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INTRODUCTION: Incomplete lineage sorting
generates gene trees that are incongruent with
the species tree. Incomplete lineage sorting
has been described in many phylogenetic clades,
including birds, marsupials, and primates. For
example, the level of incomplete lineage sort-
ing in the human-chimp-gorilla branch adds up
to ~30%, which means that, even though our
closest primate relatives are chimps, 15% of
our genome resembles more the gorilla than the
chimp genome, and another 15% groups the
chimp with the gorilla first.

RATIONALE: Although incomplete lineage sort-
ing is usually regarded as an obstacle for phy-
logenetic reconstruction, it holds valuable
information about the evolutionary history
of the species because its extent depends on
the ancestral effective population sizes and
the time between speciation events. Addition-
ally, recurrent ancestral selective processes
are expected to influence how the proportion
of incongruent trees varies along the genome,
which makes incomplete lineage sorting a
useful tool to study ancient evolutionary events.
In this study, we estimate the incomplete lineage
sorting landscape by running a coalescent
hidden Markov model in species trios along a
50-way primate genome alignment. We then
leverage the signal of incomplete lineage sort-
ing to reconstruct ancestral effective popula-

Inference of the speciation history
and the genomic landscape of
natural selection in primates from
patterns of incomplete lineage
sorting. CoalHMM was used to capture
the signal of incomplete lineage sorting
(ILS) segments along the genomes

of 50 primate species and to estimate
coalescent parameters—i.e., the ancestral
effective population sizes and speciation
times. Moreover, the genome-wide
variation in the levels of incomplete
lineage sorting allowed for the inference
of selective processes in primates. ChrX,
X chromosome.
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tion parameters and to analyze the genomic
determinants that influence the sorting of
lineages.

RESULTS: We find widespread incomplete line-
age sorting across the primate tree in 29 nodes,
some reaching as much as 64% of the genome.
Combining CoalHMM with a machine learning
pipeline, we reconstruct the speciation times
of the primate phylogeny without the need for
fossil calibrations. Our speciation time estimates
are more recent than divergence times, and
they are in agreement with previous estimates
based on fossil evidence. Our reconstructed
ancestral effective population sizes show that
they increase toward the past.

We additionally detect regions that have
low or high incomplete lineage sorting levels
consistently across several nodes. We show
that incomplete lineage sorting proportions
increase with the recombination rate in the
genomic region—a difference that translates
into an up to fourfold variation in the inferred
local effective population size. Moreover, we
report low levels of incomplete lineage sorting
on the X chromosome. This reduction is more
pronounced than expected under neutral evo-
lution, which suggests that selective forces
affect the X chromosome more strongly than
the autosomes, reducing the effective popu-
lation size of the X chromosome and, sub-
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We further assess how selection affects the
distribution of incomplete lineage sorting pat-
terns by comparing the incomplete lineage
sorting proportions of exons with those in
intergenic regions. We find that there is an
overall decrease in the levels of incomplete
lineage sorting in exons that amounts to a re-
duction of 31% in the local effective popula-
tion size as compared with intergenic regions.

Finally, we perform a gene ontology enrich-
ment analysis on low- and high-incomplete
lineage sorting genes. We find that immune
system genes show large proportions of in-
complete lineage sorting for many of the nodes,
whereas housekeeping genes with basic cell
functions show a lack of incomplete lineage
sorting.

CONCLUSION: Most molecular-based methods
that aim at timing a species tree provide es-
timates of divergence times, which are con-
founded by ancestral population sizes compared
with the actual speciation times. We showed
that using the coalescent theory and the sig-
nal of incomplete lineage sorting allows us to
accurately estimate speciation times and an-
cestral population sizes in the primate tree,
gaining key insights regarding some aspects
of primate biology. Our study also empha-
sizes the prevalence of natural selection at
linked sites that shapes the landscape of both
genetic diversity and incomplete lineage sort-
ing along the primate genome.
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Incomplete lineage sorting (ILS) causes the phylogeny of some parts of the genome to differ from

