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Abstract

Many forces influence genetic variation across the genome including mutation, recombina-

tion, selection, and demography. Increased mutation and recombination both lead to

increases in genetic diversity in a region-specific manner, while complex demographic pat-

terns shape patterns of diversity on a more global scale. While these processes act across

the entire genome, the X chromosome is particularly interesting because it contains several

distinct regions that are subject to different combinations and strengths of these forces: the

pseudoautosomal regions (PARs) and the X-transposed region (XTR). The X chromosome

thus can serve as a unique model for studying how genetic and demographic forces act in

different contexts to shape patterns of observed variation. We therefore sought to explore

diversity, divergence, and linkage disequilibrium in each region of the X chromosome using

genomic data from 26 human populations. Across populations, we find that both diversity

and substitution rate are consistently elevated in PAR1 and the XTR compared to the rest of

the X chromosome. In contrast, linkage disequilibrium is lowest in PAR1, consistent with the

high recombination rate in this region, and highest in the region of the X chromosome that

does not recombine in males. However, linkage disequilibrium in the XTR is intermediate

between PAR1 and the autosomes, and much lower than the non-recombining X. Finally, in

addition to these global patterns, we also observed variation in ratios of X versus autosomal

diversity consistent with population-specific evolutionary history as well. While our results

were generally consistent with previous work, two unexpected observations emerged. First,

our results suggest that the XTR does not behave like the rest of the recombining X and

may need to be evaluated separately in future studies. Second, the different regions of the X

chromosome appear to exhibit unique patterns of linked selection across different human

populations. Together, our results highlight profound regional differences across the X chro-

mosome, simultaneously making it an ideal system for exploring the action of evolutionary

forces as well as necessitating its careful consideration and treatment in genomic analyses.
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Introduction

Genetic variation is influenced by factors that vary across genomic regions. Mutation rate [1–5]

and recombination rate [6–11] both fluctuate across the genome and differ between sexes. New

mutations increase diversity by introducing novel variation, and the frequency at which these

mutations occur, or are removed, contributes to observed patterns of variation. Elevated recombi-

nation can increase genetic variation by reducing linkage disequilibrium (LD) and thereby reduc-

ing rates of background selection and genetic hitchhiking [12, 13]. If recombination affects the

local mutation rate via double strand breaks, genetic variation will also be increased [14].

Some regions of the genome (e.g., the X chromosome, the Y chromosome, and the mito-

chondria) differ in genetic diversity due to differences in effective population size [15]. Under

the infinite sites model, expected nucleotide diversity for diploid organisms is 4Neμ [16],

where Ne is the effective population size and μ is the mutation rate. Because diversity is a func-

tion of population size, regions of the genome that have a lower Ne are expected to have pro-

portionally lower genetic diversity. The X chromosome, in particular, is composed of multiple

regions that differ in Ne. The pseudoautosomal regions exist on both the X and the Y and

therefore have a similar Ne to that of the autosomes, while the non-pseudoautosomal regions

of the X chromosome exist in two copies in females and one copy in males, effectively resulting

in ¾ the effective size of the autosomes, assuming random mating. Thus, one would expect dif-

ferences in genetic diversity across the X chromosome simply due to differences in Ne.

Selection can also shape genetic diversity across the genome. Linked selection reduces

diversity in neutral regions that are closely linked to genes [17, 18] and this effect can be more

or less pronounced under differing strengths of linked selection. The effects of background

selection and genetic hitchhiking are reduced moving away from selected regions, which leads

to an expected increase in diversity with increasing distance from these regions. Consistent

with this, diversity increases with distance from genes on both the autosomes and X chromo-

some [19–21]. Further, the ratio of X to autosome diversity increases with increasing distance

from genes [19–21], suggesting that linked selection is stronger on the X chromosome than

the autosomes. This could be due to reduced recombination on the X chromosome in genetic

males, where X-linked recombination is limited to the pseudoautosomal regions (PARs) or

because the X chromosome is hemizygous in males and recessive alleles are thus directly

exposed to selection, leading to a disproportionate reduction in diversity in and around genes

[13, 22–24].

In addition to the processes described above, patterns of human demography strongly affect

patterns of genetic variation [25–27]. For example, African populations generally have higher

genetic diversity than non-Africans due to a dispersal event out of Africa that left non-Africans

with a subset of African variation [27–29]. Further, African populations have significant sub-

structure [30, 31] and deep patterns of demographic history [32] that lead to wide variation in

observed diversity. These demographic processes differentially affect regions of the genome

with different relative population sizes (e.g., the X chromosome and the mitochondria) [33].

Similarly, sex-biased demographic processes (e.g., different number of mating males and

females, sex-biased admixture, or migration) can shape differences in diversity between

regions like the sex chromosomes and the mitochondria whose inheritance patterns are gov-

erned by the sex of the individual [15, 34–36].

The X chromosome contains several distinct regions that have different evolutionary histo-

ries, and which operate under various combinations of the above processes. The sex chromo-

somes (X and Y) in mammals diverged from a pair of autosomes approximately 180–210

million years ago [37]. Over time, the X and Y evolved to have different structure and gene

content, with the Y chromosome losing about 90% of its original genes [38, 39]. This
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differentiation has been theorized to be a result of a handful of inversion events on the Y [40–

43] that lead to reduced recombination between the X and Y chromosomes. Homologous

recombination does not occur along much of the length of the X and Y chromosome. How-

ever, they share two pseudoautosomal regions (PAR1 and PAR2). PAR1 extends ~2.7 Mb

from the tip of the proximal arm of each sex chromosome and facilitates X-Y recombination

[38, 43]. PAR2 extends 320 kb on the tip of the long arm of each sex chromosome, and evolved

independently from PAR1 as a result of at least two X to Y duplication events [44, 45]. Recom-

bination rate varies significantly across regions of the X chromosome due to X-Y recombina-

tion being constrained to the PARs; PAR1 recombination rate is ~20x the genome average

[46] and PAR2 recombination rate is ~5x the genome average [47]. In addition to the two

PARs, there is an X-transposed region (XTR) in humans that was duplicated from X to Y

around 3 to 4 million years ago, after human-chimpanzee divergence [38, 48–50]. The XTR

has undergone a series of inversions and deletions, but it maintains ~98% X-Y sequence iden-

tity [38, 51] and contains two genes with functional X-Y homologs [49].

The evolutionary history of the pseudoautosomal regions has been well studied [52, 53].

Variation has been shown to be better maintained in these regions, with processes such as sex-

ually antagonistic selection (and other sex-specific selection) affecting diversity [52, 54]. Fine

scale maps of sex-specific recombination differences between PAR1 and PAR2 have also

recently shed light on processes shaping pseudoautosomal diversity [53]. Recombination alone

is not sufficient in homogenizing genetic differences between the X and Y pseudoautosomal

regions, and the mechanism by which these differences arise remains unclear [53]. Clearly, the

human pseudoautosomal regions have been distinctly shaped by recombination and other evo-

lutionary processes–what remains unclear is how both demographic and genomic processes

affect different regions of the X and specifically how the impact of these processes varies when

analyzing each of the X chromosome regions across different human populations.

Because of its unique structure, inheritance, and evolutionary history, the X chromosome

serves as a unique model for studying how genetic and demographic forces act in different

contexts to shape patterns of observed variation. For example, departures from neutral equilib-

rium expectations of X/A diversity have been used to study sex biases in processes such as

migration, admixture, generation time, and reproductive success [15, 19–21, 24, 36, 55, 56].

While recombination between the X and Y pseudoautosomal regions has been studied com-

paratively, and the non-pseudoautosomal X has been studied relative to the autosomes [21,

53], we lack a complete picture of how all of the X chromosome regions behave relative to each

other. In this study we expand on these previous analyses in two ways: (1) by separately consid-

ering all individual regions of the X chromosome relative to the autosomes and (2) by studying

these regions in a large, global sample of humans (2,504 individuals from 26 different popula-

tions sequenced as part of the 1000 Genomes Project [57]) that have experienced a range of dif-

ferent demographic histories. From this data, we calculate measures of diversity, divergence,

and linkage disequilibrium to investigate the extent to which linked selection, recombination,

mutation rate, and demography shape relative patterns of variation across the human X chro-

mosome. This design allows us to better understand the forces that shape genetic variation and

gives a detailed look into the evolutionary biology of the X chromosome.

