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Abstract

About 1–6% of the genetic ancestry of modern humans today originates from admixture with archaic humans. It has
recently been shown that autosomal genomic regions with a reduced proportion of Neanderthal and Denisovan ances-
tries (NA and DA) are significantly enriched in genes that are more expressed in testis than in other tissues. To determine
whether a cellular segregation pattern would exist, we combined maps of archaic introgression with a cross-analysis of
three transcriptomic datasets deciphering the transcriptional landscape of human gonadal cell types. We reveal that the
regions deficient in both NA and DA contain a significant enrichment of genes transcribed in meiotic germ cells. The
interbreeding of anatomically modern humans with archaic humans may have introduced archaic-derived alleles that
contributed to genetic incompatibilities affecting meiosis that were subsequently purged by natural selection.
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Introduction
Anatomically modern and archaic humans interbred be-
tween 40 and 60-thousand years ago during the modern
human expansion into Eurasia (Fu et al. 2014;
Sankararaman et al. 2014, 2016). About 1–3% of the autoso-
mal genome of non-Africans today originates from admixture
with Neanderthals (Green et al. 2010; Sankararaman et al.
2014; Juric et al. 2016), and 3–6% of the autosomal genome
of Oceanians originates from admixture with Denisovans
(Reich et al. 2010, 2011). However, the proportions of
Neanderthal ancestry (NA) and Denisovan ancestry (DA)
have been shown to vary across the genomes of present-
day non-Africans (Sankararaman et al. 2014, 2016; Vernot
and Akey 2014). Two studies notably compared the tran-
scriptomes derived from sixteen adult human tissues
(Derrien et al. 2012) with archaic introgression maps that
estimate the proportions of NA and DA along the genome
(Sankararaman et al. 2014, 2016). The authors observed that
the X chromosome has lower levels of NA and DA than
autosomes. They also found that autosomal regions of mas-
sively reduced NA and DA harbor a disproportionately high
number of testis-specific genes—that is, genes that are more
highly expressed in the testes than in other tissue types—and
hypothesized that natural selection to remove Neanderthal
and Denisovan alleles that decreased male fertility in hybrids
was driving these patterns (Sankararaman et al. 2014, 2016).

The transcriptome analyzed in these studies however was
based on the sum of all testicular cellular types. Yet, the
complex cellular architecture of the testis (Fawcett 1975) is
paralleled by a particular complexity in transcriptomes across
the different testicular cell populations (Chalmel et al. 2007,
2012; Gan et al. 2013; Soumillon et al. 2013).

Results
To overcome this limitation, we first interrogated our own
published dataset based on human testicular biopsy samples
from patients with spermatogenesis arrested at different
stages of germ cell development (Chalmel et al. 2012). This
subtractive transcriptomic approach allowed us to deduce
the gene expression program of the different testicular cell
populations. Thirteen expression clusters (termed C1–C13)
were identified using the Partitioning Around Medoids
(PAM) algorithm (see supplementary table S1,
Supplementary Material online). Clusters C1–C7 were asso-
ciated with genes that show the strongest expression signals
in somatic testicular cells whereas those in clusters C8–C13
were consistent with elevated expression levels in germ cells:
from the mitotic spermatogonia (C8), through the meiotic
spermatocytes (C10), up to the postmeiotic haploid sperma-
tids (C13) that ultimately metamorphose into spermatozoa.
We compared these expression clusters to the Neanderthal
introgression map (Sankararaman et al. 2014) and found that
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autosomal genes with low NA were significantly associated
with meiotic spermatocytes (C10: Fisher’s exact test P¼ 1.7e-
3 for European individuals, P¼ 8.5e-5 for east-Asian individ-
uals; hypergeometric test) and, to a lesser extent, with the
transient expression clusters between the meiotic and post-
meiotic phases (C11: P¼ 0.026 for Europeans, P¼ 0.024 for
east-Asians; C12: P¼ 0.236 for Europeans, P¼ 0.027 for east-
Asians; fig. 1A, see supplementary Extended data table S1 and
Supplementary information, Supplementary Material online).
Note that there was no significant association either with the
mitotic phase of spermatogenesis (C8: P¼ 0.299 for
Europeans, P¼ 0.227 for east-Asians) or with the postmeiotic
phase (C13: P¼ 0.766 for Europeans, P¼ 0.707 for east-
Asians). Despite weaker P-values likely resulting from lower
power to infer DA and lower sample size of Oceanian indi-
viduals (Sankararaman et al. 2016), we also found the same
tendency for DA in Oceanians (C10, P¼ 0.05; C8, P¼ 0.886;
C13, P� 0.999; fig. 1A, see supplementary Extended data table
S1 and supplementary information, Supplementary Material
online).

