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Abstract

Levels of sex differences for human body size and shape phenotypes are hypothesized to

have adaptively reduced following the agricultural transition as part of an evolutionary

response to relatively more equal divisions of labor and new technology adoption. In this

study, we tested this hypothesis by studying genetic variants associated with five sexually dif-

ferentiated human phenotypes: height, body mass, hip circumference, body fat percentage,

and waist circumference. We first analyzed genome-wide association (GWAS) results for UK

Biobank individuals (~194,000 females and ~167,000 males) to identify a total of 114,199 sin-

gle nucleotide polymorphisms (SNPs) significantly associated with at least one of the studied

phenotypes in females, males, or both sexes (P<5x10-8). From these loci we then identified

3,016 SNPs (2.6%) with significant differences in the strength of association between the

female- and male-specific GWAS results at a low false-discovery rate (FDR<0.001). Genes

with known roles in sexual differentiation are significantly enriched for co-localization with one

or more of these SNPs versus SNPs associated with the phenotypes generally but not with

sex differences (2.73-fold enrichment; permutation test; P = 0.0041). We also confirmed that

the identified variants are disproportionately associated with greater phenotype effect sizes

in the sex with the stronger association value. We then used the singleton density score sta-

tistic, which quantifies recent (within the last ~3,000 years; post-agriculture adoption in Brit-

ain) changes in the frequencies of alleles underlying polygenic traits, to identify a signature of

recent positive selection on alleles associated with greater body fat percentage in females

(permutation test; P = 0.0038; FDR = 0.0380), directionally opposite to that predicted by the

sex differences reduction hypothesis. Otherwise, we found no evidence of positive selection

for sex difference-associated alleles for any other trait. Overall, our results challenge the long-

standing hypothesis that sex differences adaptively decreased following subsistence transi-

tions from hunting and gathering to agriculture.
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Author summary

There is uncertainty regarding the evolutionary history of human sex differences for

quantitative body size and shape phenotypes. In this study we identified thousands of

genetic loci that differentially impact body size and shape trait variation between females

and males using a large sample of UK Biobank individuals. After confirming the biological

plausibility of these loci, we used a population genomics approach to study the recent

(over the past ~3,000 years) evolutionary histories of these loci in this population. We

observed significant increases in the frequencies of alleles associated with greater body fat

percentage in females. This result is contradictory to longstanding hypotheses that sex dif-

ferences have adaptively decreased following subsistence transitions from hunting and

gathering to agriculture.

Introduction

In many vertebrate species, it is not uncommon for morphological phenotypes to have average

size and shape differences between females and males [1]. Traits with average phenotype values

that differ by sex but with overlapping trait distributions–such as human height and body fat

percentage–are described as ‘sexually differentiated’ traits. Technically, the more commonly-

used term ‘sexually dimorphic’ is specific to non-overlapping traits; for example, exaggerated

ornamentation in male guppies, peacocks, and mandrills [2–5].

Some sexually differentiated traits are believed by many researchers to be the result of sex-

ual selection. In species with high inter-male competition for mates, larger males may have a

competitive advantage that results in increased fitness [6]. Perhaps as a result, the magnitude

of sexually differentiated phenotypes are often greater in polygynous species with high compe-

tition (e.g. gorillas) and lower in monogamous species (e.g. gibbons) [6–8]. Finally, there are

major differences in the degree of body size and shape sex differences between closely related

species, suggesting the potential for the relatively rapid evolution of sexually differentiated

traits [6].

In humans, females and males exhibit significant but relatively subtle differences in many

anthropometric phenotypes [9]. For example, European and African males are an average of

approximately 9% taller in height and 15% heavier in body mass than females from the same

populations [10,11]. Humans also exhibit sexually differentiated biometric and disease pheno-

types, especially those related to immune function [12,13].

There is little consensus regarding the evolutionary history of sexually differentiated traits

in our species [11,14,15]. Current levels of human sex differences may partially reflect an evo-

lutionary history of complex interactions between our biology and culture, but the timing,

direction, and forces responsible for any adaptive changes in these patterns are debated. For

example, it has been hypothesized that the degree of sexual differentiation for body size pheno-

types in Europe likely decreased following recent (within the past ~10,000 years) shifts from a

foraging-based subsistence strategy to one relying primarily on food production, in response

to less pronounced divisions of labor and mobility [16]. However, other scholars suggest that

sexually differentiated phenotypes would respond to selection at too slow an evolutionary rate

to respond to recent environmental and cultural changes; thus, any such recent changes are

more likely to reflect genetic drift and/or non-genetic responses to environmental changes

rather than natural selection [17].
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In this study, we combined genomic and evolutionary analyses to quantify how recent

changes in lifestyle and culture might be affecting the underlying genetic basis of human sexu-

ally differentiated traits. First, we applied a genome wide association study (GWAS)-based

approach to identify genetic variants associated with sexually differentiated phenotypes based

on data from the UK Biobank study [18]. With a very large number of UK Biobank partici-

pants (~361,000 individuals in the dataset we analyzed), this analysis represents a powerful

extension of several previous GWAS-based analyses of the genetic architecture of human sexu-

ally differentiated anthropometric traits [19]. We then used the Singleton Density Score (SDS),

a statistic that identifies signatures of polygenic adaptation that acted within the last ~3,000

years [20], a period following the transition to agriculture in present-day United Kingdom

[21].

Results

We analyzed genome-wide association study (GWAS) summary statistics for the following

five sexually differentiated anthropometric phenotypes that were produced by the Neale Lab

[22] using data from the UK Biobank [18]: height, body mass, hip circumference, body fat per-

centage, and waist circumference. We chose these traits given their relevance to the motivating

evolutionary hypothesis and because they have been extensively studied from anthropological

and/or genomics perspectives [9,23–25]. We did not include body mass index (BMI) in our set

of body size and shape phenotypes following concerns that have been voiced about this metric

related to its failure to quantify body shape when indicating obesity and obesity-related health

risks [26,27] and other, ethical issues [28]. We instead included the two constituents of BMI

(height and body mass) as separate variables in our analysis.

