Cell Genomics

Extraordinary selection on the human X
chromosome associated with archaic admixture

Graphical abstract

Global X chromosome sampling from SGDP Strong reductions in non-African
X chromosome diversity:
»
DO
Strong diversity reduction are caused by long common haplotypes:

8. — = — Z
£ p— — - p— — .
o

g [: y y y y Y s 1
=X — p— p— — — .
o e y e y e g ]
= ¢ — — e — S— .
o

< p— p— p— 1
Selective sweeps displaced admixture 55,000 - 45,000 years BP:

) —w—m— [ ——
C—r—r—— C—wr—r—— o
[——=— ] =" — | [ ——
—m—m—— = ] e S —
—ar—wr—wr— [—_"" = | —
—e———m e Ancient Ust'-Ishim ——r—
e ) male carries the e
e C ) swept haplotypes —e——
o ) Cor
EEEE— EE—

Archaic introgression Selective sweeps Ancient Ust'-Ishim Present

55,000 BP 55,000 > 45,000 BP 45,000 BP
Highlights

e Strong reductions in X chromosome diversity among non-
Africans

e Positive selection spread long haplotypes across non-African
populations

e The selected haplotypes spread from a population without
Neanderthal admixture

e An ancient male genome dates these selective sweeps to
45,000-55,000 years BP
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In brief

Skov et al. identify fourteen long common
haplotypes shared across all non-African
populations. These haplotypes are
without Neanderthal admixture, and the
authors conclude that these spread from
an unadmixed population by strong
positive selection. Using an ancient
human genome, the authors place these
events 45,000-55,000 years BP.
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SUMMARY

The X chromosome in non-African humans shows less diversity and less Neanderthal introgression than ex-
pected from neutral evolution. Analyzing 162 human male X chromosomes worldwide, we identified fourteen
chromosomal regions where nearly identical haplotypes spanning several hundred kilobases are found at
high frequencies in non-Africans. Genetic drift alone cannot explain the existence of these haplotypes, which
must have been associated with strong positive selection in partial selective sweeps. Moreover, the swept
haplotypes are entirely devoid of archaic ancestry as opposed to the non-swept haplotypes in the same
genomic regions. The ancient Ust’-Ishim male dated at 45,000 before the present (BP) also carries the swept
haplotypes, implying that selection on the haplotypes must have occurred between 45,000 and 55,000 years
ago. Finally, we find that the chromosomal positions of sweeps overlap previously reported hotspots of
selective sweeps in great ape evolution, suggesting a mechanism of selection unique to X chromosomes.

INTRODUCTION

Mammalian X chromosomes display extraordinary evolution
compared with autosomes and a disproportionate effect on
male fertility and genetic incompatibilities between species.
They are enriched for genes expressed in the testis and undergo
specific silencing during male meiosis. In Mus musculus and
Bos taurus, there is evidence of an arms race between the X
and Y chromosomes.'™ Here, the relative numbers of Y- and
X-linked multicopy homologs (ampliconic genes) affect the pro-
portions of viable sperm cells carrying the X or Y chromosome. '
This intra-genomic conflict drives a dynamic co-amplification of
Y- and X-linked homologs that is expected to accelerate sex-
chromosome evolution and the accumulation of incompatibilities
between emerging species. Reported evidence shows that the
X chromosome was repeatedly subject to strong positive selec-
tion in the great apes. This selection is revealed as a loss of diver-
sity in large regions of the X chromosome.” The regions targeted
by selection in each ape species overlap and tend to fall inside
larger regions repeatedly targeted by selection in the ancestral
species of humans and chimpanzees® as well as overlapping re-
gions similarly affected in the human-orangutan ancestor (K.M.,
unpublished data). Together, these findings lead to the hypothe-
sis that meiotic drive plays a prominent role in primate X chromo-
some evolution.”

Gheck for
Updates

The patterns of archaic human introgression on the X and Y
chromosomes differ from those observed on the autosomes.®
More than 250,000 years ago, modern humans admixed into
Neanderthals, replacing their Y chromosome.” On this occa-
sion, Neanderthals also received at least as much modern
human admixture on their X chromosome as they did on the
autosomes.® In the more recent meeting in the Middle East
about 55,000 years ago, the direction of admixture was
reversed and qualitatively different. Here, the Neanderthal Y
chromosome did not introgress into the out-of-Africa modern
humans, and the Neanderthal X chromosome introgressed to
a much smaller extent than its autosomes.’ Today, several
Mb-long sections of the X chromosome are depleted of Nean-
derthal introgression. These sections overlap the regions of the
X chromosome repeatedly targeted by natural selection in the
great apes, as discussed above.

Here, we investigate whether the reduced nucleotide diversity
in regions of the human X chromosome is due to positive
selection. We find that large regions of the X chromosome, which
total more than 17 Mb, contain haplotypes shared by all non-Af-
rican populations that rapidly rose to high frequency. To our
surprise, all these haplotypes are entirely devoid of archaic intro-
gression. We then speculate, based on our findings, which
selective mechanism could cause this puzzling combination of
observations.
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Figure 1. Population diversity across chromosomes X and 7
(A) Each panel shows the mean pairwise differences in 200 kb windows (y axis of each panel) across chromosome X (x axis) for a set of representative populations
where at least four X chromosomes are sampled. We discarded constituent 100 kb windows with fewer than 50,000 called positions and considered these

(legend continued on next page)
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RESULTS

Mb-long high-frequency haplotypes are common in non-
African X chromosomes

We analyzed high-coverage genomes from across the world in
the Simons Genome Diversity Project (SGDP).'° We first
surveyed the nucleotide diversity of each population in 200 kb
windows along the X chromosome and compared it with the di-
versity on a representative autosome with a similar length, chro-
mosome 7. Figures 1A and 1B show the diversity patterns for a
representative set of African and non-African populations,
located as shown in Figure 1C. Figure 1D shows the distribution
of pairwise differences in these 200 kb windows (see Figures S1
and S2 for diversity in all populations). Whereas African popula-
tions show a relatively even amount of diversity across the
X chromosome, as we observe along a representative auto-
some, all populations outside Africa display Mb-sized regions
with extremely reduced diversity, often in similar parts on the
X chromosome. Similar instances of such low diversity are not
seen on the representative autosome, indicating that such
extreme depressions of diversity are a unique property of the
X chromosome.