Results

Genetic variation is consistently elevated in the PARs and XTR across

human populations

We measured nucleotide diversity in 26 human populations (S1 Table) from the 1000

Genomes Project [57]) and observed substantial variation across regions of the X chromosome
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(Fig 1A). Overall, we found that diversity is significantly higher in both PAR1 and XTR than

chrX (which we define here as non-pseudoautosomal sequence on the X chromosome not in

PAR1, PAR2, or XTR) in nearly all populations (S2 Table). We also observed higher diversity

in PAR2 than chrX in all cases, but the difference was never significant. After filtering, PAR2

has approximately 15% as many variant sites as PAR1 and approximately 65 kb of callable

sequence (S3 Table). Due to its size, unusual evolutionary history, and the small amount of

data available after filtering, we report observational results for PAR2 but exclude it from

interpretations.

Ratios of PAR/A and chrX/A diversity exhibit opposite patterns across

human populations

To further explore differences in diversity among regions on the X chromosome, we divided

diversity values calculated in PAR1, XTR, and chrX by those from an autosome approximately

the same size as the X, chr8 (referred to here as autosome or A). We do this for each of the 26

1000 genomes populations (Fig 1B). The nonPAR chrX/A values were below the null expecta-

tion of 0.75 (assuming equal sex ratios and 3 X chromosomes for every 4 autosomes). PAR1/A

ratios were all greater than 1.0, and thus greater than expectations based on chromosome

counts (i.e., two copies of chromosome 8 in all individuals, and two copies of PAR1, either on

two X chromosomes in females or on the X and Y in males). We observed PAR1/A ratios

around 1.25 within Africa, and gradually increasing PAR1/A ratios in populations outside of

Africa. In contrast, chrX/A ratios decreased in populations outside of Africa. This pattern was

recapitulated in admixed American populations, in which we observed that PAR1/A ratios

increased with decreasing African ancestry proportions, while chrX/A ratios decreased with

decreasing proportion of African ancestry. In order of decreasing African ancestry proportion,

those populations are Puerto Rican (~28% African ancestry), Colombian (~7%), Mexican (~4–

5%), and Peruvian (~2%) [58–62].

Surprisingly, our observations of XTR did not match our expectation that it would behave

similarly to chrX because both are present in one copy in genetic males and two copies in

genetic females. Across populations, XTR/A diversity was consistently greater than observed

chrX/A diversity (Fig 1B) and variation in XTR/A ratios did not appear to correspond with

demography.

Substitution rate varies across regions of the human X chromosome

Mutation rate, which is known to vary across the genome [63–65], influences observed levels

of genetic diversity. Under a neutral model of evolution, higher mutation rates result in more

genetic variation and thus increased levels of diversity [66]. To explore regional variation in

mutation, we used substitution rate (divergence) between the human and dog reference

genomes as a proxy. In general, divergence did not increase with increasing distance from

genes (Fig 2), though the XTR exhibited a slightly elevated substitution rate in the bin remov-

ing 20kb from both sides of genes and PAR2 substitution rate tended to fluctuate slightly over

all bins (S3 Table).

While we did not find an association between human-dog divergence and distance from

genes, we observed striking differences in substitution rates across the different regions of the

X chromosome and chromosome 8 (Fig 2). PAR1 had the highest substitution rate (~1.3x that

of chr8), while the substitution rate of the XTR was similar to that of chromosome 8. Both

chrX and PAR2 had lower substitution rates than chromosome 8. For chrX, the difference was

slight (0.93x that of chr8).
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Fig 1. Genetic diversity across regions of the human X chromosome. a) Nucleotide diversity is calculated in non-overlapping 100kb windows across the

X chromosome and corrected for mutation rate variation using hg19-canFam3 divergence. Red indicates the pseudoautosomal regions (PAR1, PAR2) and

blue indicates the X-transposed region (XTR). Diversity is calculated using all 1000 Genomes phase 3 samples. b) Genetic diversity is calculated in each

population between each region of the X chromosome—pseudoautosomal region 1 (PAR1), X-transposed region (XTR) and chromosome X—and the

autosomes (chr8). Autosomal and X-linked diversity are corrected for mutation rate (hg19-canFam3 divergence). The solid line at 1.0 represents the null
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Linkage disequilibrium in PAR1 and XTR is lower than elsewhere on the X

chromosome

We calculated average r2 across the X chromosome and chromosome 8 to characterize linkage

disequilibrium (LD) as a proxy for recombination rate (see Methods). Consistent with our

expectation that a higher recombination rate will break up linkage disequilibrium, we found

that LD is lowest in PAR1 and highest in chrX, with chr8 exhibiting values slightly lower than

chrX (Fig 3). However, the XTR exhibited intermediate r2 values that fell approximately half-

way between PAR1 and chrX (22 of 26 populations, S1 Fig). Estimates for LD in PAR1 and the

XTR varied slightly among populations within the same superpopulation (S1 Fig), but these

trends are broadly consistent across all populations studied. Trends in LD between different

populations rather than between different regions could potentially be driven by other factors,

such as larger historical effective population size in African populations.

Genetic diversity and linkage disequilibrium are negatively correlated on

the X chromosome

To examine the relationship between genetic diversity and LD and to explore how this rela-

tionship is affected by filtering with distance from genes, we characterized the correlation

between LD and diversity calculated in the same set of windows [67]. Estimates of genetic

diversity should decrease with decreasing LD due to the increased effect of recombination

breaking up linked selection. It follows that as distance from genes increases, the decreasing

effect of linked selection should correspondingly weaken the relationship between LD and

diversity. We found a significant negative correlation between LD and diversity (R2 = 0.127,

P = 2.46x10-31; S2A Fig). We also observed that LD explains less variation in diversity when we

filtered to include only sequences further from genes (R2 = 0.10, P = 8.03x10-22; S2B Fig).

expectation of four PAR1 regions for every four autosomes. The dashed line at 0.75 represents the null expectation of three X chromosomes for every four

autosomes. Error bars represent 95% bootstrapped confidence intervals using 1000 replicates. Populations are organized by superpopulations. Individual

population abbreviations are labeled, and full names are available in S1 Table.

https://doi.org/10.1371/journal.pone.0287609.g001

Fig 2. Divergence across the genome. Human-dog divergence (hg19-canFam3) a) across regions of the human X chromosome and chromosome 8; and b)

between each region of the human X chromosome relative to chromosome 8. A solid horizontal line is placed at a divergence ratio of 1, which would imply an

equal substitution rate between regions. Divergence is computed for all intergenic regions with no filter with distance from genes (0kb), or with a filter

removing regions near genes (1kb, 5kb, 10kb or 20kb). The number of base pairs in each region is reported in S3 Table.

https://doi.org/10.1371/journal.pone.0287609.g002
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Regions of the X chromosome exhibit contrasting and population-specific

patterns of linked selection

We also explored how X/A, PAR/A, and XTR/A diversity ratios varied across 26 populations

in Africa, Europe, South Asia, East Asia, and the Americas as we removed regions close to

genes (Fig 4A). We calculated diversity in each population after removing genes and conserved

sequences. We then iteratively removed regions of increasing size, starting from the region

closest to genes and moving out to a designated threshold (1kb, 5kb, 10kb, 20kb). The measure

we use is the difference between (a) diversity calculated after removing the flanking sequence

from genes and (b) diversity calculated where we only remove genes. More efficient selection

on the X chromosome should lead to patterns of increasing X/A diversity ratios moving away

from genes due to more pronounced linked selection on the X chromosome [19–21]. Consis-

tent with this prediction, we found that X/A diversity ratios increased as we used filters that

removed longer regions of sequence close to genes in four of the five superpopulations (Fig

4A). In contrast, we surprisingly found that PAR/A and XTR/A diversity ratios decreased as

we filtered out these same regions.

To account for the effect that demography may have on these patterns, we corrected the

ratios for each of the above populations by dividing these ratios by those from the African pop-

ulation MSL (Mende in Sierra Leone)—the population in our dataset exhibiting the greatest

diversity across most regions of the X chromosome (Fig 4B). If patterns of linked selection are

consistent across populations, we expect the normalized differences to be equal to 0 across all

regions with increasing distance from genes [21]. Overall, we found that while most popula-

tions had normalized X/A ratios that did not change with distance from genes, some non-Afri-

can populations, particularly those from East Asia, displayed values that decreased with

distance from genes (Fig 4B).