the species tree. In this work, we investigate the frequencies and determinants of ILS in 29 major
ancestral nodes across the entire primate phylogeny. We find up to 64% of the genome affected by ILS
at individual nodes. We exploit ILS to reconstruct speciation times and ancestral population sizes.
Estimated speciation times are much more recent than genomic divergence times and are in good
agreement with the fossil record. We show extensive variation of ILS along the genome, mainly driven
by recombination but also by the distance to genes, highlighting a major impact of selection on
variation along the genome. In many nodes, ILS is reduced more on the X chromosome compared
with autosomes than expected under neutrality, which suggests higher impacts of natural selection

on the X chromosome. Finally, we show an excess of ILS in genes with immune functions and a deficit
of ILS in housekeeping genes. The extensive ILS in primates discovered in this study provides
insights into the speciation times, ancestral population sizes, and patterns of natural selection that

shape primate evolution.

omparative genomics can offer insights
into population processes deep in phy-
logenetic history. As a result of recom-
bination, different parts of our genomes
have different genealogical histories (7, 2).
Therefore, when speciation occurs, the genes
of the resulting descendants can be traced
back to different ancestors, each coalescing
at different times that stochastically depend
on both the species population size and nat-
ural selection acting on each gene. If the time
between two consecutive speciation events is
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short and/or the effective population size (Ne)
is large, then genes from the two most closely
related species may coalesce deeper in the past
than the time of the oldest speciation event.
This can result in genealogical histories that
are different from the species tree—a phenome-
non called incomplete lineage sorting (ILS).
ILS has affected the evolutionary history of the
human genome as well as many other groups
(8-5). Around 30% of the human genome does
not follow the ((human, chimpanzee), gorilla)
speciation tree (2, 6-8), with 15% of nucleotide
positions grouping human and gorilla, and
15% grouping gorilla and chimpanzee.

Although the phylogenetic incongruences
produced by ILS can hamper gene tree recon-
struction from single loci, they offer an oppor-
tunity to learn about the population history
of species sitting in deep ancestral branches
of the phylogeny (6, 9-11). We can, for exam-
ple, estimate the actual times when species
split as opposed to the more ancient average
time to the most recent common ancestor, and
we can measure how natural selection, directly
or indirectly, affected the genomic diversity of
the ancestral species. For example, Dutheil et al.
(12) have concluded that the lack of ILS on
the X chromosome in the human-chimp an-
cestor first reported by Patterson et al. (13)
was likely a result of several episodes of very
strong positive selection.

The recent effort to de novo assemble a large
number of primate genomes makes it possible
to extend the study of ILS to many more nodes
across the primate phylogeny, allowing esti-
mation of the speciation times and the forces
that shaped genetic diversity in the ancestral
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species. With many independent replicates of
the ILS process, we can learn about common
targets of natural selection during primate di-
versification. In this work, we apply an ex-
tended version of the CoalHMM model (14) to
a whole-genome alignment of 50 primate spe-
cies (10 prosimians, 7 New World monkeys,
23 0Old World monkeys, and 10 great and
lesser apes). We report high levels of ILS on
29 of the total number of internal branches,
and we estimate dates of the speciation times
independently of fossil calibration that are in
concordance with available fossil evidence.
Additionally, we report recombination rate,
ancestral effective population sizes, and se-
lection as major genomic and functional de-
terminants that have shaped the patterns of
ancestral primate diversity.

Results
ILS is pervasive on most branches
of the primate tree

We applied CoalHMM to the internal branches
of the primate tree for 50 species used in Shao et al.
(15) and shown in Fig. 1A, using combinations
of quartets of species from the genome-wide
alignment (see the supplementary materials,
section 4). After filtering out ambiguously
aligned regions, we used posterior decoding to
infer segments of the alignment best supported
by either the species topology or any of the two
possible discordant topologies. Figure 1A shows
the level of autosomal ILS detected on indi-
vidual branches of the phylogeny. Branch lengths
represent estimated genomic divergence times
obtained by dividing substitution rates of the
ExaML Gamma model by an estimate of the
yearly mutation rate of each branch (supple-
mentary materials, sections 3 and 7). We found
appreciable genome-wide ILS proportions be-
tween 5 and 64% on 29 of the 49 branches,
which implies that, on these branches, a large
proportion of the genome follows a different
gene genealogy from that of the species tree
(Fig. 1A). The length distribution of the ge-
nome segments supporting the discordant
topologies (i.e., topologies V2 and V3 in Fig. 1A,
inset) depends mainly on the effective popu-
lation size of the examined branch and is
expected to follow a geometric distribution.
Except for a deficiency of very short segments,
this assumption is generally met in our anal-
ysis (fig. S7). We also show that the mean
length of segments supporting both the spe-
cies topology and the discordant topologies
varies substantially among nodes, with mean
lengths for discordant segments between 100
and 1000 base pairs for individual branches
(fig. S7). This shows that single genes, which
typically cover >20 kb in the genome, rarely
have just one phylogenetic history when ILS is
prominent.