Identification of phenotype-associated SNPs

We analyzed summary statistics from GWAS that were performed separately in ~194,000

females and ~167,000 males of white British genetic ancestry on ~13.8 million autosomal

SNPs [22]. SNPs with minor allele frequencies < 0.05 and low imputation quality were filtered

out. We further restricted our analysis to SNPs that 1) passed these filters in both females and

males and 2) had SDS values available [20], given our motivation to conduct downstream evo-

lutionary analyses. These filtering steps resulted in ~4.4 million genome-wide SNPs for each

sex-stratified GWAS. For each phenotype, we identified significantly phenotype-associated

SNPs present in females, males, or both using the genome-wide significance threshold of

P = 5x10-8 commonly applied in UK Biobank studies [29–31]. We identified the following

total (not yet pruned for linkage disequilibrium) numbers of phenotype-associated SNPs sig-

nificant in either females, males, or both: 67,738 for height, 15,669 for body mass, 12,580 for

hip circumference, 10,538 for body fat percent, and 7,674 for waist circumference (Fig 1A and

1B and S1 Table).

SNPs disproportionately associated with female or male trait variation

From the sets of phenotype-associated SNPs that were significant in females, males, or both for

each phenotype (SexDiff-associated SNPs), we identified those SNPs with significant differ-

ences in the statistical strengths of association for the female vs. male-specific GWAS results

using the t-SexDiff statistic [19]. This statistic estimates the probability of difference between

female-specific and male-specific effect sizes given their standard errors and considering the

genome-wide correlation between female and male effect sizes for each trait (see Methods). To

account for multiple testing, we performed this analysis with four different false-discovery rate

(FDR) cutoffs for each phenotype: 0.05, 0.01, 0.005, and 0.001.
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Fig 1. SexDiff-associated SNPs for five anthropometric phenotypes. (A) Manhattan plot depicting -log10 P-values for the association of each genome-wide

SNP with female height. The black line corresponds to the genome-wide significance threshold of P = 5x10-8. (B) Manhattan plot for SNP associations with

male height. (C) For each of the 67,738 SNPs significantly associated with female and/or male height, we used the equation shown to test whether the SNP was

disproportionately associated with height between the sexes (height SexDiff-associated SNPs). The plot depicts -log10 P-values for the t-SexDiff statistic. Gray

PLOS GENETICS Recent natural selection on human sexually differentiated phenotypes

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1009562 June 3, 2021 4 / 19

https://doi.org/10.1371/journal.pgen.1009562


At the most stringent FDR cutoff of 0.001, we identified the following number of SexDiff-

associated SNPs: 677 for height, 541 for body mass, 808 for hip circumference, 439 for body fat

percentage, and 551 for waist circumference (Fig 1C and 1D and S1 Table). In addition to

identifying SexDiff-associated SNPs, for each phenotype we calculated the proportion of Sex-

Diff-associated SNPs at the FDR threshold of 0.001 to the number of phenotype-associated

SNPs, which ranged from 0.0010 for height to 0.0718 for waist circumference.

Co-localization of SexDiff-associated SNPs and loci with known roles in

sexual differentiation

Prior to conducting evolutionary analyses on the anthropometric trait SexDiff-associated

SNPs, we assessed their biological plausibility in two ways. First, we tested whether these SNPs

are significantly more likely to be located within or nearby (+/- 10,000 base pairs) genes previ-

ously known to be involved in sexual differentiation (Gene Ontology term GO:0007548) com-

pared to SNPs that are significantly associated with the phenotype but not significantly

associated with sex differences [32,33]. Although not all SexDiff-associated SNPs are expected

to be located nearby genes already known to be involved in sexual differentiation, we would

expect at least some enrichment if we are identifying true SexDiff associations with our

approach.

For each t-SexDiff FDR threshold, we determined the number of unique sexual differentia-

tion (GO:0007548) genes with one or more co-localized SexDiff-associated SNPs (combined

across the five phenotypes in our study). We similarly identified the number of all genes (of

those in the GO database) that were co-localized with at least one SexDiff-associated SNP and

calculated the proportion of the number of GO:0007548 genes to the total number of genes.

We conducted the same analysis for the set of SNPs associated with the phenotypes in general

but not associated with sexual differentiation. Finally, we estimated the GO:0007548 enrich-

ment ratio for SexDiff-associated to non-SexDiff-associated SNPs by dividing the two propor-

tions. By focusing this analysis on counts of genes rather than counts of SNPs, we limit

potential linkage disequilibrium (LD)-based enrichment inflation. That is, a gene would only

be counted once regardless of how many SexDiff-associated SNPs are located within or nearby

that gene.

For example, at our most stringent FDR threshold (0.001), the 3,016 total SexDiff-associated

SNPs were located within or nearby 9 unique GO:0007548 genes and 162 total genes (data

included in Dryad Digital Repository deposition). Thus, the proportion of GO:0007548

genes = 0.0556 (9/162). In contrast, the 108,882 non-SexDiff-associated but still phenotype-

associated SNPs for this same FDR threshold were located within or nearby 52 unique

GO:0007548 genes and 2,544 total genes, for a proportion of 0.0204, resulting in an enrich-

ment ratio = 2.73 (0.0556/0.0204). In other words, GO:0007548 genes with known roles in sex-

ual differentiation are >2.7 times more likely to be co-localized with one or more SexDiff-

associated SNPs than with one or more non-SexDiff-associated but still phenotype-associated

SNPs at the FDR<0.001 analysis level.