For PAR/A and XTR/A ratios, the “flattening” effect of normalizing to MSL was less pro-

nounced (Fig 4B). Although there is no effect of distance from genes on the normalized ratio

in African populations, the normalized PAR/A ratio still decreases in the other four non-Afri-

can superpopulations. Similarly, normalized XTR/A ratios appear to decrease with distance

from genes in non-African superpopulations.

Fig 3. Average linkage disequilibrium across genomic regions. Linkage disequilibrium (LD) is calculated in each X chromosome region and chromosome 8

for each superpopulation. LD is calculated for each site in a given genomic region by averaging all pairwise r2 values +/- 300kb from that site. Average r2 values

for each site are then used to calculate mean LD for a given region. Error bars represent 95% bootstrapped confidence intervals (1000 replicates).

https://doi.org/10.1371/journal.pone.0287609.g003
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Fig 4. Ratio of X to autosomal diversity with increasing distance from genes across populations. a) Diversity ratios

(corrected for hg19-canFam3 divergence) are reported between regions on the X—non-pseudoautosomal X (X),

pseudoautosomal region 1 (PAR), and X-transposed region (XTR)—and the autosomes for 26 populations from the 1000

Genomes Project. Values are reported as the difference between using a filter for only genes and a filter removing for 1kb,

5kb, 10kb, and 20kb from genes, respectively. The order of populations is the same as reported in Fig 1B. b) These ratios are

PLOS ONE X chromosome variation
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To look at the effect of different outgroup populations on normalizing X/A ratios, we

divided diversity ratios for the 26 populations by the populations with the highest diversity in

each of the four remaining superpopulations (S3A–S3D Fig). When we normalized the 26 pop-

ulations by the Tuscan population (TSI; the highest diversity population in Europe for most of

the X-chromosomal regions), we found that X/A, PAR/A, and XTR/A ratios in the remaining

European populations were unaffected by increasing distance from genes with PAR/A and

XTR/A ratios tending both upwards and downwards across the other four superpopulations

(S3A Fig). We repeated this normalization for each of the three remaining superpopulations

(S3B–S3D Fig) and each one exhibited the same pattern described above: X/A, PAR/A, and

XTR/A ratios were unaffected by distance from genes for the superpopulation used for the

normalization, while PAR/A and XTR/A ratios varied among the other superpopulations

depending on the population chosen as the denominator.

Discussion

There are many processes that shape the landscape of genetic variation across the genome. Pat-

terns of genetic variation across the X chromosome are especially complex because its unique

structure and pattern of inheritance have the potential to interact with these processes in dif-

ferent ways. In this study, we examined 26 diverse human populations and found remarkable

variation in genetic diversity on the X chromosome, both among populations and across dif-

ferent regions of the X chromosome itself. More specifically, we found that the landscape of

genetic variation across the X chromosome was structured by mutation, recombination, and

population history, which differentially affected major regions of the X chromosome—the

PAR, XTR, and nonPAR—and led to substantial variation in genetic diversity across these

regions.

The X-transposed region has intermediate properties of both PAR1 and

nonPAR

Of the X-chromosomal regions we studied, our results for the X-transposed region (XTR)

were especially surprising because its properties were intermediate to both the pseudoautoso-

mal regions and the nonPAR regions of the X chromosome. Though the XTR shares homology

with the Y chromosome, we expected it to behave similarly to the nonPAR regions of the X

chromosome because it underwent an inversion preventing recombination [51]. However, in

our measures of diversity (Fig 1B) and recombination (Fig 3), the XTR exhibited values that

were greater than we observed in nonPAR, but less than we observed in PAR1.

The unusual pattern of diversity within the XTR could be driven, in part, by technical arti-

facts. We recently showed that, due to homology, the X-transposed sequences between the X

and the Y are similar enough to confound the mapping of raw sequencing reads [68]. This

leads to lower mapping quality and sequencing depth, which in turn reduces the number of

variants called [68]. As this mapping correction was not implemented in the 1000 Genomes

dataset, our observations of higher genetic diversity in the XTR than the nonPAR in this study

are still surprising, as they are likely underestimated, having been published before the prob-

lem and correction were described by Webster et al. [68].

Our observation of lower linkage disequilibrium (LD) in XTR, if LD serves as a good

proxy for recombination in this case, is consistent with recombination in this region. This is

demography normalized by reporting each population relative to Mende in Sierra Leone (the population with the highest

nucleotide diversity among all populations for most X-chromosomal regions).

https://doi.org/10.1371/journal.pone.0287609.g004
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unexpected because, despite its X-Y homology, the XTR experienced an inversion event

that is proposed to have prevented further recombination from occurring [51]. Our results

are consistent with research suggesting that there is evidence for unequal crossing over [69]

in the XTR for a small portion of the population, leading some researchers to dub this

region PAR3 [50]. Though it remains unlikely that the X-Y recombination in this region is

extensive, the substantial difference between XTR and nonPAR that we observed in this

study should motivate further molecular investigations of the XTR to better understand this

behavior.

We propose that there are two additional explanations for the observed XTR/A diversity.

First, is that the XTR has only recently started to diverge between the X and Y chromosomes,

so may reflect a transition state between a fully recombining region with an autosomal effective

population size (like the pseudoautosomal regions) and a region with a lower effective popula-

tion size (like the nonPAR/nonXTR X chromosome regions) that does not typically recombine

in genetic males. Thus, there could be a biological expectation that diversity on the XTR rela-

tive to autosomes should be intermediate to the PAR/A and X/A regions. Alternatively, build-

ing on our previous description of technical artifacts in this region [68] and in accordance

with previous observations about X-transposed region diversity [70], it is possible that genetic

diversity in the XTR is actually lower than measured, but that mis-mapping of Y-linked reads

results in a technical error that increases measured diversity in this region. Many genome-

wide studies remove the PARs when analyzing the X chromosome, but for the reasons above,

we suggest that it is equally important to remove the XTR and consider it separately. Long-

read genomic data, which can be used to span gaps and highly-repetitive regions of the X chro-

mosome, could also provide additional capacity to assess the variability in this region [71]. The

intermediate behavior of the XTR merits further study to dissect the relative contributions of

these technical and biological effects.

Recombination influences mutation rate across X-chromosomal regions

While some past studies have generally concluded that genetic divergence is not associated

with recombination hotspots across the autosomes [72], other work has shown that double-

strand-break repair can be mutagenic in species like S. cerevisiae [73]. Additionally, recent

analyses in large human cohorts have revealed an association between de novo mutations and

recombination hotspots [74]. Here, we have observed a correlation between LD (our proxy for

recombination rate) and substitution rate (our proxy for mutation rate) on the X chromosome

when considering each of our X-chromosomal regions of interest. Our substitution rate obser-

vations (Fig 2) are consistent with mutation rate being higher in PAR1 and XTR than the non-

PAR regions of the X chromosome. Similarly, our linkage disequilibrium estimates (Fig 3) are

consistent with higher recombination in PAR1 and XTR than nonPAR. PAR1 has been previ-

ously observed to have increased substitution rate relative to autosomes [75]; a result con-

firmed here. This phenomenon supports the conclusion that recombination rate is positively

correlated with mutation rate. Further, this pattern is replicated in 22 of 26 populations (S1

Fig), consistent with it having a more general biological explanation, rather than a demo-

graphic one.

Additionally, it has been argued that the correlation between recombination rate and

genetic diversity in the human PAR1 is driven specifically by the relationship between recom-

bination rate and divergence [76]. Here our observations expand this observation to the other

regions of the X chromosome—specifically the XTR—and suggest a complex interplay

between recombination and mutation rate in shaping genetic diversity across the regions of

the X chromosome.
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The X chromosome exhibits patterns of linked selection that differ among

populations

The ratio of X chromosome to autosome diversity has long been of interest in exploring

aspects of population history, particularly those that are sex-biased [15, 19, 21, 56, 77]. Analyz-

ing these ratios in the same way across 26 human populations gives us an unprecedented look

at how this measure changes both across a variety of demographic histories and across differ-

ent regions of the X chromosome.

When considering just the nonPAR X, we observe a pattern largely in line with previous

studies: the highest ratios are in African populations (Fig 1B). As population bottlenecks dis-

proportionately affect the X chromosome because of its smaller effective population size [33],

lower ratios outside of Africa were likely the result of a bottleneck in the population ancestral

to all non-African groups when it was migrating out of Africa [28]. Other work has shown that

strong male biases during this migration might have also decreased these ratios [78, 79]. Inter-

estingly, when we organized admixed populations from the Americas based on the amount of

African ancestry they contain, we recapitulated the same pattern: we observed decreasing X/A

ratios with decreasing African ancestry. Thus, while there is clearly variation among individual

populations, the migration out of Africa by some groups is by far the most dominant force

shaping X/A ratios in humans.