A possible concern with this analysis is that the germ cell
transcriptomes derived from infertile patients could in prin-
ciple be atypical. We therefore produced a new transcrip-
tomic dataset based on enriched populations of five
testicular cell types from fertile men (see supplementary in-
formation, Supplementary Material online). This allowed us
to define three broad groups of gene transcripts with elevated
expression signals in testicular somatic cells (P1), meiotic
spermatocytes (P2), and early haploid spermatids (P3; see
supplementary table S1, fig. S1 and supplementary informa-
tion, Supplementary Material online). Our data reveal again
that only genes with a meiotic expression pattern (P2) were
significantly enriched in autosomal regions of low NA (Fisher’s
exact test P¼ 3.7e-8 for European and P¼ 1.1e-9 for East-
Asian populations) and DA (P¼ 0.01 for Oceanians popula-
tions; fig. 1B and see supplementary Extended data table S1,
Supplementary Material online). We also found that meiotic
genes (P2) in reduced DA regions (inferred in Oceanian pop-
ulations) overlap significantly with those in reduced NA re-
gions (hypergeometric test, P¼ 9.7e-6 for European and
P¼ 1.8e-4 for East-Asian populations; see supplementary fig.
S6, Supplementary Material online). In addition, the overlap in
meiotic genes (P2) significantly exceeds what might be ex-
pected based on the overall overlap of reduced archaic intro-
gressions (hypergeometric test, P¼ 4.6e-12 and P¼ 5.3e-14
for the overlap between DA regions and NA regions inferred
from European and East-Asian populations, respectively), sug-
gesting that alleles in common genes tended to be purged in
two groups of anatomically modern hominids.

As it has been observed that the entire X chromosome has
lower NA/DA levels than autosomes (Sankararaman et al.
2014, 2016), we investigated whether X-linked genes would
display a significant reduction of NA/DA, independent of
their expression. Using the Fisher’s exact test (see supplemen-
tary information, Supplementary Material online), our data
confirm that X-linked genes are all significantly associated
with regions of reduced ancestry, independent of their so-
matic (P1, Fisher’s exact test, P< 4.3e-10), meiotic (P2,

P< 3.6e-2), or postmeiotic (P3, P< 7.7e-4) expression pat-
tern (fig. 1C). When we performed gene-level analyses of
the X chromosome (performing a logistic regression of the
NA status in European populations of a gene against the
expression pattern) none of the expression patterns are as-
sociated with NA status (logistic regression one-sided P-value
P¼ 0.76, 0.07, and 0.62, respectively for P1, P2, and P3 states).
The only association that we find to be statistically significant
for chromosome X is between pattern C9 and NA (logistic
regression one-sided P-value P¼ 6e-4). We conjecture that
this lack of power is a result of the smaller number of genes on
chromosome X combined with the overall lower NA on the X
(see supplementary table S2, Supplementary Material online).
Finally, we further wanted to investigate whether meiotic
genes (P2) of low archaic ancestry would be uniformly orga-
nized all along the human chromosomes and observed that
they do not cluster in the genome physically (see supplemen-
tary fig. S2, Supplementary Material online).