We repeated this analysis for each FDR threshold (Fig 2A and S2 Table). The enrichment

ratio steadily increased with increasingly stringent FDR significance thresholds. This pattern is

consistent with expectations if our analyses are identifying true SexDiff-associated loci.

bars correspond to four different FDR cutoffs. (D) SexDiff association analyses for significant phenotype-associated SNPs (number of SNPs included in each

analysis is shown to the right of each plot) for four additional anthropometric traits: body mass, hip circumference, body fat percentage, and waist

circumference.

https://doi.org/10.1371/journal.pgen.1009562.g001
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To test whether the proportion of GO:0007548 genes co-localized with at least one SexDiff-

associated SNP was significantly greater than expected by chance, we used a simple permuta-

tion scheme. From the set of 2,570 total GO classified genes that were co-localized with at least

one phenotype-associated SNP, we randomly selected the same number of total genes that

were co-localized with one or more SexDiff-associated SNPs at the FDR cutoff being consid-

ered (e.g. 162 genes at FDR<0.001) and counted the number of GO:0007548 genes repre-

sented. We repeated this process 10,000 times for each FDR cutoff and compared the resulting

distributions to the actual number of GO:0007548 genes co-localized with at least one SexDiff-

associated SNP to calculate empirical P-values. We used this permutation-based approach

rather than a Fisher’s exact test because some genes were co-localized with both SexDiff-associ-

ated SNPs and non-SexDiff phenotype-associated SNPs. The observed proportion of

GO:0007548 genes is very unlikely to be explained by chance at the most stringent FDR<0.001

threshold (P = 0.0041; Fig 2B), with increasing probability for the FDR thresholds of 0.005,

0.01, and 0.05 (P = 0.0513, P = 0.0829, and P = 0.2111, respectively; S1 Fig). Accordingly, all

subsequent analyses were limited to SNPs classified based on the FDR<0.001 analysis.

In a second assessment of the biological plausibility of our results, we queried the GWAS

Catalog [34] to identify any pleiotropic co-occurrence between our SexDiff-associated

(FDR<0.001) or phenotype-associated SNPs and significant associations for all other GWAS

Catalog traits. To avoid linkage disequilibrium (LD)-based result inflation of co-occurrence,

we selected a maximum of one SNP (zero if no SNPs in the region were significantly associated

with a trait) with the lowest t-SexDiff P-value across any of the five studied traits for each of

1,703 approximately LD-independent blocks of the human genome [35]. Of the 693 total SNPs

in this curated dataset, 117 SNPs (17%) were significantly associated with sex differences for at

least one of the five traits, with the remaining 576 SNPs (83%) associated with one or more of

the five phenotypes but not sex differences.

Upon reviewing the overlap with the curated set of SexDiff-associated SNPs and the GWAS

Catalog trait associations, we immediately noticed “Sex hormone binding globulin level” anno-

tations [36–38] for 3 of the 117 SexDiff-associated SNPs (2.6%), including the two SNPs with

the most extreme t-SexDiff P-values (Fig 2C). In contrast, sex hormone binding globulin level

associations were annotated for 4 of the 576 phenotype- but not SexDiff-associated SNPs

(0.7%; Fisher’s exact test; P = 0.098). We also used a permutation analysis to estimate the prob-

ability of observing 3 SNPs with both SexDiff- and sex hormone binding globulin level-associ-

ations, given the occurrence rate for all loci in this curated SNP subset (P = 0.063; Fig 2D).

Altogether, these results suggest that the anthropometric trait SexDiff-associated SNPs we

identified–especially those discovered with the most stringent FDR<0.001 threshold–are at

least enriched for SNPs that do underlie (or are linked to those that do) sexual differentiation

variation.

SexDiff-associated SNPs are associated with greater trait effect sizes in the

expected sex

Our statistical approach technically identifies genetic variants with significantly different

strengths of association for a given trait between males and females. Before proceeding, we

sought to confirm that these identified variants are disproportionately associated with greater

phenotype effect sizes in the sex with the stronger association value, and not merely with lower

trait value variance.

To do so, for each phenotype we first divided our SexDiff-associated SNPs into those with

disproportionately stronger associations in females vs. males. To avoid linkage disequilibrium

(LD)-based result inflation, we pruned each of these sets of SNPs to include only the one SNP

PLOS GENETICS Recent natural selection on human sexually differentiated phenotypes
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Fig 2. Co-localization of SexDiff-associated SNPs and loci with known roles in sexual differentiation. (A) For each t-SexDiff FDR threshold, we computed the

proportion of the number of genes in the “Sexual Differentiation” Gene Ontology category (GO:0007548) to the number of all Gene Ontology genes with at least one co-

localized SexDiff-associated SNP (+/- 10,000 base pairs). We also computed the same proportion for the set of SNPs significant associated with our studied phenotypes

in general but not with sexual differentiation. Values shown are ratios of these two proportions at each t-SexDiff FDR threshold. The green line indicates the 1:1 ratio

that would be expected in the absence of any disproportionate co-localization between SexDiff-associated SNPs and GO:00007548 genes. (B) Permutation analysis of the

number of genes involved in sexual differentiation co-localized with at least one SexDiff-associated SNPs at our most stringent FDR threshold (q<0.001). From the set of

2,570 total GO-classified genes that were co-localized with at least one phenotype-associated SNP, we randomly selected 162 genes, the number of total genes that were

co-localized with one or more SexDiff-associated SNPs at the FDR<0.001 cutoff. Of these 162 genes, we counted and recorded the number of GO:0007548 genes

represented. We repeated this process 10,000 times and computed an empirical P-value (P = 0.0041) as the proportion of permutations with a greater than or equal

number of GO:0007548 genes as the observed value for FDR<0.001 SexDiff-associated SNPs (9 genes). Results for similar analyses based on SexDiff FDR thresholds

0.005, 0.01, and 0.05 are shown in S1 Fig. (C) Manhattan plot depicting the -log10 values for the t-SexDiff statistic for a curated set of LD-pruned SexDiff and
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(if any) with the lowest t-SexDiff FDR value located within each of 1,703 approximately LD-

independent blocks of the human genome [35]. For comparison to the disproportionate

female and male SexDiff-associated SNPs, we prepared similar LD-pruned sets of all SNPs sig-

nificantly associated with the phenotype, regardless of their associations with sex differences,

for each of the five traits (data included in Dryad Digital Repository deposition). Then, for

every SNP in each set of pruned SNPs, we calculated the log2 ratio of the female trait effect size

to the male trait effect size.