In contrast to the nonPAR X, when we used XTR/A or PAR1/A ratios, we observed very

different patterns (Fig 1B). Both ratios were significantly higher than expected, with XTR/A

ratios greater than 0.75 and PAR1/A ratios greater than 1.0 in all populations. Moreover, for

PAR1/A ratios, we observe an inverse demographic pattern to what we observed for X/A, with

PAR1/A ratios increasing out of Africa and admixed American populations exhibiting increas-

ing values with decreasing African ancestry. It is critical to note that the only difference among

these analyses is the region being studied: PAR1, XTR, and the nonPAR X display these con-

trasting patterns within the same populations and under the same demographic histories. For

the XTR, ratios higher than both the nonPAR X and a null expectation of 0.75 could be consis-

tent with some recombination in this region, as discussed above, but it’s unclear why differ-

ences among populations don’t scale with those observed in nonPAR X and PAR1. Mutagenic

recombination might explain the higher-than-expected PAR1 values overall, but it does not

immediately explain the apparent increase in PAR1/A ratios out of Africa.

There are a few possibilities to explain this trend of increasing PAR1/A ratios. We observe

that the interaction of differences in recombination (e.g., the high recombination rate differ-

ence between PAR1 and nonPAR X) and population history over human evolution (e.g., the

out of Africa bottleneck and subsequent population expansion) could potentially offer one

explanation for both the higher-than-expected PAR1/A ratios and the gradual increase in

these ratios in non-African populations. Another possibility is the effect of balancing selection,

which could maintain greater genetic diversity in PAR1 relative to the autosomes if it were act-

ing disproportionately in this region [80, 81]. Another theoretical expectation for higher-than-

expected diversity in the PARs is the effect of sexually-antagonistic selection maintaining vari-

ation in PAR1 and PAR2 more easily than the autosomes [54]. However, some recent work

has argued that the effect of sexually-antagonistic selection may not fully fit with observed data

[53].

When considering the effect of linked selection, we saw that nonPAR X/A ratios increase

after filtering sequence close to genes which is consistent with the hypothesis that the X chro-

mosome experiences more efficient diversity-reducing selection (i.e., hitchhiking and back-

ground selection) than the autosomes, due in part to it being found in only one copy in most

genetic males [19, 21]. In contrast, we observed decreasing PAR/A and XTR/A ratios with
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distance from genes (Fig 4A) which could be consistent with multiple processes including less

efficient selection and a higher density of elements under strong selection in these regions

than the autosomes. Because different chromosomes vary in the landscape of their genetic vari-

ation [82, 83] due to unique distributions of structural variation, genes and conserved ele-

ments, and GC content, it’s possible that our results could have been affected by our choice of

autosome (chromosome 8). However, we are unaware of evidence of large-scale differences in

diversity among autosomes and expect our conclusions to hold across choice of denominator.

In order to learn more about the differences in the X/A, PAR/A, and XTR/A ratios across

the populations we studied (Fig 1B), we considered relative ratios between sets of two popula-

tions (“normalized ratios”; Fig 4B). Previously, Arbiza et al (2014) plotted these normalized

ratios as a function of distance from genes to separate the effects of demography and selection

[21]. If normalized ratios don’t change with distance from genes, it implies that demography

drives any observed differences in X/A diversity ratios among populations. However, if these

ratios do change with increasing distance from genes, it suggests that population differences in

patterns of selection can be shaping X/A diversity ratios as well.

Arbiza et al. (2014) found that, for two populations (from EUR and EAS), this normaliza-

tion resulted in roughly equal X/A ratios near and far from genes, leading authors to conclude

that the general relationship of selection between the X and autosomes was similar across

human populations [21]. We replicated this normalization for PAR/A, XTR/A, and X/A ratios

(using Mende in Sierra Leone, MSL, as our denominator for all populations) and observed the

same result of Arbiza et al. (2014): no increase in X/A ratios with increasing distance from

genes in African and European populations (Fig 4B). However, when we normalized using

populations with vastly different demographic histories, we found some notable differences in

X/A ratios which suggest that selective forces vary across human populations. First, PAR/A

and XTR/A ratios always increase or decrease in populations outside of the superpopulation

used for the normalization (with the sign of the effect also depending on the population used).

Second, each ratio is unaffected by distance from genes when it is normalized within its own

superpopulation. While there may be common effects of selection on the X chromosome in

some populations, it is likely that different regions are under different selective pressures

across different global populations.

Overall, our work builds on a growing picture that shows if we are to fully understand geno-

mic variation and human evolutionary history, we need to look at a diversity of populations

[84]. While normalization provides a simple, straightforward picture when considering two

human superpopulations [21], the inclusion of additional populations demonstrates that this

picture is far more complex and requires more nuanced interpretations. Many interpretations

in population genetic studies depend on the choice of the populations that are being compared

[85]. When making genomic claims, we must carefully consider the context of the populations

that we are comparing. Further, analyses that include multiple genomic regions can shed light

on how evolution shapes the genome as a whole. Without studying a diverse set of individuals

from around the world we would not have been able to differentiate phenomena that seem to

be shared across humans (e.g., biology of the XTR) versus those that vary among groups (e.g.,

patterns of linked selection on the X). Thus, the X chromosome is a uniquely important region

for teasing apart both global and population-specific evolutionary processes.

Methods

Human DNA variation data

We obtained human genetic variant data in the form of VCF files from Phase 3 of The 1000

Genomes Project mapped to the reference genome hg19 [57]. We analyzed data from the X
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chromosome (chrX; ~155 Mb long) and chromosome 8 (chr8; ~146 Mb long), an autosome

approximately the same length as the X chromosome, in 26 different populations from 5

major geographical regions (broadly, Africa, Europe, South Asia, East Asia, and the Americas;

S1 Table). Throughout this paper, we use “superpopulation” to refer to the grouping of all indi-

viduals within a major geographical region (e.g., the superpopulation “Africa” refers to sam-

ples from all populations in Africa) and “population” to refer to one of the local populations

(n = 26). We used the strict mask provided by the 1000 Genomes Project (20141020.strict_-
mask.whole_genome.bed) to assess callability and determine the number of monomorphic (i.e.,

invariant) sites in each region.

Filtering regions of the genome

We used the UCSC Table Browser [86] to obtain coordinates for genomic elements that may

be affected directly by selection or are difficult to align. We obtained coordinates for whole

genes (transcription start to transcription end), centromeres, telomeres, CpG islands, and sim-

ple repeats. To curate a comprehensive and conservative list of whole genes we intersected rec-

ords from the RefSeq genes track, the GENCODE genes track, and the UCSC genes track. We

created iterations of this record with 0kb, 1kb, 5kb, 10kb, 20kb, 50kb, and 100kb of flanking

sequence upstream and downstream of each gene additionally removed. For our main analy-

ses, we used a filter that excluded 10kb flanking whole genes to better control for linked selec-

tion. We chose to remove sequences within 10kb of genes because removing greater distance

from genes resulted in filtering much of the sequence from our regions of interest on the X

chromosome (S3 Table). We processed all filter coordinates using bedtools [87].

Divergence

To account for mutation rate variation, we corrected our diversity estimates in each region

using pairwise divergence values between human and dog (hg19-canFam3) reference

genomes. We used hg19-canFam3 divergence because substitution rates with more recently

diverged primate species (rhesus macaque and marmoset) tended to correspond closely with

the human PAR1 whereas in the dog comparison, variation in the substitution rate appeared

to be independent of the human PAR1 boundary (S4 Fig). We obtained substitution rate esti-

mates for each filter and window type by applying the Estimate Substitution Rate tool to

sequence alignments from the Galaxy Toolbox [88] and correcting these results using the

Jukes-Cantor 1969 model [89].

In addition to using these substitution rate estimates to account for variation in mutation

rate, we explored how hg19-canFam3 divergence estimates within PAR1, PAR2, XTR, chrX,

and chr8 change as we filter with increasing distance from genes (0kb, 1kb, 5kb, 10kb, 20kb).

We additionally calculated divergence ratios between each of the X chromosome regions rela-

tive to chromosome 8 (Fig 2).