A previous study based on the phylogenies
of 1700 genes concluded that hybridization

1of9

€202 ‘TO8aung uo A1isieniun Bueilyz e 610'90us 105  MMM//:SANY WOJ) papeo jUMod


mailto:mheide@birc.au.dk
mailto:guojiezhang@zju.edu.cn

RESEARCH |

PRIMATE GENOMES

Species topology

Vo A28

ARNA

Discordant topologies (ILS)

Proportion of

Node 7 |I| V2and V3

number

(&

g 15
ILS
level

ILS level

P. anubis

P. hamadryas
L. aterrimus

T. gelada

M. sphinx

M. leucophaeus
C. atys

M. mulatta

M. assamensis
M. silenus

M. nemestrina
C. aethiops

C. sabaeus

E. patas

C. mona

Juodeq

wpewidoased

A6 A

Deep coalescence topologies

Divergence tree

C. albogularis
R. roxellana
P. nigripes

Iy =]

T cr ilus
P. tephrosceles
C. guereza

P. paniscus

P. troglodytes
H. sapiens

G. gorilla

P. abelii

o2

H. l dys
S. syndactylus
H. pileatus

N. siki

S. midas

A. nancymaae
C. albifrons

A. geoffroyi

P. pithecia

T. bancanus
L. catta

I}
| 7318
56

N. bengalensi

150 140 130 120 110 100 90 80 70

5 o
o

N
(=)

Fossil record (MYA)
5 8
[2)

o
S

‘ﬁ,

)
S

60 50 40 30 20 10 O
CoalHMM estimate (MYA)

Speciation tree

60 50 40 30 20 10

Theropithecus (A,

-3 I
Nexto™ e
Papionini (C)

G. variegatus

P. anubis

P. hamadryas
L. aterrimus

T. gelada

-- M. sphinx
M. leucophaeus
- C. atys

- M. mulatta
M. assamensis
-+ M. silenus
M. nemestrina
C. aethiops

C. sabaeus

E. patas

C. mona

C. albogularis
R. roxellana

- P. nigripes
T. crepusculus
P. tephrosceles
C. guereza

P. paniscus

P. troglodytes
- H. sapiens
G. gorilla

P. abelii

H. leuconedys
S. syndactylus
- H. pileatus

- N. siki

S. midas

A. nancymaae
C. albifrons

A. geoffroyi

- P. pithecia

SePNeqoH Sepiuon seugo0D

el

souuojsieL

iusdans

Juodeq

seuIGoI0D WpawId0oie0

oepneqolfH SepIUIWOH

ke

Th
L. catta

‘sousioysiey.

Fig. 1. Phylogenetic tree of primates, with scaled divergence times or
speciation times as branch lengths. (A) Divergence time tree scaled with
estimated mutation rate for individual branches (supplementary materials,
section 7). Percentage ILS (the sum of V2 and V3 topologies; see inset) is
plotted as branch color and marked with numbers for those branches with >5%
of ILS. Only the subset of 38 species that were used to infer the ILS of the
colored branches are plotted for clarity. The two columns on top of each branch
show the relative frequency of bases attributed to V2 and V3, respectively.

