were accepted
for which the sex ratios were neither zero nor infinity (i.e., when only one sex contributed).
The model deals with a scenario of two-way admixture. We extended it to the present
scenario of three-way admixture (i.e., African, European, and Native American admixture) by
computing plausible sex-specific contributions for each ancestry separately while aggregating
the contributions of the two other ancestries. Code implementing this model can be found at
https://github.com/LachancelLab/sex biased admixture.
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Simulations of American admixture and estimation of ancestry proportions

To evaluate how sampling sizes and violations of demographic assumptions impact the results
of the above models, we simulated American admixture 15 generations ago. We used Gravel’s
model of African, European, and Asian demographic history to simulate ancestral continental
populations.® Then, we simulated three-way admixture of these continental populations with
admixture proportions taken from Browning and Browning (2018).” Because the admixture
proportions were chosen arbitrarily, we replace the notion of African, European, and Asian
source populations with source populations 1 (S;), 2 (S,), and 3 (S3), respectively. This is to
avoid any misleading associations with a specific ancestry by the reader later in the text.

American admixture

Prior to admixture, we simulated three continental ancestries using Gravel's model.® The
ancestral S; population had an effective population size of 7,310 and experienced a population
size expansion to 14,475 individuals 5,919 generations ago (148kya assuming 25 years per
generation). The ancestral population of S, and S; split 2056 generations ago (~51kya),
experiencing an initial bottleneck with a population size of 1,861. The split of S, and S;
occurred 940 generations ago (~23kya). S, and S; then grew exponentially at rates of 0.38%
and 0.48%, respectively. Symmetrical migration between the different populations was
simulated at rates determined by Gravel et al.® Three-way admixture of S;, S,, and S; was
simulated 15 generations ago, using the admixture proportions from Browning et al. (2018)
(1/6 S, 1/3 S,, and 1/2 S;).2 The contributions from S; and S; were simulated to be female-
biased with ratios of two and 1.25 females to one male, respectively, while contributions from
S, were simulated to be male-biased with a ratio of two males to one female. These ratios
guaranteed the same number of females and males in the initially admixed population, given
the admixture proportions.

Similarly to Gravel et al., we also assumed a recombination rate of 1 x 10 and a mutation
rate of 2.36 x 108 per base pair per generation.® The mutation rate is higher than more recent
estimates,® but we decided to stick to it to ensure realistic levels of genetic diversity.

We simulated a 100 Mb autosome, 100Mb sex chromosomes (X and Y chromosome), and
20 kb mitochondrial DNA in SLiM v3.7.1 using tree-sequence recording.®!! Tree-sequence
recording allowed to omit neutral mutation during the forward simulations and superimpose
them later, increasing computational efficiency. To ensure full coalescence, the tree
sequences were first recapitated in Python3 using pyslim v0.7. Subsequently, neutral
mutations were added using msprime v1.1.1 in Python3.22*2 Finally, random individuals were
sampled from each population without replacement (i.e., S;, S,, S3, and the admixed
population), and the corresponding data was written to a VCF file. Code implementing these
simulations can be found at: https://github.com/Lachancelab/sex_biased admixture.

Alternative demographic scenarios

As American admixture was more complex than a simple single admixture event,®4-1° we
assessed the impact of violations of demographic assumptions on inferred sex ratios by
simulating alternative scenarios, including population growth, gene flow after initial admixture,
and sex-specific assortative mating.

The models assume a constant population size of the admixed population, but admixed
populations in the Americas evidently experienced recent population growth.® Therefore, we
assessed the effect of population growth on the inferred sex-specific contributions by
simulating exponential population growth of the admixed population at a rate of r = 0.05.

Furthermore, the assumption of no gene flow after initial admixture has been violated during
admixture in the Americas.!* To assess the effect of violations of this assumption, we
simulated constant, nonzero gene flow from the source population into the admixed population
with a migration rate from S; of m; = 0.05, an S, migration rate of m, = 0.025, and an S;
migration rate of m; = 0.01. Constant migration was assumed to have the same sex biases
as the initial admixture event (i.e., two S; females for every male, two S, males for every
female, and 1.25 S; females for every male). As population growth and constant gene flow
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both have happened to admixed populations in the Americas, we also assessed the combined
effect on inferred sex ratios (i.e., m; = 0.05, m, = 0.025, m3; = 0.01, and r = 0.05).