Diversity calculations

We estimated uncorrected and unnormalized genetic diversity as the average number of pair-

wise differences per site (π) among sequences in each population. We used allele frequencies

of single nucleotide polymorphisms to calculate diversity for each variant site:

p ¼ 1 �
X

i

ni
2

� �

n
2

� � ð1Þ

where ni is the allele count of allele i in a sample and n is the sum of ni [90]. We calculated
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diversity across chrX and chr8 for each of the 26 1000 Genomes populations (S1 Table) in 1)

non-overlapping 100 kilobase (kb) windows partitioned across each analyzed chromosome,

and 2) distinct regions across the X chromosome: the pseudoautosomal regions located at the

tips (PAR1 and PAR2), the X-transposed region located on the long arm (XTR), and the

remaining regions (referred to simply as chrX; see Fig 1A). We obtained coordinates for PAR1

and PAR2 from build hg19 of the human genome and coordinates of XTR from Ross et al.
[38]. See S4 Table for coordinates. In PAR1 and PAR2, variant calls in males were diploid and

we calculated diversity using diploid calls across all males and females for each population of

interest. For chromosome 8, we performed all calculations across the entire chromosome

rather than calculating diversity in sliding windows. This bypasses any issues that might arise

from structural variation on chromosome 8 that would affect window to window comparisons

between it and the X chromosome [83, 91].

In each window/region we corrected for differences in mutation rate by dividing the win-

dow by the corresponding calculation of substitution rate in that window/region. For several

of these windows on the long arm of the X chromosome, the divergence-corrected values are

elevated as a result of high variability in the hg19-canFam3 substitution rates. We chose to

include these windows because previous analyses of the X chromosome regions showed little

effect of correcting for these high-diversity values on the results [70].

After correcting for divergence in each of the 100kb windows, we used permutation tests to

compare mean diversity among the X chromosome regions for each of the 26 1000 Genomes

populations. We divided chrX into 100kb non-overlapping windows and we permuted these

windows 10,000 times to test the significance of the difference between diversity corrected for

divergence in each X chromosome region (PAR1, XTR, PAR2) and the rest of chrX (S2 Table).

Diversity ratios between the X and autosomes

To explore variation across the X chromosome regions (PAR1, XTR, chrX), we calculated the

ratio of diversity corrected for divergence in each region relative to diversity corrected for

divergence on chr8. We did this for each human population. We calculated 95% bootstrapped

confidence intervals for these corrected diversity ratios (1000 replicates, resampling the values

of diversity at each site in the region).

Normalizing diversity for human demography

To explore the role that demography plays across these regions, we normalized diversity on

the X and autosome, both corrected for divergence, by dividing by the population with the

highest level of estimated diversity (in this case Mende in Sierra Leone; MSL). Thus, we have

estimates of normalized diversity for 25 of the 1000 Genomes populations.

Effects of linked selection on unnormalized and normalized diversity

To explore the effects that linked selection has on diversity, we analyzed sequence diversity

with increasing distance from genes (0kb, 1kb, 5kb, 10kb, 20kb). To visualize the effects of

removing potentially linked sequences, we plotted the difference in diversity between each fil-

ter that removed flanking regions from genes (1kb, 5kb, 10kb, and 20kb) with the measure-

ment of diversity that only excluded genes and no flanking sequence (0kb). We did this both

for unnormalized diversity and for measurements of diversity normalized to MSL (Fig 4B) as

well as TSI, PJL, KHV, and PUR (S3A–S3D Fig).
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Linkage disequilibrium

We used linkage disequilibrium as a proxy to explore recombination rate variation across the

X chromosome and chromosome 8. We first applied the same filters discussed above, remov-

ing 10kb of sequence flanking genes. We then calculated average r2 in 100 kb windows across

each chromosome as well as within the X chromosome regions and all of chromosome 8. We

did this separately for each superpopulation (Fig 3) and for each of the 26 1000 Genomes pop-

ulations (S1 Fig). We considered each site individually and averaged all pairwise r2 values (cal-

culated with Plink [92]) between that site and all other sites within 300kb in either direction.

We then took the mean of each site’s average r2 values within each 100kb window and within

each of our genomic regions (the X chromosome regions and chromosome 8). We estimated

95% bootstrapped confidence intervals by resampling 1000 times in each region of interest. To

explore the relationship between LD and diversity, we used a linear regression analysis to com-

pare the average r2 values and diversity values calculated in 100kb windows across the X chro-

mosome (S2 Fig). All analyses were performed using the workflow manager, Snakemake [93].

Supporting information

S1 Fig. Average linkage disequilibrium across genomic regions. Linkage disequilibrium

(LD) is calculated in each X chromosome region and for chromosome 8 for each 1000

Genomes Population. LD is calculated for each site in a given genomic region by averaging all

pairwise r2 values +/- 300kb from that site. Average r2 values for each site are then used to cal-

culate mean LD for a given region. Error bars represent 95% bootstrapped confidence intervals

(1000 replicates with replacement).

(PDF)

S2 Fig. Linkage disequilibrium and nucleotide diversity across the X chromosome. Average

linkage disequilibrium was calculated in 100kb windows and plotted against corresponding

average nucleotide diversity in 100kb windows (corrected for mutation rate with hg19-can-

Fam3 divergence). This was done for a) diversity calculated by only filtering for genes and b)

diversity calculated by filtering for genes +/- 10 kb flanking regions. R2 values for the negative

correlation are reported on each plot.

(PDF)

S3 Fig. Demography corrected ratios of X to autosomal diversity with increasing distance

from genes across populations. Diversity ratios between regions on the X chromosome—

non-pseudoautosomal X (X), pseudoautosomal region 1 (PAR), and X-transposed region

(XTR)—and autosomes for 25 1000 genomes populations. Values are reported as the differ-

ence between using a filter for only genes and a filter including 1kb, 5kb, 10kb, and 20kb of

sequences flanking genes. These ratios are demography normalized by reporting each popula-

tion relative to a) Toscani in Italia; b) Punjabi from Lahore, Pakistan; c) Kinh in Ho Chi Minh

City, Vietnam; and d) Puerto Ricans from Puerto Rico. The order of populations is the same as

reported in Fig 1B (less the corresponding population used for the correction).

(PDF)

S4 Fig. X chromosome substitution rates between human (hg19) and various outgroups.

Substitution rates calculated in 100kb sliding windows and corrected using the Jukes-Cantor

1969 model [89] across the human X chromosome between the human reference (hg19) and

Rhesus macaque (rheMac2; top), Callithrix jacchus (calJac3; middle), and Canis lupus familiaris
(canFam3; bottom). Red indicates the pseudoautosomal regions (PAR1, PAR2) and blue
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indicates the X-transposed region (XTR).

(PDF)

S1 Table. 1000 Genomes populations used in analyses. The number of male and female sam-

ples and population code used for each of the 26 1000 Genomes Project populations organized

by superpopulation (African, Admixed American, East Asian, European, and South Asian).

(CSV)

S2 Table. X chromosome diversity across populations. Nucleotide diversity was calculated

for each 1000 Genomes population and normalized for mutation rate using canFam3-hg19

divergence. P values are calculated using a permutation method with 10,000 replicates for the

difference between a region (PAR1, XTR, or PAR2) and nonPAR. P-values here are not multi-

ple-test corrected.

(CSV)

S3 Table. Filters with increasing distance from genes. The amount of data remaining for

each filter was calculated with increasing distance from genes (0kb, 1kb, 5kb. 10kb, 20kb,

50kb, and 100kb). Callable sites, variants, uncorrected diversity measures, and diversity cor-

rected to canFam3 divergence are reported for each X chromosome region (PAR1, chrX, XTR,

PAR2), the Y chromosome, and chromosome 8.

(CSV)

S4 Table. Gene density across the X chromosome and chromosome 8. Gene length and the

number of genes are reported for each region across the X chromosome (PAR1, PAR2, chrX,

XTR) and chromosome 8. (1) nonPAR is calculated as the remaining regions after removing

PAR1, PAR2 and XTR. Thus, it is split up into two non-contiguous regions. (2) PAR1 and

PAR2 coordinates come from the hg19 region definitions. (3) XTR is defined between 88 and

93 Mb [38]. It consists of two homologous blocks within this region and between the Y chro-

mosome. We use these coordinates to be as conservative as possible.