The numbers in red denote individual branches referenced in subsequent figures.
The taxonomic classification is shown to the right of the phylogeny. (B) Speciation
time tree with branch lengths in units of million years (MYA) as estimated
from CoalHMM and scaled with estimated ancestral mutation rates for individual

Rivas-Gonzalez et al., Science 380, eabn44.09 (2023) 2 June 2023
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N. bengalensis
G. variegatus

branches (supplementary materials, section 7). The annotations in colored
rectangles refer to the inferred ancestral effective population sizes. Branches without
enough information to infer speciation times using CoalHMM (i.e., branches with
<5% ILS) are shown as dashed lines. Here, speciation times are instead estimated
by subtracting an assumed population size (the CoalHMM estimate of the
ancestral population size of the closest branch) from the divergence time
rescaled by mutation rate per generation (supplementary materials, section 10).
The inset panel shows the correlation between the split times estimated by
CoalHMM and the dated fossil record. Each point corresponds to an evolutionary
node in the right panel. Horizontal lines correspond to the bootstrapped standard
deviation of the estimated branch length, and vertical lines represent the
standard deviation of the fossil date estimates (data are shown in table S4).
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events are as common in the deeper branches
of the primate tree as they are today between
related extant species of many primate groups
16, 17). To estimate to what extent the phylo-
genetic incongruence that the model attributes
to ILS is affected by widespread hybridization
on the deeper branches, we investigated the
relative frequency, nucleotide divergence, and
length of the genomic fragments assigned to
the two discordant topologies on each inter-
nal branch. If explained by ILS, the three mea-
sures should all be equal for the two discordant
topologies, whereas hybridization is expected
to cause one of the discordant topologies to
be more frequent, and the genomic segments
supporting the predominant topology should
be, on average, longer and less divergent than
those supporting the other discordant topol-
ogy. On most of the 29 internal branches, we
observe near-equal proportions of genomic
positions assigned to the two discordant to-
pologies (see the proportions of V2 versus
V3 in Fig. 1A), and we find that the fragments
have very similar size distributions (fig. S7).
After correcting for different substitution rates
(supplementary materials, section 9), we also
find that segments with the two discordant
topologies are close to equally divergent (figs.
S17 and S19). Exceptions to these general pat-
terns are found within the recent macaque,
gibbon, and lesser apes divergences. In these
cases, evidence of introgression has also been
reported previously (16, 18, 19). However, even
in those cases, ILS is the predominant cause
of incongruent genealogies in the primate
tree (20) (supplementary materials, section 9).
It is possible that hybridizations occurred be-
tween related species in deeper branches, as
is observed in several extant genera. How-
ever, if a pair of hybridizing species did not
both leave extant descendant species (as is
likely because most species die out), this
would not have been distinguishable from
deep coalescences in causing ILS. Thus, we
cannot completely exclude that gene flow
occurred at ancestral branches—only that it
did not leave detectable evidence of ancient
hybridization.

The level of ILS generally increases with
shorter internal branch lengths (Fig. 1A). In
the taxon sampling of our present dataset, we
find that ILS is particularly ubiquitous in Old
World monkeys, which have undergone rapid
speciation events. Notably, however, 32% ILS
is estimated even on a very long and deep
branch within Strepsirrhini and 57% on the
branch separating tarsiers from Strepsir-
rhini (branch 1 and branch 28, respectively;
Fig. 1A), which suggests very large ancestral
population sizes in these nodes that can also
be predicted from the short size of the ILS
fragments (fig. S7). Furthermore, the very
high levels of ILS in gibbons and Old World
monkeys, particularly macaques and baboons,

Rivas-Gonzalez et al., Science 380, eabn4409 (2023)

explain the long-standing difficulty to resolve
their phylogenetic relationships (16, 19, 21, 22).

Speciation times and ancestral effective
population sizes in the primate tree

The reconstruction of the dated history of a
group of species is typically based on genomic
divergence rates turned in divergence times
through fossil calibrations (23-25). However,
the genomic divergence times in species with
large populations and long generation times
can be much further back in time than the
time when species actually split. The expected
time for genomic coalescence on an ancestral
branch is 2 x Ne generations older than the
times of speciation. For an ancient popula-
tion with an Ne of 200,000 and a generation
time of 10 years, the average expected genomic
divergence time would be 4 million years fur-
ther back in time than the actual species split
time. The analysis of incongruences produced
by ILS via CoalHMM allows direct estimation
of speciation times as opposed to divergence
times as well as estimation of the ancestral
effective population sizes.