These initial observations suggest that high-frequency haplo-
types are shared across non-African populations. To identify
such haplotypes, we restricted the subsequent analysis to males
for which the X chromosome is haploid. Following Lucotte etal., "
we excluded males with missing data and males not showing the
XY karyotype. We further removed African males with any evi-
dence of recent European admixture (STAR Methods). This
filtering left us with 162 males, of which 140 were non-Africans.
We list these individuals in the Table S3. Sampling locations for
the populations analyzed are shown in Figure 2A.

Next, we screened these X chromosomes for clades of long
haplotypes (>500 kb) where the maximum genetic divergence
between all member haplotypes is at most 0.005%. This diver-
gence threshold corresponds to an expected common ancestry
no more than 60,000 years ago (51,119-67,059, 50% probability
mass), i.e., such clades should have a most recent common
ancestor, which is more recent than the out-of-Africa event.'®
When such haplotype clades contain at least 25% of the individ-
uals in our dataset, we refer to them as extended common
haplotypes (ECHSs) (Figure 2B). We identified clades of ECHs in
sliding windows of 500 kb with a step size of 100 kb using a cli-
que-finding algorithm.'® The ECHs identified in each individual
are shown in Figure 2C (see Figures S3 and S4 for the effect of
alternative minimum clade sizes). They are almost exclusively
found in non-African populations with no apparent geographical
differentiation in frequency outside of Africa. The sharing of
haplotypes among non-Africans indicates that they rose to
high frequency after the main exodus from Africa but before
the subsequent diversification of non-African populations. The
combined length of all ECHs is 17.3 Mb, or 11% of the entire
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X chromosome. In five of the nineteen affected chromosomal re-
gions, the ECHs are carried by more than 75% of non-African
males and, in fourteen regions, by more than 50% of non-African
males. We will refer to this latter set as the fourteen most extreme
regions (see Table S1 for hg19 coordinates of all ECH regions).
The ECHs are characterized by a higher proportion of high-fre-
quency derived variants, which is expected if each ECH recently
arose from a single initial haplotype (Figure S7).

Next, we visualized the haplotype structure of the chromo-
somal regions where each ECH is found and compared it
with regions without ECHs. Figure 3A shows the core 900 kb
region of the most extended and most frequent ECHs, with
non-reference SNPs marked as black tics and the individual
haploid X chromosomes clustered by unweighted pair group
method with arithmetic mean (UPGMA). All non-African X chro-
mosomes form a single clade with highly reduced diversity
compared with the African X chromosomes, implying that a sin-
gle ancestral haplotype rose to high frequency in non-Africans.
In this example, the ECH spans at least 1.8 Mb. The haplotype
structure of the remaining ECHs shows the same pattern, with
one haplotype (and in some cases two) shared by a large sub-
set of non-African X chromosomes (Figure S10). For compari-
son, Figure 3B shows a typical 900 kb region where we find
no ECHs. Here, non-African haplotypes do not form a single
clade, as more African X chromosome diversity is represented
in non-Africans.

Each individual carries many ECHs; on average, each non-Af-
rican male carries an ECH in 9.7 of the 14 regions where the ECH
frequency is >50% (2.5th and 97.5th percentiles: 6 and 13).
Figures 4 and S6 show the frequency of ECHs among non-Afri-
cans across the X chromosome and the core regions of each
ECH shared by most individuals.

The rise in ECH frequency predated the Ust’-Ishim male

We included the ancient Ust’-Ishim genome dated at 45,000
before the present (BP; 46,880-43,210 BP)'® to estimate further
when these frequency changes occurred. The Ust’-Ishim is
equally related to Europeans and Asians, suggesting that its line-
age split off before the European/Asian population split and that
it did not contribute directly to present-day diversity.'® If haplo-
types rose to high frequency soon after the main out-of-Africa
event, we would expect the Ust’-Ishim individual to carry ECHs
in a way similar to present-day non-Africans. To investigate
this, we repeated our ECH-finding procedure, including the Us-
t’-Ishim male. The Ust’-Ishim male shared six ECHs of the four-
teen most frequent ECHs (STAR Methods). Using an alternative
approach, robust to false-positive SNP calls in the ancient
sequence, we added the Ust’-Ishim male to haplotype plots of
500 kb windows centered at each peak in Figure 4 (STAR
Methods). The Ust’-Ishim falls inside a cluster of ECHs in 9 of
the 14 most extreme regions, close to the mean of 9.7 among
present-day non-Africans. This similar number of ECHs carried

windows missing data. For a better visual comparison, the y axis is truncated at 0.0015 to remove outliers. Non-African and African populations are colored green

and brown, respectively. Light gray regions represent missing data.
(B) As (A) but showing diversity along chromosome 7.
(C) Sampling origin of the selected populations.

(D) Distribution of the mean pairwise differences shown in (A) and (B) divided into African or non-African populations.
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Figure 2. ECHs identified on each male X chromosome

(A) World map showing sample locations. Colors represent the geographical region of each sample.

(B) Graphical depiction of the criteria used to define an ECH.

(C) ECHs on the X chromosome of each sampled male. Colors represent the geographical region of each sample as in (A), with African samples shown at the top.
Colored vertical bar on the right groups African and non-African samples with the colors used in Figure 1.
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Figure 3. Example of the relationship among haplotypes in ECH regions

(A) The core 900 kb region (where the ECH frequency is at least 90% of its peak value) of the longest and most frequent ECH. The left side of each figure is a
UPGMA tree with the x axis representing Jukes-Cantor-corrected sequence distances between male haplotypes. The individual haplotypes are shown as
horizontal lines on the right with the x axis in hg19 Mb coordinates. Haplotypes are color coded according to geographical region. The ancient Ust’-Ishim
individual is marked with gray. Vertical black bars on each haplotype represents non-reference SNPs.

(B) For comparison, a 900 kb region where no ECHs were identified (see Figure S10 for visualizations of all ECHs).

by the Ust’-Ishim implies that most of the ECHs had already risen
to high frequencies 45,000 years ago.