(CSV)
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9. Bhérer C, Campbell CL, Auton A. Refined genetic maps reveal sexual dimorphism in human meiotic

recombination at multiple scales. Nat Commun. 2017; 8: 14994. https://doi.org/10.1038/ncomms14994

PMID: 28440270

10. Brick K, Thibault-Sennett S, Smagulova F, Lam K-WG, Pu Y, Pratto F, et al. Extensive sex differences

at the initiation of genetic recombination. Nature. 2018; 561: 338–342. https://doi.org/10.1038/s41586-

018-0492-5 PMID: 30185906

11. Kong A, Thorleifsson G, Gudbjartsson DF, Masson G, Sigurdsson A, Jonasdottir A, et al. Fine-scale

recombination rate differences between sexes, populations and individuals. Nature. 2010; 467: 1099–

1103. https://doi.org/10.1038/nature09525 PMID: 20981099

12. Vicoso B, Charlesworth B. Evolution on the X chromosome: unusual patterns and processes. Nat Rev

Genet. 2006; 7: 645–653. https://doi.org/10.1038/nrg1914 PMID: 16847464

13. Charlesworth B. The Effects of Deleterious Mutations on Evolution at Linked Sites. Genetics. 2012;

190: 5–22. https://doi.org/10.1534/genetics.111.134288 PMID: 22219506

14. Lercher MJ, Hurst LD. Human SNP variability and mutation rate are higher in regions of high recombina-

tion. Trends Genet. 2002; 18: 337–340. https://doi.org/10.1016/s0168-9525(02)02669-0 PMID:

12127766

15. Webster TH, Wilson Sayres MA. Genomic signatures of sex-biased demography: progress and pros-

pects. Curr Opin Genet Dev. 2016; 41: 62–71. https://doi.org/10.1016/j.gde.2016.08.002 PMID:

27599147

16. Charlesworth B. Effective population size and patterns of molecular evolution and variation. Nat Rev

Genet. 2009; 10: 195–205.

17. Charlesworth B, Morgan MT, Charlesworth D. The effect of deleterious mutations on neutral molecular

variation. Genetics. 1993; 134: 1289–1303. https://doi.org/10.1093/genetics/134.4.1289 PMID:

8375663

18. Smith JM, Haigh J. The hitch-hiking effect of a favourable gene. Genet Res. 1974; 23: 23–35. PMID:

4407212

PLOS ONE X chromosome variation

PLOS ONE | https://doi.org/10.1371/journal.pone.0287609 November 1, 2023 17 / 21

https://doi.org/10.1038/ng947
http://www.ncbi.nlm.nih.gov/pubmed/12161752
https://doi.org/10.1093/genetics/156.1.297
http://www.ncbi.nlm.nih.gov/pubmed/10978293
https://doi.org/10.1086/302699
http://www.ncbi.nlm.nih.gov/pubmed/10631137
https://doi.org/10.1016/j.gde.2003.10.008
http://www.ncbi.nlm.nih.gov/pubmed/14638315
https://doi.org/10.1002/bies.201100091
http://www.ncbi.nlm.nih.gov/pubmed/22006834
https://doi.org/10.1126/science.1117196
https://doi.org/10.1126/science.1117196
http://www.ncbi.nlm.nih.gov/pubmed/16224025
https://doi.org/10.1126/science.1092500
https://doi.org/10.1126/science.1092500
http://www.ncbi.nlm.nih.gov/pubmed/15105499
https://doi.org/10.1038/s41576-020-0240-1
http://www.ncbi.nlm.nih.gov/pubmed/32472059
https://doi.org/10.1038/ncomms14994
http://www.ncbi.nlm.nih.gov/pubmed/28440270
https://doi.org/10.1038/s41586-018-0492-5
https://doi.org/10.1038/s41586-018-0492-5
http://www.ncbi.nlm.nih.gov/pubmed/30185906
https://doi.org/10.1038/nature09525
http://www.ncbi.nlm.nih.gov/pubmed/20981099
https://doi.org/10.1038/nrg1914
http://www.ncbi.nlm.nih.gov/pubmed/16847464
https://doi.org/10.1534/genetics.111.134288
http://www.ncbi.nlm.nih.gov/pubmed/22219506
https://doi.org/10.1016/s0168-9525%2802%2902669-0
http://www.ncbi.nlm.nih.gov/pubmed/12127766
https://doi.org/10.1016/j.gde.2016.08.002
http://www.ncbi.nlm.nih.gov/pubmed/27599147
https://doi.org/10.1093/genetics/134.4.1289
http://www.ncbi.nlm.nih.gov/pubmed/8375663
http://www.ncbi.nlm.nih.gov/pubmed/4407212
https://doi.org/10.1371/journal.pone.0287609


19. Hammer MF, Woerner AE, Mendez FL, Watkins JC, Cox MP, Wall JD. The ratio of human X chromo-

some to autosome diversity is positively correlated with genetic distance from genes. Nat Genet. 2010;

42: 830–831. https://doi.org/10.1038/ng.651 PMID: 20802480

20. Gottipati S, Arbiza L, Siepel A, Clark AG, Keinan A. Analyses of X-linked and autosomal genetic varia-

tion in population-scale whole genome sequencing. Nat Genet. 2011; 43: 741–743. https://doi.org/10.

1038/ng.877 PMID: 21775991

21. Arbiza L, Gottipati S, Siepel A, Keinan A. Contrasting X-Linked and Autosomal Diversity across 14

Human Populations. Am J Hum Genet. 2014; 94: 827–844. https://doi.org/10.1016/j.ajhg.2014.04.011

PMID: 24836452

22. Charlesworth B, Coyne JA, Barton NH. The Relative Rates of Evolution of Sex Chromosomes and

Autosomes. Am Nat. 1987; 130: 113–146.

23. Betancourt AJ, Kim Y, Orr HA. A pseudohitchhiking model of X vs. autosomal diversity. Genetics. 2004;

168: 2261–2269. https://doi.org/10.1534/genetics.104.030999 PMID: 15611190

24. Ellegren H. The different levels of genetic diversity in sex chromosomes and autosomes. Trends Genet.

2009; 25: 278–284. https://doi.org/10.1016/j.tig.2009.04.005 PMID: 19481288

25. Chakravarti A. Population genetics—making sense out of sequence. Nat Genet. 1999; 21: 56–60.

https://doi.org/10.1038/4482 PMID: 9915503

26. Akey JM, Eberle MA, Rieder MJ, Carlson CS, Shriver MD, Nickerson DA, et al. Population History and

Natural Selection Shape Patterns of Genetic Variation in 132 Genes. PLoS Biol. 2004; 2: e286.

27. Tishkoff SA, Verrelli BC. PATTERNS OF HUMAN GENETIC DIVERSITY: Implications for Human Evo-

lutionary History and Disease. Annu Rev Genomics Hum Genet. 2003; 4: 293–340. https://doi.org/10.

1146/annurev.genom.4.070802.110226 PMID: 14527305

28. Tishkoff SA, Williams SM. Genetic analysis of African populations: human evolution and complex dis-

ease. Nat Rev Genet. 2002; 3: 611–621. https://doi.org/10.1038/nrg865 PMID: 12154384

29. Tenesa A, Navarro P, Hayes BJ, Duffy DL, Clarke GM, Goddard ME, et al. Recent human effective pop-

ulation size estimated from linkage disequilibrium. Genome Res. 2007; 17: 520–526. https://doi.org/10.

1101/gr.6023607 PMID: 17351134

30. Tishkoff SA, Reed FA, Friedlaender FR, Ehret C, Ranciaro A, Froment A, et al. The genetic structure

and history of Africans and African Americans. Science. 2009; 324: 1035–1044. https://doi.org/10.