We used the estimated parameters using
CoalHMM together with simulations and a
random forest model to derive ancestral ef-
fective population sizes and speciation times
in all nodes with >5% of ILS (supplementary
materials, section 10, and fig. S20). We then
rescaled the parameters by estimated yearly
mutation rates, which we derived from the
relationship between pedigree-based yearly
mutation rate and generation time, and the
relationship between inferred body mass of
extant and ancestral species and generation
time (26, 27) (supplementary materials, sec-
tion 7). The resulting tree (fig. S21) was close
to ultrametric and was linearized to make the
speciation time tree shown in Fig. 1B (and
that in fig. S22).

We infer ancestral effective population sizes
that vary more than an order of magnitude
within the primate phylogeny. In the few
cases where ancestral effective population sizes
of primate lineages have been estimated by
other approaches, they are in good agreement
with our estimates (21, 28-30). For instance,
Warren et al. (29) have estimated effective pop-
ulation sizes in the ancestors of the Chlorocebus
lineage at around 40,000 using a multiple se-
quentially Markovian coalescent (MSMC) ap-
proach, when we infer an ancestral population
size of 58,000, and Schrago and Seuanez (21)
have estimated Ne in the ancestors of Aotus
and Callitrichinae to >240,000 using a MSMC
approach, when we infer an ancestral popula-
tion size of 330,000. Most estimated ancestral
Ne values are higher than effective population
sizes estimated for primates today. This might
reflect the fact that the ancestors of primates
had smaller body sizes (31), which is known to
be associated with larger population sizes, or

2 June 2023

that lineages with small population sizes are
more likely to go extinct, leaving no descen-
dants to sample from (32). As expected, popu-
lation size estimates are negatively correlated
with the median segment size of the discor-
dant topologies (fig. S24). We also find an
expected negative correlation between our
estimate of ancestral Ne and the efficiency of
purifying selection measured as dN/dS (the
ratio of nonsynonymous to synonymous mu-
tations) on the ancestral branches (fig. S25;
P =0.0015) and an expected negative correla-
tion between average segment length and
dN/dS (fig. S26).

Our inferred species split times are gener-
ally in good agreement with independent esti-
mates from the fossil record when these exist
(Fig. 1B, inset, and table S4), which supports
that our approach can also infer speciation
times on nodes that lack fossil evidence with-
out the need for fossil calibration. Previous
studies extrapolating the speciation time on
the basis of pedigree-based mutation rates
back in time have generally led to estimated
times much further back in time than those
suggested by the fossil record (6, 33, 34). We
see two reasons for this. First, the large ef-
fective population sizes imply that divergence-
based estimates of split times are several million
years further back in time than the actual spe-
cies split times. Second, our analysis rescales
branch lengths by yearly mutation rates de-
pendent on body size and generation time.

Highly variable frequency of ILS along
the genome

Under selective neutrality, ILS is expected to
occur at random along the genome. However,
if natural selection, either directly or indirectly,
affects the coalescent process of a genomic re-
gion, the sorting of lineages with deep coales-
cence will not be random (12, 35, 36). We
painted all the genomes of the 29 ancestral
branches by the level of ILS in 100-kb win-
dows displayed as horizon plots (37, 38) (fig.
S8) and found many regions that experienced
either high or low levels of ILS in the same
genomic positions across several ancestral
nodes in the primate phylogeny. We there-
fore integrated the ILS inference across the
29 branches using normalized ILS scores dis-
played in a single horizon plot showing the
general pattern of ILS with the human ge-
nome coordinates as reference (Fig. 2A). This
integrated signal of ILS shows that certain
regions have consistently high or low levels of
ILS. As an example, ILS is reduced in a large
genomic region from 40 to 60 Mb on chromo-
some 3 (chr3) (Fig. 2B), which suggests either
repeated selective sweeps or strong background
selection (71, 36). By contrast, the human lym-
phocyte antigen-major histocompatibility com-
plex (HLA-MHC) cluster on position 27 to
33 Mb on chr6 has several regions showing
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Fig. 2. Genome-wide distribution of ILS levels. (A) Horizon plot of the mean z-standardized ILS values in 100-kb windows (x coordinates in megabases). Red colors
represent regions low in ILS, and blue colors represent high-ILS regions. Missing data are represented by a horizontal line. Regions marked with a rectangle in

(A) are zoomed in. (B to D) A low-ILS region in chr3 (B), the MHC in chr6 (C), and the PAR region of the X chromosome (D). (B) to (D) are all horizon plots for all of
the 29 individual nodes, where each node is mapped to Fig. 1A, inset. Mbp, mega—base pairs.

extremely high ILS, likely as a result of bal-
ancing selection (Fig. 2C). Additionally, the
pseudoautosomal region (PAR) on position
0 to 2.7 Mb on the X chromosome also con-
tains much higher ILS than the rest of the
X chromosome (Fig. 2D) and, in many nodes,
much higher ILS than the autosomal average.
These and many other consistent patterns
suggest that there are genomic and/or func-
tional determinants of ILS that persist across
the primate phylogeny.