Because of a massive chromatin remodeling leading to
progressive genomic silencing in haploid spermatids, several
genes critical for the spermiogenic phase are expressed earlier
on in meiotic spermatocytes (Iguchi et al. 2006; Gan et al.
2013). Thus, it is conceivable that low NA/DA genes tran-
scribed during the meiotic phase may be translated later on
during spermiogenesis and not be acting during meiosis. To
investigate whether regions of reduced ancestry would be
significantly associated with genes involved in the meiotic
process, we performed a Gene Ontology enrichment analysis
(see supplementary figs. S3 and S4, supplementary informa-
tion, Supplementary Material online). We observed that
meiosis-transcribed genes (P2 pattern) fulfill a range of bio-
logical functions necessary for spermatogenesis, including
meiotic machinery and spermatid differentiation up to sper-
matozoa (see supplementary fig. S3, Supplementary Material
online). Notably, we found that meiosis-related terms such as
“meiotic nuclear division” were significantly associated with
the P2 meiotic pattern (P¼ 2.3e-8; see supplementary fig. S3,
Supplementary Material online) and, unlike terms related to
post-meiosis, still remained highly significant when restricted
to autosomal “low NA” genes (P¼ 6.3e-3; see supplementary
fig. S4, Supplementary Material online).

As molecular factors are shared by male and female mei-
otic germ cells, we further explored whether similar phenom-
ena would also be observed with autosomal loci expressed in
oocytes. Whereas meiosis occurs after puberty in males, by
contrast, meiotic prophase I in the ovary initiates in primary
oocytes during embryonic development, is then arrested in
the diplotene stage, and resumes after puberty, at the time of
ovulation (Gondos et al. 1986). We thus interrogated a tran-
scriptomic dataset in which the transcriptional landmarks of
human prenatal germline development was established
(Gkountela et al. 2015). In the latter study, modules 1, 16,
24, and 2 were found to be highly representative of human
primitive embryonic stem cells (hESCs), primordial germ cells
(PGCs), male germ cells between 74 and 98 days of develop-
ment termed “male advanced germ cells” (mAGCs), and fe-
male meiotic germ cells between 67 and 93 days termed
“female advanced germ cells” (fAGCs), respectively (see
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supplementary table S1, Supplementary Material online). Our
results show that the female meiotic germline module (mod-
ule 2) overlaps significantly with male meiotic genes (P2 pat-
tern, hypergeometric test, P¼ 1.5e-91; see supplementary
Extended data table S1, Supplementary Material online).
Consistently, our data also reveal that regions of low NA/
DA are significantly associated with female meiotic genes
(module 2; NA: P¼ 1.6e-3 for Europeans and P¼ 6.1e-3 for
east-Asians; DA: P¼ 3.8e-3 for Oceanians) just as they are for
male meiotic genes (fig. 2 and see supplementary Extended
data table S1, Supplementary Material online).

Knowing that genes involved in reproduction, notably
testis-expressed genes, are subject to intense adaptive selec-
tion (Wyckoff et al. 2000; Swanson and Vacquier 2002;
Khaitovich et al. 2005), we were also concerned that meiotic
genes might be more subject to linked natural selection to
remove deleterious variation than most other genes in the
genome—a process that profoundly shaped the distribution

of archaic ancestry in modern humans (Juric et al. 2016; Harris
and Nielsen 2016). To also address this important issue, we
measured the heterozygosity in each gene in the genome in
sub-Saharan Africans without archaic admixture, which
should be sensitive to linked selection. We then repeated
our enrichment statistics within a logistic regression frame-
work after controlling for the heterozygosity within a gene in
sub-Saharan Africans as a surrogate for linked selection (see
supplementary information, Supplementary Material online).
The deficiency in archaic ancestry associated with meiosis (P2
expression pattern) actually became stronger after this con-
trol (logistic regression one-sided P-values of 3.3e-9 for NA in
1,000 Genomes Europeans, 5.0e-11 for NA in 1,000 Genomes
East Asians, 9.7e-8 for NA for mainland Eurasians in the
Simons Genome Diversity Project (SGDP) and 9.9e-4 for
DA inferred from Oceanians individuals in SGDP; see supple-
mentary table S3, Supplementary Material online). We also
replicated this result after controlling for a B-statistic which