Estimating the probability of observing the ECHs
without natural selection
Our observations suggest that each ECH rose to high frequency
from a single haplotype after the out-of-Africa event (60,000—
80,000 BP) but before Ust’-Ishim lived (45,000 BP). This rapid
change in frequency of such long haplotypes is striking and is
characteristic of strong positive selection. However, genetic
drift, particularly during extreme population bottlenecks, can
also cause the frequency of long haplotypes to increase, and
X chromosomes are more affected by bottlenecks than auto-
somes because of their smaller effective population size (Ne).
First, we performed simple frequency simulations of genetic
drift to assess the probability of observing the haplotypes
under neutral evolution. We simulated frequency trajectories to
compute the probability that one haplotype, across the entire
chromosome, rose to a high frequency by genetic drift in the
span of time between the 45,000 BP of the Ust’-Ishim and the
expected maximum ECH divergence of 60,000 years (STAR
Methods). In the simulation, we assume haplotypes of 500 kb,
although most ECHs are longer. To cover a range of scenarios,
we perform simulations for time spans of 5,000, 10,000,
15,000, 20,000, and 25,000 years. To find an appropriate bottle-
neck Ne for our simulations, we estimated a population demog-
raphy, using SMC++, of the non-African samples used in our

analysis (STAR Methods). From this, we estimate the lowest
autosomal Ne in the bottleneck as 4,125. In our simulations,
we conservatively assume an autosomal Ne of 3,000 and
include, for comparison, a more unlikely autosomal Ne of
1,500. We perform simulations for two different X/autosome ra-
tios of effective population size: one of 0.65 corresponds to the
median ratio among African individuals in our dataset, and a
lower one of 0.51 corresponds to the median ratio among non-
Africans. The latter estimate may be smaller due to male-driven
migration but may also be depressed by the removal of diversity
in the ECHs, as discussed above. For an autosomal Ne of 3,000,
the two X/autosome ratios correspond to X chromosomal Nes of
1,950 and 975 (as shown in the legend of Figure 5). We further as-
sume a female X chromosome recombination rate of 1.16e—8."*
We perform 500,000 simulations for each combination of
parameters.

Simulations are summarized in Figure 5, where “A” presents
the probability that at least one 500 kb haplotype along the chro-
mosome rises to the given frequency inside the given span of
time. Assuming realistic parameters, a time span of 5,000 to
15,000 years, and an autosomal bottleneck population size of
3,000, we find that while drift may create a low-frequency
ECH, the probabilities of creating each high-frequency ECH
are extremely low. Figure 5B quantifies the joint probability of
observing all the identified ECHs at the frequencies they each
occur. Each point represents the joint probability of the observed
ECH at its frequency together with all observed ECHs at lower
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Figure 4. Frequencies of ECHs along the X chromosome

Proportion of non-African haplotypes called ECHs in each 100 kb window across the X chromosome (blue). In fourteen cases, more than 50% of individual
haplotypes are called ECHs. Vertical blue bands in the bottom part each show the core regions around each peak where the proportion of non-Africans’ called
ECHs is at least 90% of its peak value. ECHs in the Ust’-Ishim male, called using the clique finding approach, are shown in red (an additional track below shows
the center 500 kb regions of each ECH that share an UPGMA clade with the Ust’-Ishim). Regions depleted of incomplete lineage sorting between humans,

chimpanzees, and gorillas are shown in orange.

frequencies. The rightmost points in each facet thus show the
joint probability of all observed ECHs. For the parameter range
stated above, the observed ECHs are extremely unlikely to
have arisen neutrally. Gray and black points show the probabil-
ities for the autosomal population size of 1,500. Even with
this unrealistically low autosomal population size, the available
time also needs to be unrealistically long (20,000-25,000 years)
for genetic drift to explain all observed ECHs. Using addi-
tional evidence, we show later in the article why only spans
of 5,000 to 15,000 years are realistic. This shows that neutral
processes alone are very unlikely to have caused the
observed ECHs.

Second, we performed forward simulations of full X chromo-
somes using a published population demography and a recom-
bination map. Since the SGDP data results from a very extensive
population structure and demographics not well suited for simu-
lation, we chose the homogeneous CEU population (Utah resi-
dents with Northern and Western European ancestry) from the
1000 Genomes dataset as our model population.'® We repeated
our inference procedure on the CEU population and then per-
formed forward simulations to assess the probability that the
ECHs called in this population were produced by genetic drift.
In our inference of ECHs on the 49 CEU male X chromosomes,
we need to consider that a large sample from this single homo-
geneous population will much more often find recent common
ancestry than the highly structured SGDP. To accommodate
this contribution to the clade size of such early coalescences,
we increase the ECH clade size from 25%, used in our main anal-
ysis, to 50%. Inference using this clade size reproduces 15 of the
19 ECH peaks identified among males from the SGDP (STAR
Methods). In the CEU population, the ECHs together cover
10% of the entire chromosome, similar to the 11% observed in
the SGDP dataset. In the subsequent forward simulations of
the past 200,000 generations, performed using SLiM3,'® we
use the previously published population size trajectory for CEU

6 Cell Genomics 3, 100274, March 8, 2023

that, to our knowledge, estimates the strongest bottleneck.'”
The simulations also use a fine-scale pedigree-based recombi-
nation map of the X chromosome.'* We perform simulations us-
ing the same X/autosome Ne ratios (0.51 and 0.65) used in our
frequency simulations. Across 500 simulations of 49 male
X chromosomes, we compute the analyzed proportion of the
X chromosome where an ECH is called and the analyzed propor-
tion of 100 kb sequence window called ECHs across all simu-
lated chromosomes. Assuming the African X/autosome ratio of
0.65, these two proportions are 0.3% (0%-2%) and 0.2%
(0%-1.2%) (interval is 2.5th and 97.5th percentiles across
whole-chromosome simulations). Assuming instead a lower
non-African X/autosome ratio of 0.51 (which would be lower in
part due to the sweeps), the numbers are 1.1% (0%—-4%) and
0.7% (0%—-2.5%). In our analysis of the 49 CEU samples, we
find these two proportions to be a magnitude larger (11.1%
and 7.6%). Considering further that the two proportions in the
CEU population are also 2.8 and 3 times larger than the 97.5th
percentile of proportions obtained from simulations (Figure 6),
it is extremely unlikely that the ECHs arose neutrally in the CEU
population. It is even less likely that they arose neutrally before
the Ust’-Ishim 45,000 years ago, as revealed by the analysis of
the SGDP male dataset.