Determinants of the variation in ILS along
the genome

Recombination is not expected to directly af-
fect the amount of ILS but can do so indirectly

Rivas-Gonzalez et al., Science 380, eabn4409 (2023)

because the amount of recombination deter-
mines the efficacy of both positive and nega-
tive selection and, thus, the amount of diversity
that is lost because of selection at linked ge-
nomic positions. A general observation of a
positive correlation between nucleotide diver-
sity and the recombination rate in extant spe-
cies, including humans, has been interpreted
as evidence for both the action of linked se-
lection and as a mutagenic effect of recom-
bination (39-4I). ILS patterns will not be
affected by the latter, so we investigated how
ILS depends on recombination rate by extrap-
olating the human pedigree-based recombi-
nation map (42) at a 100-kb scale to the whole
primate phylogeny. We inferred ILS levels and
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the corresponding relative local Ne as a func-
tion of recombination rate divided into ten
bins (fig. S15 and supplementary materials,
section 8). We find that the Ne of genomic
regions with the highest recombination rate is
typically 1.3-fold to fourfold larger than that in
the lowest recombination bin (Fig. 3A), which
implies that linked selection has removed a
large proportion of the diversity in the ances-
tral species. Additionally, the extent of the ef-
fect of linked selection on genetic variation that
we observe is likely underestimated because
the present-day human recombination map
is an imperfect proxy of the recombination
landscape in ancestral species separated by
tens of million years from humans.
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Fig. 3. Determinants of variation in ILS and corresponding Ne. (A) Differ-
ence in the proportion of ILS between the lowest recombination and the highest
recombination deciles against the proportion of ILS in the highest recombination
decile. Each numbered point represents a node in the phylogeny mapped to
Fig. 1A, inset. The color and lines represent the relative change in Ne between the
low and high recombination deciles, calculated using eq. S3 in the supplementary
materials, section 8. (B and C) Comparison of the mean z-standardized
proportion of ILS across 29 branches and the human (green), chimp (purple),
and baboon (orange) recombination maps in the telomeres (B) and in chr2 (C).

Intergenic ILS

In (C), the fusion point is represented by a vertical line. (D) Difference between
the ILS proportion of chromosome X and autosomes, where each numbered point is
a node in the phylogeny mapped to Fig. 1A, inset. The color and lines represent
the relative change in Ne between chromosome X and autosomes, calculated using
eq. S3 in the supplementary materials, section 8. (E) Difference between the
proportion of ILS in either exons (green) or introns (blue) and intergenic regions
(red). Each numbered point and the corresponding vertical line represent one of
29 nodes in the phylogeny, mapped to Fig. 1A, inset. The colored lines represent
fitted models that translate into a constant reduction in Ne across nodes.

Telomeres recombine more frequently than
the rest of the genome (42-45). The integrated
signal across all nodes and autosomal telo-
meres (Fig. 3B) shows a peak in the telomeric
ILS that agrees with human (42), chimpanzee
(45), and olive baboon (46) recombination maps
at the tips of the chromosomes. Moreover, there
is an increased signal of ILS at around posi-
tion 114 Mb of chr2 (in human coordinates)
(Fig. 3C), which corresponds to the remnants
of an ancient telomere-telomere fusion affect-
ing only the human lineage (47). Notably, we
can only detect the corresponding peak in
recombination in this region using the re-
combination map of nonhuman primate
species, which suggests that, although big
chromosomal rearrangements might mark-
edly change the present-day recombination
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patterns, ILS can still be used to infer the
ancestral recombination landscape in the
primate phylogeny (48).