Each of the five sets of female SexDiff-associated SNPs had strongly positive average ratios,

meaning that the female effect sizes for these SNPs were larger than the male effect sizes, and

vice versa for the male SexDiff-associated SNPs (Fig 3A). Mean log2 ratios were significantly

different from 0 for each of the 10 SexDiff-associated SNP subset (one-sided t-tests;

P = 3.3x10-5 and lower; FDR = 3.3x10-5 and lower; S3 and S4 Tables). Conversely, the mean

log2 ratios for the five sets of general trait-associated SNPs were near 0 (Fig 3A). Mean log2

ratios for each of the 10 SexDiff-associated SNPs were also significantly different from the cor-

responding mean log2 ratios of the phenotype-associated SNPs (Permutation analyses [see

Methods]; P<0.001, FDR = 0.001). These results confirm that our statistical process success-

fully and reliably identifies SNPs with sex disproportionate effects on phenotypic trait varia-

tion. We thus proceeded to study the evolutionary histories of these SNPs.

Signatures of positive selection on SexDiff-associated alleles

We next tested whether the SexDiff-associated SNPs identified in our analyses are significantly

enriched for signatures of recent (~3,000 years) positive selection, using the Singleton Density

Score statistic (SDS) [20]. Briefly, alleles affected by recent positive selection are predicted to

be found on haplotypes with relatively fewer singleton mutations; the SDS quantifies this pat-

tern. In turn, the trait-SDS statistic reflects directionality with respect to an associated pheno-

type. A positive trait-SDS value reflects a recent increase in the frequency of a phenotype-

increasing allele, while a negative trait-SDS value reflects an increase in the frequency of a phe-

notype-decreasing allele [20]. We performed our analyses with previously-published SDS data

computed from the whole genome sequences of 3,195 British individuals from the UK10K

project [20,39]. This dataset is ideal for integration with the UK Biobank genotype-phenotype

association data, given study population similarity.

To examine the evolutionary histories of alleles associated with anthropometric trait sex dif-

ferences, we aimed to determine whether any signatures of positive selection for SexDiff-asso-

ciated SNPs differed in either magnitude or direction from any such signatures for alleles

associated with the phenotypes (but not necessarily sex differences) themselves. For this analy-

sis, we again considered the sets of LD-pruned SexDiff-associated SNPs divided into those that

are disproportionately associated with trait variation in females vs. those disproportionately

associated with trait variation in males for each phenotype.

Using a permutation analysis, we tested whether the average trait-SDS values for the pruned

female or male SexDiff-associated SNPs were significantly different than the value for the corre-

sponding pruned set of all phenotype-associated SNPs (Fig 3B and S5 Table). For example, there

were n = 21 pruned SexDiff-associated SNPs disproportionately associated with female height

phenotype-associated SNPs. Specifically, we selected a maximum of one SNP with the lowest t-SexDiff P-value across any of the five studied phenotypes from each of

1,703 approximately LD-independent blocks of the human genome. Yellow dots indicate SexDiff-associated SNPs at an FDR of 0.001 (for at least one of the five traits),

and pink dots indicate phenotype-associated SNPs that did not cross the FDR = 0.001 threshold for any trait. SNPs outlined in black are also significantly associated with

the sex hormone binding globulin levels as annotated in the GWAS catalog. (D) From the curated set of 693 total LD-pruned SexDiff and phenotype-associated SNPs,

we randomly selected 117 SNPs (the number of pruned SexDiff-associated SNPs) and counted how many were also associated with sex hormone globulin blinding

levels. We repeated this process 10,000 times and computed an empirical P-value of P = 0.0626.

https://doi.org/10.1371/journal.pgen.1009562.g002
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Fig 3. Sex-specific effect size ratios and trait-SDS scores for anthropometric trait-associated SNPs. For each anthropometric trait, a

maximum of one SNP per each of 1,703 approximately LD-independent blocks of the human genome was included (within each block,

the SNP with the strongest statistical significance) from the sets of i) all SNPs associated with trait variation, and the subsets of those

SNPs disproportionately associated with variation in ii) females and iii) males (SexDiff-associated SNPs at FDR<0.001). (A) Violin plots

of log2 ratios of female trait effect size to male effect size (calculated separately for each SNP). Mean log2 ratios for each set of female and

male SexDiff pruned SNPs were compared to those for the corresponding phenotype-association set using a permutation scheme (FDR
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and n = 532 pruned SNPs associated with height generally (but not necessarily with sex differ-

ences). We randomly selected 21 of the 532 pruned height-associated SNPs and calculated the

average trait-SDS score. We repeated this process 10,000 times and calculated an empirical P-

value based on the proportion (multiplied by two; see Methods) of permuted observations with

equal or more extreme average trait-SDS values than the observed average trait-SDS for the actual

female height SexDiff-associated SNPs (average trait-SDS = 0.240; P = 0.66). This test was then

repeated for the male SexDiff-associated SNPs for height, and the female and male SexDiff-associ-

ated SNPs for each of the remaining four anthropometric traits. We also performed a similar per-

mutation but with the additional step of matching minor allele frequencies (+/- 0.05) between the

original set of SexDiff-associated SNPs and the set of phenotype-associated SNPs selected in each

permutation. The pattern of results was unchanged relative to the above (S6 Table).

For nine of the comparisons, trait-SDS distributions for the sets of pruned SexDiff-associ-

ated SNPs were not significantly different (following FDR adjustment for ten tests) from those

for SNPs associated with the corresponding general phenotype (Fig 3B and S5 Table). How-

ever, compared to all body fat percentage-associated SNPs (n = 181 pruned SNPs; average

trait-SDS = -0.124), the average trait-SDS value for the set of female SexDiff-associated SNPs

for this phenotype was significantly elevated (n = 9 pruned SNPs; average trait-SDS = 0.827;

P = 0.0038; FDR = 0.038). In other words, the average frequencies of alleles associated with

greater body fat percentage in females have increased in frequency over the past ~3,000 years

at a faster rate than expected based on the pattern for SNPs associated with body fat percentage

generally, a potential signature of polygenic selection on this sub-trait.

