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HUMAN GENETICS

Interbreeding between
Neanderthals and modern humans

was strongly sex biased
Alexander Platt'*+, Daniel N. Harris'f, Sarah A. Tishkoff?*

Sex biases in admixture and other demographic processes are
recurrent features throughout human evolution. For admixture
between Neanderthals and anatomically modern humans
(AMHs), sex bias has been proposed as an explanation for the
relative lack of Neanderthal ancestry in modern human

X chromosomes compared with that in modern human
autosomes. By observing a 62% relative excess of AMH ancestry
in Neanderthal X chromosomes, we characterized the
interbreeding between the two groups as predominantly male
Neanderthals with female AMHs. Analytic and numerical
modeling presents mate preference as a more parsimonious
cause of the sex bias than purely demographic processes with
differential patterns of male and female migration.

One of the notable features evident in alignments of Neanderthal genomes
to those of modern humans is the presence of “Neanderthal deserts”
within modern human genomes: genomic regions where Neanderthal alleles
are conspicuously rare in the modern human (and ancient modern
human) gene pool. These comprise several megabases scattered through-
out the autosomes as well as most of the X chromosome (7-4). A recent auto-
somal genomics study showed a correlation between Neanderthal deserts
in the modern human genome with regions of the Altai Neanderthal
genome that lacked introgression from early modern humans, sug-
gesting that these shared deserts represent genomic incompatibility
loci resulting from incipient speciation between the two groups (5).
This observation leaves two broad categories of hypotheses regarding
the Neanderthal deserts across the modern human X chromosomes:
(i) The lack of Neanderthal loci amongst the X chromosomes in the mod-
ern human gene pool is a result of natural selection preferentially
removing Neanderthal alleles from the X chromosome (6-9), or (ii) the
contribution of Neanderthal X chromosomes was reduced from the
very beginning (10) and represents an original interbreeding that was
biased toward male Neanderthals and female anatomically modern
humans (AMHSs).

To resolve these hypotheses, we need to understand the evolutionary
fate of AMH alleles within the Neanderthal population. Although we
do not have any Neanderthal genomes that postdate the admixture 45
to 49 thousand years ago (ka) (3, 4) that introduced Neanderthal an-
cestry to the modern human gene pool, we do have data from an earlier
introgression event ~250 ka that led to the Altai Neanderthal genome
exhibiting AMH ancestry (5, 11, 12). If the characteristic phenomenon
that led to the lack of Neanderthal X chromosomes in the modern
human gene pool was conserved across AMH-Neanderthal interbreed-
ing events, then the different proposed mechanisms lead to radically
different predictions regarding the patterns of AMH introgression in
Neanderthal X chromosomes. We used the natural experiment pro-
vided by early AMH gene flow into Neanderthals to systematically test
these predictions as outlined in Table 1.
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To characterize AMH introgression in Neanderthals, we used the
local introgression identification tool IBDmix (13) to compare a refer-
ence panel of genomes from 73 women from three modern human
sub-Saharan African populations, which were previously shown to
contain <0.1% Neanderthal ancestry [the !Xoo and Ju|’hoansi, Khoesan
forager populations from Botswana, and the Chabu, foragers from south-
west Ethiopia who speak an unclassified language related to Nilo-
Saharan (5)], with Neanderthal genomes. We primarily focused on the
Altai Neanderthal, a female specimen with the oldest high-quality
Neanderthal genome sequence [dated to 122 ka (14, 15)] and likely sim-
plest admixture history (11) but also considered the female Neanderthal
specimens from Chagyrskaya [dated to 80 ka (16)] and Vindija [dated
to 52 ka (15) as well.

Analysis of natural selection against genomic incompatibilities
For autosomal regions of AMH genomes where Neanderthal alleles are
missing from the modern human gene pool (“archaic deserts”), ho-
mologous Neanderthal regions typically lack AMH introgressed alleles
(5). This mutual pattern is consistent with standard models of speciation
(I7-20) where alleles acquire population-specific interactions with
other loci in their genomes and produce deleterious effects when placed
in the context of the other population’s genomic background. In this
scenario, the archaic deserts would be regions of the genome with in-
creased probability of lineage-specific nucleotide substitutions causing
hybrid incompatibilities (21). Across species with hemizygotic X chromo-
somes, it is common for protein-coding regions on X chromosomes to
diverge more quickly between isolated populations, as selection can act
more readily on variants that would otherwise be hidden as recessive
[e.g., (22-27)]. If this “faster X effect” had enriched diverging AMH and
Neanderthal X chromosomes for reproductive incompatibilities, then we
would expect to find not only a lack of Neanderthal alleles in modern
human X chromosomes but a lack of AMH alleles in Neanderthal X chro-
mosomes as well.