The two separate analyses both indicate that positive
selection must have driven the ECHs to high frequencies.

Selective sweeps on the X chromosome may be
recurrent

We have previously reported evidence of selective sweeps in the
human-chimpanzee ancestor® (K.M., unpublished data; STAR
Methods). We therefore tested if these overlap with the indepen-
dent observation of ECH regions we report here. We find a strong
overlap between the ECHs and the sections of the chromosome
swept at least once during the 2-4 million years that separated the
human-chimpanzee and human-gorilla speciation events,'®'?
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Figure 5. Estimated probabilities of neutrally evolving 500 kb ECHs
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(A) Evenly spaced probabilities as the fraction of simulations in which a 500 kb haplotype along the chromosome rises to at least the specified frequency in
500,000 simulations. Each panel show simulations for the duration of the bottleneck, which increases from left (5,000 years) to right (25,000 years) in intervals of
5,000 years. Colors represent X chromosome population sizes listed in the legend, with the assumed autosomal population size and X/autosome ratio in
parentheses. Crosses represent the upper bounds on the probability in each case where no haplotypes reached the target frequency in the simulation. A dashed
horizontal line marks the 0.05 value. Vertical dotted lines represent the frequencies of the ECHs we identify in the SGDP male dataset.

(B) Same as (A) but represents the joint probability of the identified 500 kb ECHs below a given frequency. In each facet, the leftmost point thus represents the
probability of observing only the lowest frequency ECH, and the rightmost point shows the joint probability of observing nineteen 500 kb ECHs at the frequency

we identify.

shown as orange blocks in Figure 4 (Jaccard stat.: 0.13,
p = 1.6e—4).

Selective sweeps displaced archaic introgressed
sequence on the X chromosome

The admixture with archaic humans that followed the main
out-of-Africa event left a far smaller proportion of introgressed
sequence in the X chromosome than in the autosomes. In
non-African populations, the Neanderthal component is thus
only 0.3% compared with 1.4% for the autosome. Denisovan
admixture is virtually absent on the X chromosome, with only
Oceanians carrying a small proportion (0.18%).° To investi-
gate a relationship between archaic admixture and the selec-
tive sweeps we detect, we applied hmmix“° to call genomic
segments of archaic human ancestry in each non-African
male X chromosome (STAR Methods). This approach uses a
hidden Markov model to search for clusters of derived SNPs
not observed in an unadmixed group of African genomes.
Compared with inference in a previous report,® the method
we apply can identify archaic segments not represented in
sequenced archaic genomes. We estimate a mean admixture
proportion across individuals of 0.8%. However, when we
restrict to archaic segments that share derived variants with
the high coverage archaic genomes (Denisova, Vindija, and
Altai), we identify a proportion of introgressed sequence
(0.36%) similar to that previously reported® (STAR Methods;
Table S2).

Restricting the analysis to the 100 kb windows where some in-
dividual carries an ECH (11% of the X chromosome), we observe
that the archaic proportion here is 0.3% compared with 0.9% in
windows where no individuals carry an ECH (t test p = 6e—26). To

investigate if this reduction is caused by low levels of admixture
in ECHs specifically, we first extracted the subset of chromo-
somal 100 kb windows where any individuals carry an ECH. In
each of these 100 kb windows, we computed the mean archaic
admixture proportion of the ECHs and of the haplotypes in the
same positions that are not part of the ECH clade. We find that
the ECHs are almost completely without inferred archaic admix-
ture. In contrast, the remaining haplotypes in the same genomic
windows have a mean admixture proportion of 0.70%, ranging
between 0.35% and 1.03%, depending on the geographical
region. This admixture proportion is close to the archaic contri-
bution in chromosomal regions not overlapping an ECH. The
analysis thus reveals that the absence of admixture in the
ECHs themselves entirely explains the reduced archaic admix-
ture in the chromosomal regions where they appear. Within the
ECHs, the mean proportion of archaic admixture is 0.0045%,
corresponding to a reduction of 99% compared with the non-
ECH haplotypes in the same chromosomal windows. This
proportion is consistent with a complete absence of archaic
admixture since our admixture inference is associated with a
small false-positive rate.’” Each geographical region displays
this absence of archaic admixture in ECHs (Figure 7A) and so
does the core region of each ECH (Figure 7B).

Archaic introgression contributed to modern human diversity.
Hence, we might falsely conclude that ECHs were admixture
free simply because the contributed archaic admixture was
not compatible with the low diversity required in our definition
of ECHs. However, repeating our ECH inference after masking
admixture segments identified in each individual (STAR
Methods; Figure S9), we still find ECHs to be without admixture,
thus ruling out this potential ascertainment bias.
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Figure 6. Proportions of ECHs in realistic forward simulations of
CEU X chromosomes

500 forward simulations of 49 male X chromosomes using a CEU population
size demography and a parent-offspring recombination map.

(A) The proportion of the X chromosome where an ECH is called. Colors
represent the African and non-African X-to-autosome population size ratios
used in simulations. The gray arrow shows the observed value of this statistic
in the CEU population.

(B) As for (A) but showing the proportion of 100 kb sequence window called
ECHs across all simulated sample sequences.

Archaic displacement provides further support for
positive selection

While EHCs displaced archaic admixture, their rise in frequency
cannot be a result of purifying selection against archaic
contribution. While such negative selection has most likely
occurred”’ it cannot explain why a single admixture-free haplo-
type, rather than many, would rapidly rise in frequency. In
contrast, this would be expected if a single haplotype was un-
der positive selection for reasons unrelated to archaic admix-
ture. In this context, archaic admixture thus merely serves as
a backdrop against which the selection on admixture-free
ECHs is visible.