While our hypothesis testing framework is focused primarily on analyses of recent signa-

tures of positive natural selection, we also investigated whether the sets of LD-pruned SexDiff-

associated SNPs were enriched for signatures of relatively more ancient positive selection. To

do so we conducted an identical permutation analysis as above with the trait-SDS values, but

instead using absolute values of the integrated haplotype score (iHS) statistic, a within-popula-

tion haplotype-based statistic that can be used to identify putative signatures of positive selec-

tion from across the past ~25,000 years [40]. We used previously-published iHS data [41]

computed for the Great Britain population (GBR) from the 1000 Genomes Project [42]. Abso-

lute iHS values were not significantly different for any of the sets of SexDiff-associated SNPs

relative to the corresponding phenotype-associated SNPs (S2 Fig and S7 Table).

Finally, because positive selection may occur more often within or nearby genic regions of

the genome [40], we also tested whether our sets of pruned SexDiff-associated SNPs and corre-

sponding phenotype-associated SNPs were unevenly distributed among genic (annotated

genes +/- 10,000 bp) and intergenic regions. None of the ten sets of SexDiff-associated SNPs

were enriched for genic regions. However, we found that SNPs significantly associated with

male waist circumference variation were more likely to be intergenic relative to general hip cir-

cumference-associated loci (S8 Table).

Discussion

Using a sex-stratified GWAS framework for five sexually differentiated anthropometric phe-

notypes, we identified 3,016 SNPs that were disproportionately associated with either female

values indicated at the top and bottom of the plot), and to 0 using a one-sided t-test (FDR values indicated in the middle of the plot). (B)

Violin plots of trait-SDS values. Positive trait-SDS values reflects recent increases in the frequencies of phenotype-increasing alleles,

while negative trait-SDS values reflect increases in the frequencies of phenotype-decreasing alleles. The trait-SDS distributions for each

set of female and male SexDiff pruned SNPs were compared to those for the corresponding phenotype-association set using a

permutation analysis.

https://doi.org/10.1371/journal.pgen.1009562.g003
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or male trait variation at a low false discovery rate (FDR<0.001). We confirmed the biological

plausibility of these results by showing that genes with known roles in sexual differentiation

are significantly enriched for SexDiff-associated SNPs. Together, these results confirm the

importance of considering sex differences when investigating the genetic structure of human

polygenic traits [43]. We then used a statistic that quantifies changes in the frequencies of

alleles underlying polygenic traits over the past ~3,000 years to identify a signature of recent

positive selection on SNPs associated with increased female body fat percentage in the British

study population.

We must emphasize that inferring selection signals from GWAS data should be approached

with great care, as even subtle uncorrected population structure can impact GWAS and down-

stream results [44]. For example, data from the GIANT consortium were previously used to

identify strong signatures of polygenic selection for height across the genome [20]. However,

subtle population structure in the GIANT sample led to effect-size estimate biases, in turn

resulting in false signals of polygenic selection for SNPs not crossing the genome-wide signifi-

cance threshold and impacting results for significant SNPs as well [44]. In contrast, these issues

were much less prevalent using GWAS summary statistics from the UK Biobank, in which

population structure is minimized [44–46]. In light of these considerations, in our study we

have i) used UK Biobank GWAS summary statistics only, ii) focused solely on phenotype-asso-

ciated SNPs below the genome-wide significance threshold, and iii) restricted our evolutionary

analyses to direct comparisons between SNPs significantly associated with individual pheno-

types and a sub-phenotype (i.e., sex differences).

Our study further demonstrates the value of GWAS-based approaches for testing anthropo-

logical hypotheses [47]. Concerning the evolution of human body size and shape phenotypes,

our results fail to provide support for the prevailing notion of recent (i.e., subsequent to agri-

culture) adaptive reductions in levels of sex differences for such traits. Specifically, using large

samples of genomes from British individuals we did not observe significant differences in the

recent evolutionary trajectories of SNPs disproportionately associated with female or male var-

iation in height, body mass, hip circumference, and waist circumference relative to the trajec-

tories of SNPs associated with these traits generally.

We note that we made a number of conservative choices (for example, with aggressive

pruning to account for linkage disequilibrium) in our analytical approach, meaning that our

failure to reject the null hypothesis for each of these four traits should not be interpreted as evi-

dence that no selection on them occurred. Still, even with our conservative analytical approach

we did find evidence that the average frequencies of alleles disproportionately associated with

greater female body fat percentage significantly increased over the past ~3,000 years, a pattern

consistent with polygenic adaptation. Given that females have higher average body fat percent-

ages than men in historic and contemporary populations, the direction of polygenic adaptation

in the population we studied would actually be opposite to expectations under hypotheses of

recent adaptive reductions in anthropometric trait sex differences in agricultural societies.

However, since SNPs can be pleiotropically associated with multiple phenotypes [35], we can-

not definitively conclude that positive selection acted directly on female body fat percentage.

Regardless, at the very least we did not find positive support for the prevailing hypothesis con-

cerning the evolution of sex differences in recent human evolution.

Methods

Subjects and dataset generation

We used genome-wide association study (GWAS) summary statistics generated from analyses

of UK Biobank data [18,22]. The original GWAS analyses were restricted to 361,194 unrelated
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individuals (194,174 females and 167,020 males) of white British ancestry (based on the combi-

nation of self-report and genetic ancestry analysis) who did not have sex chromosome aneu-

ploidies. GWAS summary statistics for each phenotype were computed separately for females

and males. Because every phenotype was not defined for all individuals, some of the analyses

contributing to our study included fewer than 361,194 individuals (S9 Table). Approximately

40 million SNPs were originally available for analysis, of which only those with minor allele

frequencies > 0.001, an INFO score (imputation quality) > 0.8, and a Hardy-Weinberg Equi-

librium P-value > 1x10-10 were retained, resulting in datasets of 13,791,468 SNPs.