Taking the ratio of total AMH introgressed regions to the total size
of the genome accessible to IBDmix analysis, we calculated that the
Altai Neanderthal’s X chromosomes contain significantly elevated pro-
portions of AMH ancestry compared with the autosomes (1.62-fold
higher, positional resampling P = 0.0046; Fig. 1). The Chagyrskaya
and Vindija Neanderthals also have X:autosome introgression ratios
significantly above 1 (positional resampling P = 0.0001 and P < 0.0001,
respectively) (fig. S1). This result indicates that there is no strong selec-
tion against gene flow between AMH and Neanderthals specific to the
X chromosome and that the lack of Neanderthal alleles in the modern
human gene pool is not simply the result of excess incompatibility loci on
the X chromosome. The historical effective population size of the Altai
Neanderthals and their ancestors is not a substantial factor in this con-
clusion, as genetic drift does not alter the expectation of allele frequen-
cies in average across loci (28, 29).

Analysis of natural selection against elevated Neanderthal
mutational load

It has been hypothesized that the larger population size of early AMH
compared with that of Neanderthals allowed the early AMH to more
effectively purge the population of mildly deleterious mutations and
that the accumulation of this greater mutational load in Neanderthals
led to their alleles being selectively disfavored compared with those
found in AMH [e.g. (9, 10, 30)]. This phenomenon would predict that
natural selection would also enrich the Neanderthal genome for AMH
alleles at functionally important loci. Harris et al. (5) showed that this
was not the case in Neanderthal autosomes, where protein-coding
regions are less likely to carry AMH alleles than other regions, and we
found a similar pattern in the X chromosome. As shown in Table 2,
introgressed regions in the Altai Neanderthal X chromosome on aver-
age contain smaller proportions of protein-coding exons, transcription
factor binding sites, and enhancers than the background rate of the
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Table 1. Hypothetical causes of lack of Neanderthal X chromosomes in modern human populations. We considered four hypotheses explaining the observed lack of Neanderthal
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ancestry in modern human X chromosomes. Each produces a distinct prediction for the pattern of AMH introgression in Neanderthals.

Class of driving phenomenon

Mechanism

Prediction

Support from data

Natural selection. The AMH X
chromosome initially had Neanderthal
ancestry levels comparable to that of
AMH autosomes, but natural selection
favored AMH X chromosomes with
less Neanderthal ancestry.

Genomic incompatibility with
accelerated functional divergence
on the X chromosome (faster
Xeffect)

Increased selection against introgressing
alleles will leave the Neanderthal X chromo-
some with less AMH ancestry than Neanderthal
autosomes. This is the pattern seenin

specific autosomal regions where AMH lack
Neanderthal ancestry.

Rejected. Neanderthal X chromosomes
contain more AMH ancestry than
Neanderthal autosomes.

AMH X chromosome advantage or
mutational load

Neanderthal X chromosomes will preferentially
retain AMH alleles at functionally important
loci.

Rejected. Neanderthal X chromosomes
have preferentially retained AMH alleles in
nonfunctional regions.

*Sex-biased admixture. Bias favoring
female AMH and male Neanderthals
during initial admixture introduced
relatively fewer copies of Neanderthal X

Sex-biased demographic processes

Purely demographic models with sex-biased
migration patterns can explain relative X and
autosome introgression levels without explicit
mate preference.

Possible. Without mating preference, the
relative level of AMH ancestry on
Neanderthal X chromosomes can only be
reached through complex demographic

chromosomes to the AMH gene pool
than it did Neanderthal autosomes.

models with multiple stages of distinctly
biased admixture.

*Ancestry-specific mating
preference

*The hypothesis offering the most parsimonious explanation.