FIG. 1. Enrichment of meiotic expression genes in regions deficient in Neanderthal and Denisovan ancestries using the Fisher’s exact probability
(Gaussian hypergeometric test). (A) Chalmel et al. defined a set of 13 expression clusters (termed C1–13) associated with peak expression in the
different testicular cell types (top row) (Chalmel et al. 2012). Clusters C1–C7 correspond to genes expressed in somatic testicular cells including
prepubertal somatic cells (C1), steroidogenic Leydig cells (LC, C2–4), and Sertoli cells (SC, C5–7). Clusters C8–C13 are gradually associated with loci
preferentially expressed in germ cells: the mitotic spermatogonia (C8 and C9), meiotic spermatocytes (C10), and postmeiotic haploid spermatids
(C13). (B and C) Analysis of the transcriptional landscape of testicular cell populations yields three broad expression patterns associated with peak
expression in somatic cells (P1), meiotic spermatocytes (P2) and postmeiotic spermatids (P3) (top row). Enrichment of autosomal (A and B) and X-
linked (C) genes belonging to each cluster is evaluated for each region deficient in NA and DA by calculating the Fisher’s exact probability (Gaussian
hypergeometric test). (A–C) Results are given for the Neanderthal introgression map inferred from the genomes of present-day European and east-
Asian (from 1,000 Genomes project) individuals and for the Denisovan introgression map in the genome of present-day Oceanian individuals
(Simons Genome Diversity Project, SGDP). The names of expression cluster are indicated on top of each column. Associated P-values as well as
numbers of genes as observed and expected by chance are given within rectangles that are color-coded with red and blue indicating over- and
under-representation, respectively, according to the scale bar on bottom. Numbers in bold indicate significant over-representation.
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measures the strength of background selection within a gene
(see supplementary table S3 and supplementary information,
Supplementary Material online).

Genes that control reproduction have been shown to
evolve rapidly likely due to the effects of positive selection
(Wyckoff et al. 2000; Swanson and Vacquier 2002). To test if
positive selection could explain the enrichment of archaic
ancestry in reproductive genes, we repeated the above anal-
yses after removing: 1) Genes that show evidence for recent
selection (as identified from composite of multiple signals as
well as long-range haplotype tests; Grossman et al. 2013) in
the CEU population (Utah residents with northern and west-
ern European ancestry); 2) In each of CEU, CHBþ JPT (Han
Chinese from Beijing, China, and Japanese from Tokyo, Japan)
and YRI (Yoruba from Ibadan, Nigeria) populations; and 3)
Positively-selected genes on the human lineage identified by
human–chimp comparisons (Bakewell et al. 2007). A logistic
regression of NA in 1,000 Genomes Europeans on expression
stage revealed a consistent and statistically significant associ-
ation of NA with meiotic expression pattern P2 (logistic re-
gression P-values of 7.8e-11, 4.3e-11 and 4.9e-11 in analysis 1,
2, and 3, respectively; see supplementary table S4,
Supplementary Material online). Neither the somatic expres-
sion patterns P1 nor the post-meiotic expression pattern P3
showed a significant association across any of the analyses.
We also repeated each of the above three analyses by includ-
ing local heterozygosity in sub-Saharan Africans and obtained
consistent results (logistic regression one-sided P-values of
4.9e-9, 2.2e-9, and 3.4e-9 for P2 across the three analyses;
see supplementary table S4, Supplementary Material online).
Thus, the deficiency of NA ancestry in genes expressed in
meiotic spermatocytes persists after removing genes subject
to strong positive selection (the reduction in significance of
P-values in this analysis suggests some contribution from pos-
itive selection but could also be a result of the smaller number
of genes in the analysis).

Finally, to assess the robustness of our results to the binary
classification of each gene (as depleted in archaic ancestry or
not), we repeated our analyses by instead performing a linear
regression of the average of the marginal probability of NA
inferred in 1,000 Genomes European populations
(Sankararaman et al. 2014) and obtained concordant results
(Linear regression one-sided P-value¼ 3.1e-13 for P2; 0.99 for
P1; and 0.49 for P3; see supplementary tables S5 and S6,
Supplementary Material online).