We then subsequently filtered out SNPs with minor allele frequencies < 0.05 and those that

were not associated with a singleton density score (SDS; for description, see below) [20]. These

filters resulted in a total genome-wide dataset of ~4.4 million SNPs for each phenotype.

We chose five sexually differentiated anthropometric phenotypes from the GWAS sum-

mary statistics for analysis (S9 Table). To identify phenotype-associated SNPs in female and/or

male individuals, we applied the commonly used genome wide significance threshold (i.e., to

account for the large number of tested SNPs) of P = 5x10-8 to the male-specific and female-spe-

cific GWAS summary statistics (data included in Dryad Digital Repository deposition).

Scan for SNPs that are disproportionately associated with male or female

trait variation

For each genome-wide SNP significantly associated with a phenotype in females, males, or

both sexes, we evaluated whether there was a significant difference in the statistical strengths

of association for the female vs. male-specific GWAS results using the following t-statistic (t-

SexDiff) [19].

t � SexDiff ¼
bmale � bfemale

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
SE2

male þ SE2
female � 2r � SEmale � SEfemale

q

bmale refers to the male-specific beta value and bfemale refers to the female-specific beta value

for each genome-wide SNP. SEmale and SEfemale refer to the male-specific and female-specific

standard error for each genome-wide SNP, respectively. The correlation r (rho) for each phe-

notype was calculated as the Spearman rank correlation coefficient between bmale and bfemale

using the cor.test() function in R (version 3.5.1). t-SexDiff was converted to a two-sided P-

value using the R function pt(). The effects of multiple testing were considered by computing

the False Discovery Rate (FDR) for each t-SexDiff P-value using the R function p.adjust [48].

Of the phenotype-associated SNPs that were significantly associated with a given phenotype

for females, males, or both sexes, we identified SexDiff-associated SNPs at four different FDR

thresholds: <0.05, <0.01, <0.005, and<0.001 (data included in Dryad Digital Repository

deposition).

Assessing the biological plausibility of the SexDiff-associated SNPs

In order to confirm the biological plausibility of our SexDiff-associated SNPs, we tested

whether regions of the genome functionally linked to sexual differentiation are more likely

than expected by chance to contain one or more of our SexDiff-associated SNPs. Separately for

each t-SexDiff FDR threshold, we counted the number of unique genes in the Gene Ontology

database [32,33] that contained at least one SexDiff-associated SNP, including within a

+/-10,000 base-pair (bp) window around the gene to encompass potential regulatory regions.

We then counted the number of these genes with known links to processes of sexual differenti-

ation corresponding to the Gene Ontology (GO) term GO:0007548 and computed the
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proportion of the number of GO:0007548 genes to the number of all genes co-localized with�

1 SexDiff-associated SNP. We repeated this analysis for significant phenotype- but not Sex-

Diff-associated SNPs. In the absence of enrichment for SexDiff-associated SNPs, the ratio of

these two proportions is expected to equal one.

We then used the following permutation scheme for each t-SexDiff FDR cutoff. There was a

total of 2,570 GO-classified genes overlapping one or more phenotype-associated SNP

(whether SexDiff-associated or not; each t-SexDiff FDR cutoff started with the same genome-

wide significant set of phenotype-associated SNPs so the total number of 2,570 co-localized

genes applies to each FDR cutoff). Given the number of these genes overlapping� 1 SexDiff-

associated SNP for a given FDR cutoff, we randomly selected that number of unique genes

from the pool of 2,570 genes and counted the number of GO:0007548 genes. We then repeated

this procedure 10,000 times and computed an empirical P-value as the proportion of permuted

data sets with an equal or greater to number of sexual differentiation genes when compared to

our observation for the associated FDR threshold.

We studied pleiotropic relationships between our anthropometric SexDiff and phenotype

traits and other traits with the aid of the GWAS Catalog (48; accessed 18 Feb 2021). After

concatenating all SexDiff (FDR<0.001) and phenotype-associated SNPs from across the five

studied traits, we pruned this total set of SNPs to a maximum of one SNP per each of approxi-

mately 1,703 approximately LD-independent blocks of the human genome [35]. For each

block, we specifically chose the one SNP with the lowest t-SexDiff P-value (if a block did not

have any significant phenotype-associated SNPs for any trait, zero SNPs were included from

that block). There were 693 total SNPs in this curated dataset, 117 of which (17%) were signifi-

cantly associated with sex differences for at least one of the 5 traits, with 576 (83%) significantly

associated with one or more of the five phenotypes but not sex differences. After reviewing the

full results (data included in Dryad Digital Repository deposition), we used a permutation

analysis to estimate the probability that SexDiff-associated SNPs were more likely than

expected by chance to also be associated with the “sex hormone binding globulin level” trait.

Specifically, from our curated set of 693 SNPs, we randomly selected the number of SNPs

equal to the number of observed SexDiff-associated SNPs (117) and counted how many were

also associated with sex hormone binding globulin level as per the GWAS catalog. We repeated

this procedure 10,000 times and computed the proportion of permuted data sets with equal or

more extreme numbers of sex hormone binding globulin level-associated SNPs compared to

the result for the SexDiff-associated SNPs.

Assessing the sex-specific effects of SexDiff-associated SNPs

For each phenotype we split our SexDiff-associated SNPs into those that had lower P-values

(as identified in the original sex-specific GWAS for phenotype-associated SNPs) in females

than males (female SexDiff-associated SNPs) and those that had lower P-values in males than

females (male SexDiff-associated SNPs). We separately pruned each set of female SexDiff-asso-

ciated SNPs and male SexDiff-associated SNPs to account for linkage disequilibrium. Specifically,

if there was more than one female SexDiff-associated SNP in one of 1,703 approximately LD-inde-

pendent segments of the genome [35], we only kept the female SexDiff-associated SNP for that

segment with the lowest P-value for association with the phenotype in females. We did the same

for male SexDiff-associated SNPs in males. For each set of pruned SexDiff-associated SNPs, we

then calculated the log2 ratio of the female effect size to male effect size.