1.25
Ratio of AMH ancestry (Altai chrX:chr1-22)

0.75 1.00 150 175 200 225 250

Fig. 1. Ratio of proportion of AMH introgressions in Neanderthal X chromosomes
to AMH introgression in Neanderthal autosomes. By resampling AMH introgres-
sions from 300 10-Mb autosomal windows and 16 X chromosome (chrX) windows, we
made 10,000 pseudoreplicas of introgressed Neanderthal genomes. The red dashed
line indicates the ratio observed in the true Altai genome. Selection against gene flow
on the X chromosome would predict a value < 1 (solid black line). Simple sex-biased
demographic models can only explain ratios up to 4:3 (blue dotted line).

chromosome. These and comparable results derived from the Vindija and
Chagyrskya Neanderthals (table S1) indicate that the excess AMH an-
cestry found on the Neanderthal X chromosome is preferentially located
outside of the most functional parts of the genome, not within them,
and that the Neanderthal X chromosomes did not suffer from suffi-
cient mutational load to cause them to be generally deleterious com-
pared with AMH X chromosomes. Although there was indeed selection
against gene flow of functional alleles similar to that found in the
autosomes, this was not likely sufficient to drive the broad lack of
Neanderthal ancestry in the modern human X chromosome gene pool.
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*Consistent mate preference patterns
can explain relative X and autosome
introgression levels.

*Plausible. Either “general preference
for males with Neanderthal ancestry” or
“general preference for females with AMH
ancestry”is sufficient to explain

all observations.

Analysis of sex-biased demographic processes

Humans, as is common for mammals, have often been observed to
have different demographic and dispersal processes for males and
females, leading to sex-biased patterns of admixture [e.g. (31-37)]. A
patrilocal scenario in which female AMHs are more likely than males
to relocate to their mate’s population of origin would by itself lead to
arelative excess of AMH introgression on the Neanderthal X chromo-
some compared with that on the Neanderthal autosomes, even without
any particular individual mate preference. However, as shown in Fig. 1,
we estimate that the relative excess of Neanderthal X chromosome
AMH ancestry is 1.62. Even the most extreme form of simple sex-biased
demographic admixture, one with exclusively female migration (lead-
ing to all interbreeding females being AMH), would only result in a
ratio of 4:3 (1.33) [(38, 39), Fig. 2A, and supplementary text]. Fur-
thermore, the composition of Neanderthal Y chromosomes indicates
there was at least some interbreeding between male AMH and female
Neanderthals (40).

Not only is it not possible to elevate the X:autosome introgression
ratio over 4:3 with only a single sex-biased introgression, it is also not
possible to elevate the X:autosome introgression ratio over 4:3 with
repeated female AMH migration into Neanderthal populations (Fig. 2B
and supplementary text). To get ratios higher than this through purely
demographic processes would require at least a two-phase process
with distinct sex biases at each phase, such as an initial female-majority
AMH migration into one Neanderthal population followed by a female-
majority migration from the first Neanderthal population into a second
Neanderthal population who comprise the ancestors of the Altai indi-
vidual (Fig. 2C and supplementary text).

For sex-biased demographic processes to then also account for the
lack of Neanderthal X chromosomes in the modern human gene pool
would further require the later migration into AMH to be the inverse:
a matrilocal scenario with preferentially male Neanderthal reloca-
tion into- AMH populations to lower the AMH X:autosome ratio of
Neanderthal ancestry.

Analysis of ancestry-specific mating preference

Even in the absence of sex-biased migration patterns, a simple model
of mate preference is sufficient to explain the elevated X:autosome
AMH introgression ratio in Neanderthals (Fig. 2D). Numerical simulations
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Table 2. Analysis of functional annotations within X chromosome introgressed
regions. The X chromosome introgressed regions of the Altai Neanderthal are
depleted of functionally annotated elements.

X chromosome
introgressed Relative Resampling
Genome regions® Annotation composition® P value®
Exons 0.83 0.27
Transcription factor | 0.81 0.1
Altai 338 binding sites
Enhancers 0.74 0.007
Combined 0.59 <1x107°

“Number of introgressed elements.

PRelative average proportion of each introgressed region corresponding to a particular functional annotation
compared with the total (masked) X chromosome. Numbers less than one indicate a relative depletion of
functional elements.