Discussion
Recently, it has been shown that testis-specific loci are en-
riched in autosomal genomic regions with a reduced fre-
quency in archaic hominin alleles (Sankararaman et al.
2014, 2016). Only very few of those genes predominantly
expressed in the testis (10%) are transcribed during the mi-
totic phase of spermatogenesis or in the somatic cell popu-
lations (Chalmel et al. 2012). Indeed, the vast majority (90%)
of testis-specific genes are exclusively produced during the
meiotic phase (�30%), when genetic recombination occurs
thanks to exchange of genetic material between homologous
chromosomes, and during the postmeiotic phase (�60%),
when haploid spermatids metamorphose into spermatozoa
(Jegou 1993; Wassarman et al. 2001; Chalmel et al. 2012). It
was thus hypothesized that, among all genes expressed in the
testis, low NA or DA regions would be significantly associated
with autosomal genes showing peak expression in haploid
spermatids and, to a lesser extent, in meiotic spermatocytes.
The current study reveals that a significant association was
only detected with the meiotic phase but not with the so-
matic cell populations, the mitotic phase, nor even with the
postmeiotic phase. It is known that genes showing peak ex-
pression in spermatocytes are not strictly committed to the
meiotic process as a number of them encodes proteins in-
volved in the later steps of spermatogenesis (see supplemen-
tary fig. S3, Supplementary Material online; Iguchi et al. 2006;
Gan et al. 2013). Our functional analysis indicates that
meiosis-transcribed genes present in low NA/DA autosomal
regions are predominantly associated to the meiotic machin-
ery itself but not to spermatid differentiation (see supplemen-
tary fig. S4, Supplementary Material online). In agreement
with this, we demonstrate that the enrichment of meiotic
genes in regions with reduced archaic ancestry also applies to
oogenesis when meiosis occurs, suggesting that natural selec-
tion most probably worked to remove deleterious archaic-
derived alleles from genes involved in meiosis as such.
Notably, among the 3,950 meiotic genes present in low
NA/DA autosomal regions (see supplementary Extended
data table S1, Supplementary Material online), 249 and 236
are related to gamete defects and infertility, respectively, in-
cluding 89 directly associated to abnormal meiosis such as
RAD51C and DMC1 (Matzuk and Lamb 2008). Although it
has already been shown that the hybrid infertility may also
occur in the homogametic sex (Barbash and Ashburner 2003)
including in the early stages of speciation in rodents (Suzuki
and Nachman 2015), it is worth noting that our findings still
remains compatible with “Haldane’s Rule” (Coyne 1985) as

FIG. 2. Enrichment of genes expressed in human prenatal germline cells
in regions deficient in ancient hominin ancestries. Gkountela et al. de-
fined a set of 39 modules of co-expressed transcripts including four
highly representative of human embryonic stem cells (hESCs, module
1), primordial germ cells (module 16, PGCs), male advanced germ cells
(module 24, mAGCs) and female advanced germ cells (fAGCs, module 2)
(Gkountela et al. 2015). As in figure 1, P-values corresponding to enrich-
ment of autosomal genes belonging to each of those four modules are
calculated for each genomic region of reduced archaic ancestry using the
Fisher’s exact probability (Gaussian hypergeometric test).
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the gene sets expressed in male and female meiotic germ cell
types are correlated.

Our findings also suggest that meiosis involves a high num-
ber of speciation genes (Mihola et al. 2009; Nosil and Schluter
2011). The reduced hybrid fertility is plausibly due to
“Dobzhansky–Muller incompatibilities”, that is, combinations
of alleles on meiotic genes that have never previously been
exposed to each other. These incompatibilities can result in
perturbation of meiosis in germ cells through abnormal chro-
mosomal behavior interfering with gamete production and
quality, as well as with embryonic development (Martin 2006;
Handyside 2012). These observations are also consistent with
the suggestion that the reproductive fitness of archaic–mod-
ern human hybrids was probably marginal, as in hybrids of
genetically divergent lineages in other taxa (Rhymer and
Simberloff 1996; Corbett-Detig et al. 2013; Banes et al.
2016). Recently, it has been suggested that the reduced fitness
of Neanderthal-modern human hybrids is a result of the in-
creased load of deleterious alleles in Neanderthals due to their
reduced effective population size since speciation (Harris and
Nielsen 2016; Juric et al. 2016).