The set of phenotype-associated SNPs was pruned in a similar fashion to the above, with a

maximum of one SNP per each of the 1,703 approximately LD-independent genome segments,

chosen as the SNP with the most significant P-value in the segment regardless of whether it
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was most significant in females or males (data included in Dryad Digital Repository deposi-

tion) from among those below the genome-wide significance threshold.

We then used a permutation to estimate the probability that the log2 ratio of female effect

size to male effect size was significantly for each of the ten sets of SexDiff-associated SNPs.

From the pruned set of phenotype-associated SNP, we randomly selected a number of SNPs

equal to the number of observed SexDiff-associated SNPs for that phenotype. We repeated this

procedure 10,000 times and computed the proportion of permuted data sets with equal or

more extreme average log2 ratio. We computed FDR values to account for multiple testing.

Finally, we used a one-sided t-test to determine whether our log2 ratios for each set of Sex-

Diff-associated SNPs was significantly different from zero. We again computed FDR values to

account for multiple testing.

Identification of signatures of positive selection

To test the hypothesis that SexDiff-associated SNPs have been affected by recent (past ~3,000

years) positive selection in recent human evolution, we used the Singleton Density Score

(SDS) statistic [20]. We used a database of genome-wide SNP SDS scores that were computed

[20] using 3,195 whole genome sequences from British individuals the UK10K project [39].

For the pruned sets of female and male SexDiff-associated SNPs, we fixed the sign of SDS

scores so that positive values indicate an increased frequency of the trait-increasing allele.

We used permutations to estimate the probability that the average trait-SDS value for each

trait and sex could be observed by chance given the distribution trait-SDS scores for SNPs sig-

nificantly associated with the corresponding phenotype (regardless of SexDiff-association; S10

Table). From the pruned set of phenotype-associated SNPs, we then randomly selected a num-

ber of SNPs equal to the number of observed SexDiff-associated SNPs for that phenotype and

the sex and FDR threshold being considered, and we calculated the average trait-SDS score for

that set of SNPs. We repeated this procedure 10,000 times and computed the proportion of

permuted data sets with equal or more extreme average trait-SDS scores compared to actual

result for the observed SexDiff-associated SNPs. This proportion was then multiplied by two

to account for the two-tailed nature of this test (i.e., the average trait-SDS values for SexDiff-

associated SNPs could have been significantly greater than or less than that for the phenotype-

associated SNPs). We computed FDR values to account for multiple testing.

We also performed trait-SDS permutation analysis with minor allele frequency (MAF)

matching between SexDiff and phenotype-associated SNPs. Specifically, for each SexDiff-asso-

ciated SNP we identified all phenotype-associated SNPs with +/- 0.05 MAF. We then ran-

domly selected one of these SNPs for inclusion in the permuted dataset and removed it from

our list of phenotype-associated SNPs to be drawn from in the MAF matching to other Sex-

Diff-associated SNPs so that it wouldn’t be represented twice in the same permutation. We

repeated this procedure 10,000 times, randomizing the input order of SexDiff-associated SNPs

each time.

For our iHS-based analysis, we used a database of genome-wide SNP iHS scores that were

previously computed [41] using data from the 1000 Genomes project [42]. We specifically

used iHS data from the Great Britain (GBR) population due to population similarity with our

GWAS data. We considered the absolute value of the standardized iHS for each SNP, and we

removed SNPs from our dataset that did not have a corresponding iHS score. To estimate the

probability that the average iHS score for each trait and sex could be observed by chance given

the distribution of iHS scores for phenotype-associated SNPs, we used a permutation scheme

identical to that used for the primary trait-SDS analysis (the version without consideration of

minor allele frequencies).
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To test whether there were significant differences in the distributions of pruned SexDiff-

associated SNPs and corresponding pruned phenotype-associated SNPs, we determined

whether or not each SNP was located within +/- 10,000 bp of a gene annotated in the Gene

Ontology database. We compared the ratio of genic:intergenic SNPs for each of our ten sets of

SexDiff-associated and corresponding phenotype-associated SNPs for each trait using a per-

mutation analysis (S8 Table). For each set of SexDiff-associated SNPs, we randomly selected

the same number of SNPs from the corresponding set of phenotype-associated SNPs and

counted the number of SNPs in intergenic regions. We then repeated this procedure 10,000

times and computed an empirical P-value as the proportion of permuted data sets with an

equal or greater to number of SNPs in intergenic regions when compared to our observation

for the associated set of SexDiff-associated SNPs. This proportion was then multiplied by two

to account for the two-tailed test (i.e., the number of intergenic SexDiff-associated SNPs could

have been significantly greater than or less than that of phenotype-associated SNPs). We com-

puted FDR values to account for multiple testing.

Computational resources

All analyses were conducted in R (version 3.5.1) with Advanced CyberInfrastructure computa-

tional resources provided by The Institute for CyberScience at Pennsylvania State University.

All scripts are available at https://github.com/audreyarner/dimorphism-evolution.
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S1 Fig. Permutation enrichment distribution at each FDR threshold. Permutation analysis

of the number of genes involved in sexual differentiation for all anthropometric SNPs at every

FDR threshold. Data are the frequency of distribution of our results for 10,000 permuted data

sets. The empirical P-value represents the probability that the observed value of sexual differ-

entiation genes from our SexDiff-associated SNP pool is equal to or greater than those from a

randomly selected set.

(TIF)

S2 Fig. Sex-specific iHS scores for anthropometric SexDiff and phenotype-associated

SNPs. The iHS distributions for each set of female and male SexDiff pruned SNPs were com-

pared to those for the corresponding phenotype-association set using a permutation analysis.

None of the distributions were significantly different.