From historical records, it is well established that random mating did not occur in admixed
populations in the Americas. For instance, European males mated with African or Native
American females more frequently than European females mated with African or Native
American males as a consequence of anti-miscegenation laws and sexual exploitation of
enslaved women by enslavers.’>?° In previous theoretical work, Goldberg, Rastogi, and
Rosenberg showed that assortative mating does not affect sex ratios inferred from X
chromosomal and autosomal data because it does not change expected mean ancestry
proportions. They showed that assortative mating only increases the variances if mating
preferences are symmetrical with respect to sex. However, sex-specific assortative changes
expected mean ancestry proportions, and thus the appalling laws and social norms in the
aftermath of the transatlantic slave trade may have affected sex ratios inferred from X
chromosomal and autosomal data.?’ To evaluate the effect of sex-specific assortative mating,
we performed simulations in which S, females are asymmetrically more likely to mate with S,
males. This was achieved by rejecting a mating partner of an S, female in 40% of the cases
(p=0.4) ifthe partner was a non-S, male and selecting a random S, male instead. In this mating
scheme, female contributions from the different populations remain unchanged, but male
contributions change, with S, males contributing more and males from all other populations
contributing less than expected under a random mating scheme (Table S3). For example, for
a single admixture event, the male contributions from S, are increased by approximately 0.05,
while the male contributions from S; and S; are decreased by approximately 0.01 and 0.04.
We also evaluated the effects of more extreme sex-specific assortative mating, rejecting non-
S, males in 90% of the cases (p=0.9). Code implementing these simulations can be found at:
https://github.com/LachancelLab/sex_biased admixture.

Post-processing

The obtained VCF files were normalized using bcftools v1.14-36-g9560eb.?* Subsequently,
linkage disequilibrium (LD) pruning of SNPs with an r? threshold of 0.1 (--indep-pairwise 50 kb
1 0.1) and minor allele frequency filtering (MAF = 0.01) was performed on the simulated X
chromosomes and autosomes using plink v2.00a3LM.??> X chromosomal and autosomal
ancestry proportions were then inferred using ADMIXTURE v1.3.0 with K=3, using sampled
individuals from the source populations for supervised training (--supervised).?®> Males were
treated as haploid on the X chromosome (--haploid="male:23”). Admixed individuals with more
than 95% of one ancestry were excluded from subsequent analyses.

Established methods for inferring mtDNA and Y chromosome haplogroups such as
haplogrep2?* and yHaplo? rely on human reference data, and thus cannot be used for inferring
haplogroups of our simulated data. Instead, mtDNA and Y chromosome haplogroups were
inferred by performing a PCA with plink v2.00a3LM and subsequent clustering of the samples
of the three source populations (i.e., S;, S,, and S;). For each cluster, a representative
ancestral haplogroup was assigned based on the population from which most individuals in
each cluster were sampled. For example, if a cluster consisted of 100 individuals, of which 90
were sampled from S;, six from S,, and four from S;, the representative ancestral haplogroup
of this cluster would be S;. Admixed individuals were then assigned the ancestral haplogroup
of their closest neighbor, who was sampled from one of the source populations.

We tested several clustering algorithms implemented in scikit-learn v1.0.22¢ (incl.
agglomerative clustering, k-Means, DBSCAN, affinity propagation, spectral clustering, and
mean shift) with various hyperparameters. We selected the algorithm and hyperparameters
that produced the most homogenous clusters, i.e., clusters mainly consisted of individuals
sampled from the same source population. The homogeneity of clusters was assessed using
the loss function:

L= Zzn:d(l,j) X 0 (S14)

n
i=1j=1
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where n is the number of sampled individuals, d(i, j) is the Euclidean distance between the i"
and j" individual in the PCA space, and 8 is a Heaviside step function, which is one if the i
and the j" individual were clustered together but were sampled from different populations, and
0 otherwise.

This clustering-based approach of assigning haplogroups is imperfect as migration can
possibly bias the haplogroup assignment (this is a general caveat when using mtDNA and Y
chromosome haplogroups), e.g., an individual that recently migrated from S; to S, probably
has an S; haplogroup and not an S,. However, in practice, we found that the low levels of
simulated migrations between the source population did not bias our haplogroup assignment
in admixed individuals, and the predicted frequencies of S;, S,, and S; haplogroups in the
admixed population reflected the simulated admixture proportions.

Code implementing these analyses can be found at
https://github.com/LachancelLab/sex_biased admixture.



https://github.com/LachanceLab/sex_biased_admixture

Supplemental Results

Estimating sex biases from summary statistics of Micheletti et al. using a
constant admixture model

Although we did not observe sex ratios as large as those reported by Micheletti et al. or any
cases of model failure when simulating constant gene flow after initial admixture (Table 2), it
may have been a confounding factor in their analysis. For this reason, we estimated sex biases
based on the X chromosomal and autosomal ancestry proportions reported by Micheletti et al.
in Table S9! (also see Table 1) using a model that assumes constant, nonzero admixture.?
This model identifies a set of constant, nonzero sex-specific contributions for each population
that fit the observed X chromosomal and autosomal ancestry proportions. In general, this
model yields more moderate sex ratios (Figure S1). However, often the range of possible sex
ratios is wide, indicating that sex biases of various magnitudes and either female or male sex
bias could explain the data. For instance, in regions with substantial amounts of unassigned
ancestry (i.e., the Latin Caribbean, northern South America, central South America, and
Central America), the range of possible sex ratios for European ancestry (yellow) spans a
wide range, and median sex ratios are close to one, so that it is unclear whether European
contributions were female- or male-biased (Figure S1). This wide range of possible sex ratios
indicates that unassigned ancestry causes problems even if a model is used that assumes a
more appropriate demographic scenario.
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