An investigation on recent changes in the human genome
identified that chromosomal rearrangements between mod-
ern humans and Neanderthals (although not Denisovans)
also occurred preferentially in the vicinity of testis-specific
genes, consistent with the hypothesis of hybrid infertility
(Rogers 2015). In addition, a comparison of the
Neanderthal and modern human Y chromosomes has shown
that all three genes with functional missense mutations that
differentiate Neanderthals from modern humans are male-
specific minor histocompatibility genes, providing some ad-
ditional evidence of reproductive isolation between the two
groups (Mendez et al. 2016). We note that hybridization be-
tween modern and archaic humans was not only deleterious;
it also had positive consequences for certain classes of genes,
probably helping modern humans to expand into environ-
ments to which the archaic humans were already adapted
due to hundreds of thousands of years of local evolution
(Racimo et al. 2015). Understanding the relative importance
of positive and negative selection on archaic alleles segregat-
ing in non-African people today—that is, in successful pop-
ulations that emerged from the Neanderthal-modern
hybridization events—is an important direction for future
research.

Materials and Methods
Detailed descriptions of materials and methods are provided
in supplementary information, Supplementary Material
online.

Identification of Genes Depleted in the Archaic
Ancestries
To assess whether a gene is depleted for each of the archaic
ancestries, we used previously published maps of NA and DA
(Sankararaman et al. 2014, 2016). As defined these studies, we
declared a gene as depleted in NA/DA if all SNPs across all
individuals were assigned a marginal probability of

NA/DA� 10% (Sankararaman et al. 2014). We derived sets
of genes depleted in archaic ancestry from four maps: maps of
NA inferred from Europeans and East Asians in the 1,000
Genomes Project (Sankararaman et al. 2014), a map of NA
inferred from mainland Eurasians in the SGDP data
(Sankararaman et al. 2016) and a map of DA in Oceanians
also inferred from the SGDP data (Sankararaman et al. 2016).
In total, these studies identified 8,475 genes (7,874 autosomal
loci) of European individuals and 9,300 genes (8,738 autoso-
mal loci) of East-Asian individuals associated with low NA
regions as well as 14,475 genes (13,751 autosomal loci) of
Oceanians associated with low DA regions (see supplemen-
tary table S1 and Extended data table S1, Supplementary
Material online). To assess the robustness of our results to
the binary classification of each gene, we also repeated our
analyses using the marginal probability of archaic ancestry at
each gene (a number between 0 and 1; see supplementary
tables S5 and S6, Supplementary Material online). Specifically,
for each gene we computed the average of the marginal
probability of NA inferred in 1,000 Genomes European pop-
ulations (Sankararaman et al. 2014). Note that we also used
the number of NA/DA single nucleotide polymorphisms
(NA/DA SNPs) per gene as defined in both studies
(Sankararaman et al. 2014, 2016).

Testing the Relationship between Archaic Ancestry
and Testicular Cell Populations
We wanted to test if archaic ancestry is reduced in genes that
are highly expressed in a given testicular cell population using
the Fisher’s exact probability (Gaussian hypergeometric test).

To account for potential differences in the strength of
linked selection across these sets of genes, we set up two
distinct statistical tests (heterozygosity, B-statistics, c.f. see sup-
plementary information, supplementary tables S2 and S3,
Supplementary Material online) for each cell population
where the response is whether a gene is depleted in archaic
ancestry and the covariates consist of 1) whether the gene is
expressed in the chosen cell population and 2) a statistic that
measures the strength of linked selection near the gene. We
restricted the statistical analysis to genes that are found to be
differentially expressed in the dataset analyzed. We applied
these tests in a number of different settings: 1) Archaic intro-
gression maps: NA in 1,000 genomes Europeans, NA in 1,000
genomes East Asians, NA in SGDP Europeans, DA in SGDP
Oceanians; 2) Genes on the autosomes and chromosome X;
3) Autosomal genes after removing genes listed in positive
selection scans. Reported is the one-sided P-value associated
with the cell population of the test under the null hypothesis
that archaic ancestry is not depleted in genes that are ex-
pressed in that cell population (see supplementary table S4,
Supplementary Material online).

Finally, we also employed linear regression to test the re-
lationship between the average marginal probability of NA in
1,000 Genomes Europeans and whether a gene is expressed in
a chosen cell population (see supplementary tables S5 and S6,
Supplementary Material online).
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Supplementary Material
Supplementary data are available at Molecular Biology and
Evolution online.
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