°Proportion of 100,000 resampling-with-replacement replicate sets of introgressed regions with average
relative compositions greater than one.
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Fig. 2. Evaluation of mechanisms of sex-biased admixture. (A to C) Diagrams of
purely demographic processes. Circles indicate populations, and AMH and N
designate unadmixed AMHs and Neanderthals, respectively. Altai represents the
population from which the Altai individual is descended. Red and blue arrows
represent female- and male-majority contributions, respectively. (D) The middle 95%
from 2500 numerical simulations of generation-by-generation Neanderthal
X:autosome AMH introgression ratios, starting with an initial 5% admixture proportion
at generation zero biased toward introgressing females. Subsequent generations
include a bias favoring pairs of male Neanderthals with hybrid females over female
Neanderthals with hybrid males. The gray shading behind panels (A) and (B) indicates
that the models were unable to explain observed Neanderthal X:autosome AMH
introgression ratios over 4:3.
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indicate that a preference for AMH females or females of predomi-
nantly AMH ancestry over AMH males or males of predominantly
AMH ancestry could have quickly driven the Neanderthal X:autosome
AMH introgression ratio to greater than 4:3 shortly after a simple
introgression event. This phenomenon can be seen across a wide spec-
trum of model parameters and implementation details (fig. S2). The
same direction of preference also explains the direction of deviation
of Neanderthal X:autosome introgression ratio in modern humans
(fig. S3), though the effect captured by these simulations is not as
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extreme. Mate preference is therefore a parsimonious mechanism for
explaining the sex bias that we inferred in the AMH-Neanderthal ad-
mixture process, but it does not exclude the possibility of demographic
sex biases playing an important role. The rapidity with which mating
preference alters the introgression proportion is consistent with the ob-
servation that Neanderthal deserts appear on the X chromosomes of even
the earliest Eurasian AMH genomes (3).

Although we rejected both broad natural selection limiting X chromo-
some gene flow between AMH and Neanderthals and broad selection
favoring functional AMH X chromosome alleles as sufficient hypoth-
eses for driving the observed patterns of AMH-Neanderthal intro-
gression, we did not rule out more complicated scenarios combining
selection and sex biases, such as natural selection acting as a modifying
force on top of the strong signature left by sex bias. Furthermore, al-
though we showed mate preference to be a parsimonious explanation
for sex bias over purely demographic models, they are not mutually
exclusive; differential migration and mate preference may all have
been at play simultaneously. Indeed, the depletion of AMH introgres-
sion in putatively functional parts of the Neanderthal X chromosome
(compared with the chromosome as a whole), and the extreme lack of
Neanderthal introgression in AMH X chromosomes suggests that
something such as the faster X hypothesis may well be supplementing
the bias in mate preference. In addition to evolutionary and demo-
graphic forces driving chromosomal-scale patterns in genomic compo-
sition, individual loci may have experienced distinctive forces shaping
the apportioning of their diversity, including instances of adaptive
introgression and other forms of natural selection [e.g., (41-43)].
Neutral demographic processes, including deep structure of early mod-
ern humans as proposed by Ragsdale et al. (44), do not provide a
mechanism for differential introgression rates between autosomes and
X chromosomes. However complex a demography may be, if males
and females follow the same patterns and natural selection is not
generating a chromosome-specific filter for or against gene flow, then
both the X chromosome and the autosomes will, on average, receive
the same amount of introgression [e.g., (9, 45, 46)]. Fundamentally,
the patterns that we observed in AMH-Neanderthal divergence and
hybridization follow traditional processes of speciation and were likely
colored by a persistent preference for pairings between males of pre-
dominantly Neanderthal ancestry and females of predominantly AMH
ancestry over the reverse. The bias that we inferred seems to have
remained consistent across admixture events separated by 200,000
years. Although we do not know what drove the biases in either event,
the potential for preferences in mate choice to persist across time and
space have been documented in both human and animal studies
[e.g., (47-52)].
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Editor’'s summary

Although a low level of Neanderthal ancestry is present in most humans, these regions are not uniformly distributed.

A handful of regions in the autosome are entirely devoid of such ancestry in essentially all living humans, and the X
chromosome is strongly depleted across its sequence. Platt et al. modeled the possible demographic processes and
selection that could have produced this pattern. They found that these patterns are most consistent with Neanderthal
contributions to human populations being heavily male biased. The concurrent additional depletion in functional regions
on the X chromosome suggests that the effects of this skew may have been strengthened by negative selection on
Neanderthal variants. —Corinne Simonti
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