Our finding that ECHs also displaced Neanderthal admixture
in the Ust’-Ishim, which lived 45,000 BP,"® further allows us to
narrow the period in which the ECHs rose in frequency, as the
sweeps must necessarily have happened between the admix-
ture event and the Ust’-Ishim. From the length of Neanderthal
admixture segments in the Ust’-Ishim male, the main Neander-
thal admixture event has been dated to 9,599 years before the
Ust’-Ishim."® Using four standard errors as the confidence inter-
val on this estimate implies that the sweeps must have occurred
in a span of time that is at least 3,724 years and at most 15,341
years. The time intervals of 20,000 and 25,000 years included in
our simulations (Figure 5) thus fall outside the range of relevant
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parameters, further decreasing the probability that ECHs arose
from neutral processes.

DISCUSSION

Our analyses suggest that regions of the X chromosome, totaling
11% of its length, carry long high-frequency haplotypes (ECHSs)
that are shared across all non-African populations. The frequency
of these haplotypes rose after the out-of-Africa event and the sub-
sequent archaic admixture events. These dramatic frequency
changes appear to have been fully or almost fully completed by
the time of the Ust’-Ishim, dated to 45,000 BP. The large size of
these haplotypes is consistent with a rapid increase in frequency
not compatible with a neutral process of genetic drift. We
conclude that they must have increased in frequency by positive
selection. Surprisingly, the ECHs are entirely free of archaic
admixture, suggesting that whatever variants drove their rise in
frequency, these arose on haplotypes without archaic admixture.

Fourteen of the identified ECHs each span between 500 kb
and 1.8 Mb in at least 50% of non-Africans (Table S1). The stron-
gest sweep spans 900 kb in 91% of non-Africans and affects
53% of non-Africans across a 1.8 Mb region. In comparison,
the strongest selective sweep reported from human diversity
data is at the lactase gene and spans 800 kb in 77% of European
Americans.?” The selection coefficient on the causal variant has
been estimated to be 1.6%-1.8%,2°?* suggesting that the se-
lection coefficients responsible for several ECHs may have
been well above 1%.

We have not identified specific genetic elements associated
with the ECH rise in frequency. However, the ECHs strongly
overlap regions depleted of incomplete lineage sorting in the
common ancestor of humans and chimpanzees, suggesting
that similar selection affected this ancestral species. This raises
the possibility that our observations reflect processes repeatedly
affecting the X chromosome across evolutionary timescales.

We have previously suggested a role of ampliconic genes
that show post-meiotic expression in mouse testis®*® and
are involved in sex chromosomal meiotic drive processes in
mouse’?” and fruit files.”® However, while human ampliconic
regions are significantly proximal to the swept regions (permuta-
tion test, p = 0.024), they do not generally overlap. The core re-
gions of each ECH, shared by most individuals, each include
several genes, and we do not detect enrichment for any Gene
Ontology (STAR Methods). Protein-coding genes also show no
enrichment of genes with elevated expression in the testis. One
sweep, however, only has a single protein-coding gene,
ACTRT1, at its center, which is linked to spermatid formation.?®

At the present time, we cannot envision a likely scenario that
explains all our observations. We cautiously hypothesize that
the selective sweeps may be due to sex-chromosome meiotic
drive: if an averagely even transmission of X and Y sperm in
meiosis is maintained by a dynamic equilibrium of antagonizing
drivers on X and Y, the bottlenecked main out-of-Africa popula-
tion may have been invaded by sex-chromosome drivers re-
tained in an earlier out-of-Africa population. This hypothesis is
indirectly supported by recent evidence suggesting that the
rapid expansion of the FT Y chromosome haplotype originated
in East/Southeast Asia 50,000-55,000 BP and displaced Y
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Figure 7. Admixture proportions in chromosomal regions of partial sweeps

Mean admixture proportions of ECHs (purple) and in remaining haplotypes (black) are computed separately for each 100 kb window. Error bars with wide caps
designate the standard 95% confidence intervals obtained from 10,000 bootstrapping iterations. Error bars with narrow caps designate Jeffrey’s binomial
confidence interval, which better represents confidence when frequencies are zero or very low (in computing this interval, we assume that the sample size equals
the number of 100 kb sequence windows). The dotted line represents zero admixture. The dashed line shows the mean admixture proportion on the X chro-

mosome.

(A) Mean admixture proportions of haplotypes from each geographical region shown as labels on the x axis.
(B) Admixture proportions at each individual ECH. Here, x axis labels represent chromosomal positions where each ECH has the highest frequency (peaks in

Figure 4). For legibility, one outlier is shown separately.

lineages carried by the later main wave out of Africa.>® The
spread of a Y driver across Eurasia would be followed by X hap-
lotypes spreading from the same source population to restore an
even meiotic transmission in the populations invaded by Y
drivers. The date of the Ust’-Ishim male, which carries this FT
haplotype, would place these events in the 45,000-55,000 BP
window, where we conclude the sweeps occurred. An Asian
origin of EHCs and subsequent displacement of the main wave
out of Africa is also consistent with our observation that ECHs
displaced not only Neanderthal admixture in west Eurasia but
also the Denisovan admixture in Asia. If this hypothesis is true,
the swept regions represent the only remaining haplotypes
from early non-African populations not admixed with Neander-
thals. This hypothesis provides testable predictions that will
guide our future work.

Whatever the explanation, we believe it must be unique to
X chromosomes, possibly in the form of other consequences to
fertility or the fidelity of meiosis. We thus suggest that future
studies could focus on surveying any male fertility consequences
of the ECHs that we report, perhaps in combination with specific Y
chromosome haplogroups. Large cohorts with male fertility data
and genome-wide sequencing or genotyping will soon be avail-
able for such a study.