(TIF)
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associated SNPs.
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S3 Table. Observed log2 ratio of female to male beta values and p-values for each set of

Female SexDiff-associated SNPs. aNumber of pruned SexDiff-associated SNPs at an FDR

threshold of 0.001 bMean log2 ratio of female trait effect size to the male trait effect size cOne-
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Female SexDiff-associated SNPs and Male SexDiff-associated SNPs permuted against phe-

notype-associated SNPs. aNumber of pruned SexDiff-associated SNPs at an FDR threshold of
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tion Meta-Analysis of Circulating Sex Hormone–Binding Globulin Reveals Multiple Loci Implicated in

Sex Steroid Hormone Regulation. Gibson G, editor. PLoS Genet. 2012 Jul 19; 8(7):e1002805. https://

doi.org/10.1371/journal.pgen.1002805 PMID: 22829776

39. Walter K, Min JL, Huang J, Crooks L, Memari Y, McCarthy S, et al. The UK10K project identifies rare

variants in health and disease. Nature. 2015 Oct 14; 526(7571):82–90. https://doi.org/10.1038/

nature14962 PMID: 26367797

40. Voight BF, Kudaravalli S, Wen X, Pritchard JK. A Map of Recent Positive Selection in the Human

Genome. Hurst L, editor. PLoS Biol. 2006 Mar 7; 4(3):e72. https://doi.org/10.1371/journal.pbio.

0040072 PMID: 16494531

41. Johnson KE, Voight BF. Patterns of shared signatures of recent positive selection across human popu-

lations. Nat Ecol Evol. 2018 Apr 19; 2(4):713–20. https://doi.org/10.1038/s41559-018-0478-6 PMID:

29459708

42. Auton A, Abecasis GR, Altshuler DM, Durbin RM, Bentley DR, Chakravarti A, et al. A global reference

for human genetic variation. Vol. 526, Nature. Nature Publishing Group; 2015. p. 68–74. https://doi.

org/10.1038/nature15393 PMID: 26432245

43. Clayton JA. Applying the new SABV (sex as a biological variable) policy to research and clinical care.

Physiol Behav. 2018 Apr 1; 187:2–5. https://doi.org/10.1016/j.physbeh.2017.08.012 PMID: 28823546

44. Berg JJ, Harpak A, Sinnott-Armstrong N, Joergensen AM, Mostafavi H, Field Y, et al. Reduced signal

for polygenic adaptation of height in UK Biobank. Elife. 2019 Mar 21; 8:e39725. https://doi.org/10.7554/

eLife.39725 PMID: 30895923

45. Barton N, Hermisson J, Nordborg M. Why structure matters. Elife. 2019 Mar 21; 8:e45380. https://doi.

org/10.7554/eLife.45380 PMID: 30895925

46. Sohail M, Maier RM, Ganna A, Bloemendal A, Martin AR, Turchin MC, et al. Polygenic adaptation on

height is overestimated due to uncorrected stratification in genome-wide association studies. Elife.

2019 Mar 21; 8:e39702. https://doi.org/10.7554/eLife.39702 PMID: 30895926

47. Vukelic A, Cohen JA, Sullivan AP, Perry GH. Extending Genome-wide Association Study Results to

Test Classic Anthropological Hypotheses: Human Third Molar Agenesis and the “Probable Mutation

Effect.” Hum Biol. 2017; 89(2):157. https://doi.org/10.13110/humanbiology.89.2.03 PMID: 29299963

48. Benjamini Y, Hochberg Y. Controlling the false discovery rate: A practical and powerful approach to mul-

tiple testing. J R Stat Soc Ser B. 1995 Jan; 57(1):289–300.

PLOS GENETICS Recent natural selection on human sexually differentiated phenotypes

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1009562 June 3, 2021 19 / 19

https://doi.org/10.1038/s41467-018-08000-4
https://doi.org/10.1038/s41467-018-08000-4
http://www.ncbi.nlm.nih.gov/pubmed/30664634
https://doi.org/10.1038/75556
http://www.ncbi.nlm.nih.gov/pubmed/10802651
https://doi.org/10.1093/nar/gky1055
http://www.ncbi.nlm.nih.gov/pubmed/30395331
https://doi.org/10.1093/nar/gky1120
http://www.ncbi.nlm.nih.gov/pubmed/30445434
https://doi.org/10.1038/ng.3570
https://doi.org/10.1038/ng.3570
http://www.ncbi.nlm.nih.gov/pubmed/27182965
https://doi.org/10.1038/s41591-020-0751-5
http://www.ncbi.nlm.nih.gov/pubmed/32042192
https://doi.org/10.1371/journal.pone.0037815
https://doi.org/10.1371/journal.pone.0037815
http://www.ncbi.nlm.nih.gov/pubmed/22675492
https://doi.org/10.1371/journal.pgen.1002805
https://doi.org/10.1371/journal.pgen.1002805
http://www.ncbi.nlm.nih.gov/pubmed/22829776
https://doi.org/10.1038/nature14962
https://doi.org/10.1038/nature14962
http://www.ncbi.nlm.nih.gov/pubmed/26367797
https://doi.org/10.1371/journal.pbio.0040072
https://doi.org/10.1371/journal.pbio.0040072
http://www.ncbi.nlm.nih.gov/pubmed/16494531
https://doi.org/10.1038/s41559-018-0478-6
http://www.ncbi.nlm.nih.gov/pubmed/29459708
https://doi.org/10.1038/nature15393
https://doi.org/10.1038/nature15393
http://www.ncbi.nlm.nih.gov/pubmed/26432245
https://doi.org/10.1016/j.physbeh.2017.08.012
http://www.ncbi.nlm.nih.gov/pubmed/28823546
https://doi.org/10.7554/eLife.39725
https://doi.org/10.7554/eLife.39725
http://www.ncbi.nlm.nih.gov/pubmed/30895923
https://doi.org/10.7554/eLife.45380
https://doi.org/10.7554/eLife.45380
http://www.ncbi.nlm.nih.gov/pubmed/30895925
https://doi.org/10.7554/eLife.39702
http://www.ncbi.nlm.nih.gov/pubmed/30895926
https://doi.org/10.13110/humanbiology.89.2.03
http://www.ncbi.nlm.nih.gov/pubmed/29299963
https://doi.org/10.1371/journal.pgen.1009562