1126/science.1172257 PMID: 19407144

31. Gunz P, Bookstein FL, Mitteroecker P, Stadlmayr A, Seidler H, Weber GW. Early modern human diver-

sity suggests subdivided population structure and a complex out-of-Africa scenario. Proc Natl Acad Sci

U S A. 2009; 106: 6094–6098. https://doi.org/10.1073/pnas.0808160106 PMID: 19307568

32. Skoglund P, Thompson JC, Prendergast ME, Mittnik A, Sirak K, Hajdinjak M, et al. Reconstructing Pre-

historic African Population Structure. Cell. 2017; 171: 59–71. https://doi.org/10.1016/j.cell.2017.08.049

PMID: 28938123

33. Pool JE, Nielsen R. Population size changes reshape genomic patterns of diversity. Evolution. 2007;

61: 3001–3006. https://doi.org/10.1111/j.1558-5646.2007.00238.x PMID: 17971168

34. Wilkins JF, Marlowe FW. Sex-biased migration in humans: what should we expect from genetic data?

Bioessays. 2006; 28: 290–300. https://doi.org/10.1002/bies.20378 PMID: 16479583

35. Bustamante CD, Ramachandran S. Evaluating signatures of sex-specific processes in the human

genome. Nat Genet. 2009; 41: 8–10. https://doi.org/10.1038/ng0109-8 PMID: 19112457

36. Goldberg A, Rosenberg NA. Beyond 2/3 and 1/3: The Complex Signatures of Sex-Biased Admixture on

the X Chromosome. Genetics. 2015; 201: 263–279. https://doi.org/10.1534/genetics.115.178509

PMID: 26209245

37. Mikkelsen TS, Wakefield MJ, Aken B, Amemiya CT, Chang JL, Duke S, et al. Genome of the marsupial

Monodelphis domestica reveals innovation in non-coding sequences. Nature. 2007; 447: 167–177.

https://doi.org/10.1038/nature05805 PMID: 17495919

38. Ross MT, Grafham DV, Coffey AJ, Scherer S, McLay K, Muzny D, et al. The DNA sequence of the

human X chromosome. Nature. 2005; 434: 325–337. https://doi.org/10.1038/nature03440 PMID:

15772651

39. Wilson Sayres MA, Makova KD. Gene Survival and Death on the Human Y Chromosome. Mol Biol

Evol. 2013; 30: 781–787. https://doi.org/10.1093/molbev/mss267 PMID: 23223713

40. Lahn BT, Page DC. Four Evolutionary Strata on the Human X Chromosome. Science. 1999; 286: 964–

967. https://doi.org/10.1126/science.286.5441.964 PMID: 10542153

41. Lemaitre C, Braga MDV, Gautier C, Sagot M-F, Tannier E, Marais GAB. Footprints of Inversions at

Present and Past Pseudoautosomal Boundaries in Human Sex Chromosomes. Genome Biol Evol.

2009; 1: 56–66. https://doi.org/10.1093/gbe/evp006 PMID: 20333177

PLOS ONE X chromosome variation

PLOS ONE | https://doi.org/10.1371/journal.pone.0287609 November 1, 2023 18 / 21

https://doi.org/10.1038/ng.651
http://www.ncbi.nlm.nih.gov/pubmed/20802480
https://doi.org/10.1038/ng.877
https://doi.org/10.1038/ng.877
http://www.ncbi.nlm.nih.gov/pubmed/21775991
https://doi.org/10.1016/j.ajhg.2014.04.011
http://www.ncbi.nlm.nih.gov/pubmed/24836452
https://doi.org/10.1534/genetics.104.030999
http://www.ncbi.nlm.nih.gov/pubmed/15611190
https://doi.org/10.1016/j.tig.2009.04.005
http://www.ncbi.nlm.nih.gov/pubmed/19481288
https://doi.org/10.1038/4482
http://www.ncbi.nlm.nih.gov/pubmed/9915503
https://doi.org/10.1146/annurev.genom.4.070802.110226
https://doi.org/10.1146/annurev.genom.4.070802.110226
http://www.ncbi.nlm.nih.gov/pubmed/14527305
https://doi.org/10.1038/nrg865
http://www.ncbi.nlm.nih.gov/pubmed/12154384
https://doi.org/10.1101/gr.6023607
https://doi.org/10.1101/gr.6023607
http://www.ncbi.nlm.nih.gov/pubmed/17351134
https://doi.org/10.1126/science.1172257
https://doi.org/10.1126/science.1172257
http://www.ncbi.nlm.nih.gov/pubmed/19407144
https://doi.org/10.1073/pnas.0808160106
http://www.ncbi.nlm.nih.gov/pubmed/19307568
https://doi.org/10.1016/j.cell.2017.08.049
http://www.ncbi.nlm.nih.gov/pubmed/28938123
https://doi.org/10.1111/j.1558-5646.2007.00238.x
http://www.ncbi.nlm.nih.gov/pubmed/17971168
https://doi.org/10.1002/bies.20378
http://www.ncbi.nlm.nih.gov/pubmed/16479583
https://doi.org/10.1038/ng0109-8
http://www.ncbi.nlm.nih.gov/pubmed/19112457
https://doi.org/10.1534/genetics.115.178509
http://www.ncbi.nlm.nih.gov/pubmed/26209245
https://doi.org/10.1038/nature05805
http://www.ncbi.nlm.nih.gov/pubmed/17495919
https://doi.org/10.1038/nature03440
http://www.ncbi.nlm.nih.gov/pubmed/15772651
https://doi.org/10.1093/molbev/mss267
http://www.ncbi.nlm.nih.gov/pubmed/23223713
https://doi.org/10.1126/science.286.5441.964
http://www.ncbi.nlm.nih.gov/pubmed/10542153
https://doi.org/10.1093/gbe/evp006
http://www.ncbi.nlm.nih.gov/pubmed/20333177
https://doi.org/10.1371/journal.pone.0287609


42. Wilson MA, Makova KD. Evolution and Survival on Eutherian Sex Chromosomes. PLoS Genet. 2009;

5: e1000568.

43. Pandey RS, Sayres MAW, Azad RK. Detecting evolutionary strata on the human X chromosome in the

absence of gametologous Y-linked sequences. Genome Biol Evol. 2013; evt139. https://doi.org/10.

1093/gbe/evt139 PMID: 24036954

44. Charchar FJ, Svartman M, El-Mogharbel N, Ventura M, Kirby P, Matarazzo MR, et al. Complex Events

in the Evolution of the Human Pseudoautosomal Region 2 (PAR2). Genome Res. 2003; 13: 281–286.

https://doi.org/10.1101/gr.390503 PMID: 12566406

45. Helena Mangs A, Morris BJ. The Human Pseudoautosomal Region (PAR): Origin, Function and Future.

Curr Genomics. 2007; 8: 129–136. https://doi.org/10.2174/138920207780368141 PMID: 18660847

46. Lien S, Szyda J, Schechinger B, Rappold G, Arnheim N. Evidence for Heterogeneity in Recombination

in the Human Pseudoautosomal Region: High Resolution Analysis by Sperm Typing and Radiation-

Hybrid Mapping. Am J Hum Genet. 2000; 66: 557–566. https://doi.org/10.1086/302754 PMID:

10677316

47. Filatov DA, Gerrard DT. High mutation rates in human and ape pseudoautosomal genes. Gene. 2003;

317: 67–77. https://doi.org/10.1016/s0378-1119(03)00697-8 PMID: 14604793

48. Page DC, Harper ME, Love J, Botstein D. Occurrence of a transposition from the X-chromosome long

arm to the Y-chromosome short arm during human evolution. Nature. 1984; 311: 119–123. https://doi.

org/10.1038/311119a0 PMID: 6088994

49. Skaletsky H, Kuroda-Kawaguchi T, Minx PJ, Cordum HS, Hillier L, Brown LG, et al. The male-specific

region of the human Y chromosome is a mosaic of discrete sequence classes. Nature. 2003; 423: 825–

837. https://doi.org/10.1038/nature01722 PMID: 12815422

50. Veerappa AM, Padakannaya P, Ramachandra NB. Copy number variation-based polymorphism in a

new pseudoautosomal region 3 (PAR3) of a human X-chromosome-transposed region (XTR) in the Y

chromosome. Funct Integr Genomics. 2013; 13: 285–293. https://doi.org/10.1007/s10142-013-0323-6

PMID: 23708688

51. Schwartz A, Chan DC, Brown LG, Alagappan R, Pettay D, Disteche C, et al. Reconstructing hominid Y

evolution: X-homologous block, created by X–Y transposition, was disrupted by Yp inversion through

LINE—LINE recombination. Hum Mol Genet. 1998; 7: 1–11. https://doi.org/10.1093/hmg/7.1.1 PMID:

9384598

52. Otto SP, Pannell JR, Peichel CL, Ashman T-L, Charlesworth D, Chippindale AK, et al. About PAR: The

distinct evolutionary dynamics of the pseudoautosomal region. Trends Genet. 2011; 27: 358–367.

https://doi.org/10.1016/j.tig.2011.05.001 PMID: 21962971

53. Monteiro B, Arenas M, Prata MJ, Amorim A. Evolutionary dynamics of the human pseudoautosomal

regions. PLoS Genet. 2021; 17: e1009532. https://doi.org/10.1371/journal.pgen.1009532 PMID:

33872316

54. Jordan CY, Charlesworth D. The potential for sexually antagonistic polymorphism in different genome

regions. Evolution. 2012; 66: 505–516. https://doi.org/10.1111/j.1558-5646.2011.01448.x PMID:

22276544

55. Ramachandran S, Rosenberg NA, Feldman MW, Wakeley J. Population differentiation and migration:

coalescence times in a two-sex island model for autosomal and X-linked loci. Theor Popul Biol. 2008;

74: 291–301. https://doi.org/10.1016/j.tpb.2008.08.003 PMID: 18817799

56. Heyer E, Chaix R, Pavard S, Austerlitz F. Sex-specific demographic behaviours that shape human

genomic variation. Mol Ecol. 2012; 21: 597–612. https://doi.org/10.1111/j.1365-294X.2011.05406.x

PMID: 22211311

57. The 1000 Genomes Project Consortium. A global reference for human genetic variation. Nature. 2015;

526: 68–74. https://doi.org/10.1038/nature15393 PMID: 26432245

58. Noel SE, Arevalo S, Smith CE, Lai C-Q, Dawson-Hughes B, Ordovas JM, et al. Genetic admixture and

body composition in Puerto Rican adults from the Boston Puerto Rican Osteoporosis Study. J Bone

Miner Metab. 2017; 35: 448–455. https://doi.org/10.1007/s00774-016-0775-6 PMID: 27628044

59. Rishishwar L, Conley AB, Wigington CH, Wang L, Valderrama-Aguirre A, Jordan IK. Ancestry, admix-

ture and fitness in Colombian genomes. Sci Rep. 2015; 5: 12376. https://doi.org/10.1038/srep12376

PMID: 26197429

60. Shtir CJ, Marjoram P, Azen S, Conti DV, Le Marchand L, Haiman CA, et al. Variation in genetic admix-

ture and population structure among Latinos: the Los Angeles Latino eye study (LALES). BMC Genet.

2009; 10: 71. https://doi.org/10.1186/1471-2156-10-71 PMID: 19903357

61. Price AL, Patterson N, Yu F, Cox DR, Waliszewska A, McDonald GJ, et al. A genomewide admixture

map for Latino populations. Am J Hum Genet. 2007; 80: 1024–1036. https://doi.org/10.1086/518313

PMID: 17503322

PLOS ONE X chromosome variation

PLOS ONE | https://doi.org/10.1371/journal.pone.0287609 November 1, 2023 19 / 21

https://doi.org/10.1093/gbe/evt139
https://doi.org/10.1093/gbe/evt139
http://www.ncbi.nlm.nih.gov/pubmed/24036954
https://doi.org/10.1101/gr.390503
http://www.ncbi.nlm.nih.gov/pubmed/12566406
https://doi.org/10.2174/138920207780368141
http://www.ncbi.nlm.nih.gov/pubmed/18660847
https://doi.org/10.1086/302754
http://www.ncbi.nlm.nih.gov/pubmed/10677316
https://doi.org/10.1016/s0378-1119%2803%2900697-8
http://www.ncbi.nlm.nih.gov/pubmed/14604793
https://doi.org/10.1038/311119a0
https://doi.org/10.1038/311119a0
http://www.ncbi.nlm.nih.gov/pubmed/6088994
https://doi.org/10.1038/nature01722
http://www.ncbi.nlm.nih.gov/pubmed/12815422
https://doi.org/10.1007/s10142-013-0323-6
http://www.ncbi.nlm.nih.gov/pubmed/23708688
https://doi.org/10.1093/hmg/7.1.1
http://www.ncbi.nlm.nih.gov/pubmed/9384598
https://doi.org/10.1016/j.tig.2011.05.001
http://www.ncbi.nlm.nih.gov/pubmed/21962971
https://doi.org/10.1371/journal.pgen.1009532
http://www.ncbi.nlm.nih.gov/pubmed/33872316
https://doi.org/10.1111/j.1558-5646.2011.01448.x
http://www.ncbi.nlm.nih.gov/pubmed/22276544
https://doi.org/10.1016/j.tpb.2008.08.003
http://www.ncbi.nlm.nih.gov/pubmed/18817799
https://doi.org/10.1111/j.1365-294X.2011.05406.x
http://www.ncbi.nlm.nih.gov/pubmed/22211311
https://doi.org/10.1038/nature15393
http://www.ncbi.nlm.nih.gov/pubmed/26432245
https://doi.org/10.1007/s00774-016-0775-6
http://www.ncbi.nlm.nih.gov/pubmed/27628044
https://doi.org/10.1038/srep12376
http://www.ncbi.nlm.nih.gov/pubmed/26197429
https://doi.org/10.1186/1471-2156-10-71
http://www.ncbi.nlm.nih.gov/pubmed/19903357
https://doi.org/10.1086/518313
http://www.ncbi.nlm.nih.gov/pubmed/17503322
https://doi.org/10.1371/journal.pone.0287609


62. Sandoval JR, Salazar-Granara A, Acosta O, Castillo-Herrera W, Fujita R, Pena SDJ, et al. Tracing the

genomic ancestry of Peruvians reveals a major legacy of pre-Columbian ancestors. J Hum Genet.

2013; 58: 627–634. https://doi.org/10.1038/jhg.2013.73 PMID: 23863748

63. Benzer S. ON THE TOPOGRAPHY OF THE GENETIC FINE STRUCTURE. Proc Natl Acad Sci U S A.

1961; 47: 403–415. https://doi.org/10.1073/pnas.47.3.403 PMID: 16590840

64. Supek F, Lehner B. Differential DNA mismatch repair underlies mutation rate variation across the

human genome. Nature. 2015; 521: 81–84. https://doi.org/10.1038/nature14173 PMID: 25707793

65. Hodgkinson A, Eyre-Walker A. Variation in the mutation rate across mammalian genomes. Nat Rev

Genet. 2011; 12: 756–766. https://doi.org/10.1038/nrg3098 PMID: 21969038

66. Kimura M. The Neutral Theory of Molecular Evolution. Cambridge University Press; 1983.

67. Phung TN, Huber CD, Lohmueller KE. Determining the Effect of Natural Selection on Linked Neutral

Divergence across Species. PLoS Genet. 2016; 12: e1006199. https://doi.org/10.1371/journal.pgen.

1006199 PMID: 27508305

68. Webster TH, Couse M, Grande BM, Karlins E, Phung TN, Richmond PA, et al. Identifying, understand-

ing, and correcting technical artifacts on the sex chromosomes in next-generation sequencing data.

Gigascience. 2019; 8. https://doi.org/10.1093/gigascience/giz074 PMID: 31289836

69. Fincham JRS. Unequal Crossing Over. In: Brenner S, Miller JH, editors. Encyclopedia of Genetics.

New York: Academic Press; 2001. pp. 2095–2096.

70. Cotter DJ, Brotman SM, Sayres MAW. Genetic Diversity on the Human X Chromosome Does Not Sup-

port a Strict Pseudoautosomal Boundary. Genetics. 2016; 203: 485–492. https://doi.org/10.1534/

genetics.114.172692 PMID: 27010023

71. Miga KH, Koren S, Rhie A, Vollger MR, Gershman A, Bzikadze A, et al. Telomere-to-telomere assembly

of a complete human X chromosome. Nature. 2020; 585: 79–84. https://doi.org/10.1038/s41586-020-

2547-7 PMID: 32663838

72. Spencer CCA, Deloukas P, Hunt S, Mullikin J, Myers S, Silverman B, et al. The Influence of Recombina-

tion on Human Genetic Diversity. PLoS Genet. 2006; 2. https://doi.org/10.1371/journal.pgen.0020148

PMID: 17044736

73. Rattray AJ, McGill CB, Shafer BK, Strathern JN. Fidelity of mitotic double-strand-break repair in Sac-

charomyces cerevisiae: a role for SAE2/COM1. Genetics. 2001; 158: 109–122. https://doi.org/10.1093/

genetics/158.1.109 PMID: 11333222

74. Halldorsson BV, Palsson G, Stefansson OA, Jonsson H, Hardarson MT, Eggertsson HP, et al. Charac-

terizing mutagenic effects of recombination through a sequence-level genetic map. Science. 2019; 363:

eaau1043. https://doi.org/10.1126/science.aau1043 PMID: 30679340

75. Bussell JJ, Pearson NM, Kanda R, Filatov DA, Lahn BT. Human polymorphism and human-chimpanzee

divergence in pseudoautosomal region correlate with local recombination rate. Gene. 2006; 368: 94–

100. https://doi.org/10.1016/j.gene.2005.10.020 PMID: 16356662
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