Limitations of the study

Our inference of ECHs has limited resolution because we require
that an ECH spans at least 500 kb. This resolution does not allow
fine mapping of any candidate genes responsible for the sweeps
and leaves our study unable to identify Gene Ontology enrich-
ments. Another limitation is that the SGDP dataset does not
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include enough African males to identify ECHs private to African
populations with a diversity comparable to non-Africans. Our
assessment of the probability that our observations arise neutrally
potentially also has limitations. First, we cannot meaningfully esti-
mate an X chromosome demography from X chromosome diver-
sity if the X chromosome is strongly affected by positive selection.
We thus resort to constructing an X demography by scaling the
autosomal demography by the X/autosome ratio. Second, we
base our estimate that sweeps occurred over a period of 5,000
15,000 years on a single high-coverage archaic genome. Access
to more high-coverage archaic genomes from this period could
further narrow this interval. Finally, we are not able to provide direct
evidence to support any speculation on the cause of the many
selective sweeps. The hypothesis we tentatively propose will
require much further investigation to be scientifically tested.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Biological samples

Human genomes, Simons Genome Mallick et al. 2016'° https://reichdata.hnms.harvard.edu/pub/datasets/sgdp/
Diversity Panel (SGDP) B, SGDP-lite

Human genomes, The International The 1000 Genomes Project https://doi.org/10.1038/nature15393

Genome Sample Resource (1000 Consortium 2015'°

genomes phase 3)

Software and algorithms

Hmmix Skov et al.*° https://github.com/LauritsSkov/Introgression-detection

Repository for code produced GitHub https://github.com/kaspermunch/humanXsweeps/
tree/cellgenpaper

Permanent link and DOI for code produced Zenodo https://doi.org/10.5281/zenodo.7528246

RESOURCE AVAILABILITY

Lead contact
Further information should be directed to and will be fulfilled by the lead contact, Kasper Munch (kaspermunch@birc.au.dk).

Materials availability
This study did not generate new unique reagents.

Data and code availability
This paper analyzes existing, publically available data listed in the key resources table.
All code used to produce results and visualizations are deposited on GitHub. A DOI and permanent link is available via Zenodo:
https://doi.org/10.5281/zenodo.7528246.
Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

METHOD DETAILS

Data processing and filtering

We analyzed male X chromosomes from the fully public subset of genomes of the Simons Genome Diversity Project '~ as initially pub-
lished. We use the SGDP-lite version of the dataset that is run-length compressed sequences representing whether each base differs
from the hg19 reference. We exclude African individuals with evidence of gene flow from non-African populations: Mozabite and Sa-
harawi show extensive non-African ancestry and Neanderthal admixture,'® and Masai and Somali show a non-African component in
STRUCTURE analysis, ' Luhya and close populations Luo and BantuKenya, show a non-African component in Admixture analysis.'®
Following,® we also exclude five samples (S_Finnish-1, S_Finnish-2, S_Mansi-1, S_Mansi-2, S_Palestinian-2) "based on missing
X chromosome data in the initial processing, for themselves or a second sample." We further exclude S_Lezgin-1, for which sex
is not assigned, and S_Palestinian-2 and S_Naxi-2, which show patterns of sequencing coverage not congruent with their assigned
sex."" This filtering leaves us with 239 individuals, of which 162 are males. We list these individuals in the Table S3.

t10

QUANTIFICATION AND STATISTICAL ANALYSIS

Archaic admixture inference

We use a hidden Markov model to infer archaic segments.?° The method finds archaic genomic segments in non-Africans by iden-
tifying segments with a strong enrichment of single nucleotide variants that are not seen in an unadmixed outgroup population (in this
case, Sub-Saharan populations). Non-African variants not present in the outgroup show a 10-fold enrichment in archaic segments
because these variants have been accumulated since the common ancestor of archaic and modern humans. We use an outgroup
consisting of individuals from two datasets. We use all Sub-Saharan Africans (populations: YRI, MSL, ESN) from the 1000 Genomes
Project that does not have a component shared with the European population (Auton et al. 2015,"® Figure 2A) and all Sub-Saharan
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African populations from SGDP except Masai, Somali, Sharawi, and Mozabite (Mallick et al.'® see Figure S8), which show signs of

out-of-Africa admixture. For all data, we removed sites that fell within repeat-masked regions (downloaded from the UCSC genome
browser) as well as sites that were not in the strict callability mask for the 1000 Genomes Project: (ftp://ftp.1000genomes.ebi.ac.uk/
vol1/ftp/release/20130502/supporting/accessible_genome_masks/StrictMask/). Since the method is sensitive to variation in muta-
tion rate, we calculate the background mutation rate using the variant density of all variants from populations YRI, LWK, GWD, MSL,
and ESN in windows of 100kb divided by the mean variant density of the whole genome.

The hidden Markov model was trained using the whole genome and not only the X chromosome. The reason for this is that there
are not enough archaic segments to accurately infer transition and emission parameters just using the X chromosome. To accom-
modate the smaller effective population size of the X chromosome, we scaled the emission values using the following approach:
Since males contribute 3/4 of mutations, but the X chromosome only spends a third of its time in males, then the X chromosome
mutation rate is 5/6 = 0.8333 of the autosomal one, i.e., if the autosomal emission of state 2 is 0.38, it should be 0.3166 for X. We
show the effect of decoding with haploid X chromosome parameters versus decoding with autosomal parameters in Table S2.
This table also lists the proportions of archaic admixture in autosomes. Not relying on the sequence of the admixing archaic hu-
man allows this method to predict admixture not represented by the diversity of sequenced archaic genomes. However, when we
condition that fragments share derived alleles with the archaic individual (Altai, Vindija, or Denisova), we obtain admixture propor-
tions similar to those of Sankararaman 2016.° Archaic segments are identified as regions where the posterior probability of the
archaic state in the HMM is at least 0.8. Segments interleaved by more than 25Mb of missing data are split in two. 1kb windows
with less than 200 bases called are excluded. We then compute the mean proportion of archaic sequence in each non-overlapping
100kb window. Windows, where over 20,000 bases are not called, are treated as missing data. Because several swept regions
show a local reduction in Ne, it is important to note that this does not impede our ability to detect admixture. The power of
our inference method relies on the fact that the density of SNPs private to non-Africans is low compared to the density of
SNPs in archaic segments. For this reason, reduced effective population size in the regions where we identify ECHs, will increase
rather than decrease our power to detect admixture.

ECH inference

We initially remove the two pseudoautosomal regions of chromosome X because these recombine with the Y chromosome. We then
computed the proportion of pairwise differences along the chromosome for each pair of male individuals in non-overlapping windows
of 100kb. We discarded windows with fewer than 50,000 called positions (50%) and considered these missing data. We then
computed the pairwise distance between all the male X chromosomes in sliding windows of 500kb with a step of 100kb. For
each window, we identify sets of haplotypes where the pairwise distance between all pairs is smaller than 5e-5. These sets must
include at least 25% of individuals in the dataset (at least 40 males). We do this by constructing a graph where nodes represent in-
dividuals, and edges connect individuals with a distance smaller than 5e-5. We then use a clique-finding algorithm' to extract fully
connected sets of at least 40 individuals (25% of individuals). We refer to each haplotype in such a set as an Extended Common
Haplotype (ECH). An ECH may be longer than 500kb if it spans several overlapping 500kb windows. Figures S3 and S4 show the
distribution of ECHs called for alternative clique sizes of 32 and 49 (20% and 30% of individuals, respectively). The maximal pairwise
distance of 5e-5 corresponds to an expected common ancestry of 59,520 years BP and was chosen to postdate the out-of-Africa
event. The date is obtained assuming a mutation rate of 4.2e-10 = 4.3e-10* 0.8 * 1.221. 4.3e-10 is the autosomal mutation rate,' 0.8
corrects for sex-specific mutation rate and hemizygosity of the X, and 1.221 corrects for a contribution of false-positive SNPs in the
SGDP dataset. The latter correction is computed as the ratio between divergence to the human reference of sample
S_Eskimo_Sireniki-1 at two filtering levels provided in the SGDP dataset: filtering level 9 (used in this study and recommended for
population genetic analysis) and the strictest filtering level 1 (used for estimation of mutation rate).’® As described above, 100kb
sequence windows with fewer than 50,000 called positions (50%) are considered missing data. Chromosomal 100kb windows,
where this is true for more than 10% of individuals, are masked, leaving 138,5 Mb of analyzed chromosome in the downstream
analyses.

Peak proportions of ECHs

In each chromosomal region where we identify ECHs, we use a peak detection algorithm to find the chromosomal position where
most individuals carry the ECH and identify from that the consecutive 100kb windows that share this maximal number of individuals.
We report the coordinates of these peak regions as "peak start" and "peak end" in Table S1. In addition, we operationally define a
region around each peak where the proportion of individuals called ECH is at least 90% of the peak value (Figure S5). Similarly, we
define a wider region where the proportion of individuals called ECH rises above 75% of the peak value. Table S1 lists chromosomal
coordinates of both 90%-regions and 75%-regions along with the lowest ECH frequency in each region and the frequency of ECH
haplotypes that span each region.

Data quality in ECH sequence

We find that ECH windows have fewer missing bases than other windows: The proportion of missing bases in sequence windows
called ECH is 23% compared to 31% in windows we do not call as ECH. As described above, we discard 100kb windows of
individuals where more than 50% of bases are missing. Pairwise distances to individuals with missing data in a 100kb window
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are not computed. Chromosomal windows where ECHs are called have fewer missing pairwise distances than the remaining
windows: In ECH windows, the proportion of missing pairwise distances is 0.009%, whereas it is 0.1% across the remaining
windows.

ECH inference with archaic admixture masking

We observe an almost total depletion of archaic admixture in ECH haplotypes (see main text). However, archaic admixture will in-
crease pairwise differences between the male haplotypes. If this reduces our ability to call ECHs that overlap admixed segments,
it could explain why we only identify ECHs without admixture. To rule out this possibility, we repeated our inference procedure after
masking all called admixture segments as missing data. The resulting calls of ECHs are thus unaffected by contributions to diversity
by admixture. The result of this analysis is almost identical to the original analysis: Only an additional eighteen 100kb windows across
chromosomes across samples are identified as ECHs. In comparison, the original analysis finds 13,808 such windows. ECHs are only
called when five consecutive 100kb windows each contain more than 50,000 called bases. To allow the calling of ECHs in the same
set of windows after admixed segments are masked, we do not remove windows that fall below this cut-off after masking. However,
in a small number of cases, admixture segments span such a 100kb window, which means that a distance to other haplotypes cannot
be computed after masking. 111 of these 100kb windows overlap haplotypes that are identified as ECH in other individuals. However,
this only creates a very small uncertainty in the admixture proportion of ECH haplotypes: Even if we conservatively assume that all the
111 uncalled windows were, in fact, ECH haplotypes and only subsequently admixed, the admixture proportion of ECH haplotypes
would only increase by a factor less than 1.01.

Derived allele frequencies

We polarized all variants segregating in our sampled individuals using the chimpanzee (panTro3) variant provided in the Simons
Genome Diversity Panel. Our analysis proceeds with X chromosomal SNPs in non-Africans, where we keep only SNPs called in
at least 80% of non-Africans. This leaves 482,113 SNPs, each assigned to a 100kb window along the X chromosome. To characterize
the relationship between non-African allele frequencies and ECH haplotypes, we compute across 100kb windows the proportion of
derived variants. Computing the SFS for windows binned by ECH frequency shows the expected shift toward high-frequency alleles
in ECH haplotypes (Figure S7).

ECHs shared with the ancient Ust’-Ishim male

The sequence of the Ust’-Ishim male is available as part of the Simons Genome Diversity dataset. We computed pairwise sequence
distances in 100kb windows between the Ust’-Ishim male and all present-day males. Windows, where the pairwise difference is
based on fewer than 27,217 positions due to uncalled bases, are considered missing data. The Ust’-Ishim has more uncalled bases
than the contemporary samples, and the cutoff is adjusted from 50,000 to 27,217 to ensure the average number of 100kb pairwise
comparisons to Ust’-Ishim matches the average number of 100kb pairwise comparisons between all contemporary samples. The
distribution of these sequence distances to Ust’-Ishim shows the same characteristic enrichment of short pairwise distances as pre-
sent-day non-Africans. To take the sampling time of the Ust’-Ishim into account when calling ECHs, we add a distance corresponding
to 45,000 years when computing pairwise distances to present-day samples. We repeated our clique-finding procedure to find
ECHs, including the Ust’-Ishim male. The ECHs identified in the Ust’-Ishim male total 5.3 Mb. We find that the Ust’-Ishim shares
the ECH with the contemporary non-Africans in six of the 14 most extreme regions (where the proportion of non-Africans sharing
the ECH is at least 50%). The very small number of sequence differences in ECHs implies that even a few base-calling errors will
preclude inference of ECHs. For this reason, we performed a more robust and simpler inference of ECH sharing with Ust’-Ishim.
We simply included the Ust’-Ishim in haplotype plots of each ECH. These plots are identical to those shown in Figure 3 but span
only the of the 500kb centered at each peak in Figure 4. This identifies additional three of the 14 most extreme regions where the
Ust’-Ishim groups with the ECH haplotypes in contemporary non-Africans: 64,550,000-65,050,000; 76,800,000-77,300,000;
129,700,000-130,200,000. The ECH regions shared by the Ust’-Ishim are listed in Table S1.

Estimation of the population bottleneck for SGDP samples

We used SMC++ on chromosome 7 to construct the autosomal population demography for the male samples analyzed. While the
extensive population structure in the SGDP dataset will inflate population sizes, this is not the case for the initial out-of-Africa bot-
tlenecked population. The minimum Ne of this shared demography thus provides a good estimation of the bottleneck Ne relevant
for the frequency simulations in Figure 5. In the SMC++ analysis, we use one male individual from each non-African region as the
“dedicated individuals”: S_Greek-2 (WestEurasia), S_Korean-1 (EastAsia), S_Irula-2 (SouthAsia), S_Yakut-2 (CentralAsiaSiberia),
S_Papuan-9 (Oceania), S_Pima-1 (America). The remaining individuals contribute information through the SFS. We use 35 time points
and estimate Ne for discrete epochs to better accommodate dramatic changes in population size.

ECH frequency simulations

We use multinomial sampling to produce frequency trajectories of a population of haplotypes of length L, starting at frequency 7/N.
Each simulation is run for G generations. We generate n = 500,000 such simulations. For the subset of simulations where any haplo-
type reaches the target frequency f, we identify the number of generations g until this happens. In each such case, we compute the
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probability that the haplotype did not recombine onto a different haplotype in the intervening g generations: A; = exp[— rLg]+ (1 —

exp[ — rLg])/2, whereris the recombination rate, and g is the generation in which frequency f is first reached. If fis not reached before

generation G, then A; = 0. The probability that a haplotype reaches frequency f, without recombining onto the background, is then

estimated as the mean across sampled trajectories: p = ,17 >"Ai. The probability that at least one haplotype rises to frequency f along
1

the entire chromosome is computed as: 1 — (1 — p)S/W)

regions) and W is the window size of 500kb.

, where S is the size of chromosome X (excluding the pseudoautosomal

Analysis of CEU population

We use the phase3 version of the 1000 genome dataset and extract the 49 males from the CEU population. We then repeat our ECH
inference procedure using a clique size of 50% instead of 25%, which we used in the main analysis of SGDP. The larger clique size
accommodates the additional recent ancestry among males from the homogeneous CEU population not found among males
sampled from the many separate populations in the SGDP. Using this clique size, the proportion of the X chromosome overlapping
an ECH is 10%, similar to the 11% observed in our SGDP analysis. Fifteen of the ECH peaks in the CEU analysis match exactly one of
the nineteen peaks in the SGDP analysis (Figure S8). Four SGDP ECHs are not found in the CEU analysis, which in turn finds five ECHs
not found in the SGDP analysis.

Forward simulations of CEU X chromosomes

We simulate the ancestral relationship of 49 male samples, mirroring the 49 male samples included in our analysis of ECHs in the CEU
population. Among the two most detailed population demographic estimates of the CEU population previously published,'”*! we
chose the demography produced by Gravel et al. 2011."” Although the two are very similar in their representation, Gravel et al. report
a marginally stronger bottleneck. We follow the approach by Pool and Nielsen 2007 to scale the autosomal demography so that it
reproduces the mean number of pairwise differences between CEU males on chromosome 7 (arbitrarily chosen for its intermediate
size). We further apply two different scalings to represent the median X/autosome ratios of 0.51 (non-African samples) and 0.65
(African samples). For a realistic representation of recombination on the X chromosome, we use the sex-averaged deCODE recom-
bination map derived from parent-offspring pairs.'* This map is not confounded by differences in effective population size or selec-
tion along the chromosome. We use SLiIM3'® to simulate fifteen consecutive 10Mb segments of the X chromosome from position
4,000,000 to 154,000,000, which excludes the pseudoautosomal regions. From each simulation, we extract 49 male X chromosomes
(matching the number of CEU males) from the population and perform ECH inference as described above. On each simulated
chromosome, we mask the same regions as missing data as we do in our analysis of the CEU population. We do this to ensure
that the analyzed chromosomal regions from simulations correspond to the analyzed chromosomal regions in the CEU analysis.

Regions with low incomplete lineage sorting

In a previous analysis, '° we estimated the proportion of incomplete lineage sorting (ILS) between humans, chimpanzees, and gorillas
along the human genome. There, we analyzed autosomes and the X chromosome but published only estimates for autosomes. Ex-
tending this analysis, we computed the mean proportion of ILS in non-overlapping 1Mb windows along the X chromosome. Following
Munch et al. 2016,"? windows where the proportion of non-missing data falls below 30%, are not reported. The average proportion of
ILS along the X chromosome is 13%. Mega-base windows are called low-ILS windows if the proportion of ILS falls below 5%. These
regions, totaling 12% of the chromosome, are shown as orange blocks in Figure 4. Jaccard tests are performed following Favorov
etal. 2012.%°

Gene ontology enrichment

To identify a list of candidate genes, we first identify the set of 100kb windows where the frequency of each ECH is maximal (Peak
start and end in Table S1). We further include the immediately flanking 100kb windows to allow for the possibility that distant en-
hancers, rather than the transcribed region, is the target of selection on a gene. We tested the 65 protein-coding genes overlapping
these regions for gene ontology enrichment using all protein-coding genes on the X chromosome as background. Performing this test
against all gene ontology terms GOATOOLS® yielded no significant enrichments.
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