We next contrasted the ILS on the X chro-
mosome with that on the autosomes. Because
males only carry a single copy of the X chro-
mosome in primates, and, consequently, it has
a smaller effective population size, the X chro-
mosome is expected to have lower ILS. We
find that the X chromosome has an overall
lower amount of ILS compared with the auto-
somal average (Fig. 3D and fig. S6), with the
decrease corresponding to the Ne of chromo-
some X being between 50 and 75% of that of
the autosomes. Under random mating and un-
biased sex ratio, the Nex/Ne, ratio is expected
to equal 75% (49). However, in primates, males
typically have the highest variance of repro-
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ductive success (50), which is at odds with our
observed ratios smaller than 0.75 (Fig. 3D).
Previous surveys of chromosome X to auto-
some diversity have also often reported ratios
below 0.75—e.g., 0.6 in non-African humans
(51), 0.4 in gorillas, 0.5 in orangutans (52),
and 0.3 in macaques (53). These observations
have often been ascribed to differences in male
and female mutation rates and recent bottle-
neck effects affecting the X chromosome di-
versity more than the autosomal diversity (54).
However, sex differences in mutation rates
should not affect ILS inference, and bottle-
necks are unlikely as a general explanation
throughout the primate phylogeny. We thus
conclude that the large reduction in ILS on
the X chromosome is likely a result of linked
selection targeting the X chromosome to a
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larger extent than the autosomes, as has been
reported previously in the human-chimpanzee
ancestral species (12). The 1.5- to 2.7-Mb PAR
of the X chromosome is very high in ILS in most
ancestral species (fig. S8). This is consistent with
its very high recombination rate in males—
~22 times the genome average rate, which
minimizes the effect of linked selection—and
its high polymorphism in great apes (55).

The strong positive correlation between ILS
and recombination (fig. S15) suggests that
positive and negative selection events had a
strong impact on the removal of diversity in
the ancestral species. These selective events
are more likely enriched in genes, so we con-
trasted the amount of ILS in coding regions,
introns, and intergenic regions (Fig. 3E). We
find that, for all internal branches, ILS.,,, <
ILSinton < ILSintergenicc We estimate that a
constant average reduction in the Ne of exons
of 31% compared with the Ne in intergenic
regions across the primate nodes would amount
to the observed decrease in exonic ILS (P < 2 x
10%; SD = 1.4). Additionally, introns have an
estimated average reduction in Ne of 10%
compared with intergenic regions (P < 2 x
10%%; SD = 0.5), which we interpret as a direct
effect of their closer physical proximity to exons,
leaving intronic ILS more strongly affected by
linked selection than intergenic ILS.

ILS and gene function

Finally, we investigated whether certain gene
categories are more likely to experience high
levels of ILS than others—either because they
experience less purifying selection and adaptive
evolution or because they are more likely to
be under balancing selection. We performed
gene ontology enrichment tests with ILS as
the response variable (supplementary mate-
rials, section 12).

We identify the most significant gene on-
tology terms enriched for either high or low
ILS genes across the primate nodes and plot
the gene ontology terms as a function of their
average dN/dS ratio (Fig. 4A). As expected,
more selectively constrained gene categories
have significantly lower ILS than the genic
average (correlation coefficient, 7 = 0.35; P =
2.68 x 107°). These include many house-keeping
gene categories and genes categories associated
with chromosome organization and regulation.
The PIAS3 gene involved in transcriptional
modulation is an example of consistently low
ILS (Fig. 4B, left; other examples are in fig. S27).

Notably, the two gene ontologies with the
highest ILS are “cornification” and/or “ke-
ratinization” and “immune response regula-
tion.” Corfinication (enriched for high ILS in
12 nodes) and Keratinization (enriched for
high ILS in 17 nodes) are tightly related gene
ontology terms that include epidermal and
keratinization genes. Primates exhibit an ex-
traordinary degree of color variation across
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Fig. 4. ILS and gene function. (A) relationship between the ILS and the median dN/dS for each gene ontology
term. Each data point corresponds to one gene ontology term, where the median dN/dS across all 29 nodes is
plotted on the y axis, and the mean z-standardized ILS across all 29 nodes is represented on the x axis. Blue points are
gene ontology terms that are significantly enriched for high ILS in at least one node, and red points correspond to
gene ontology terms significantly enriched for low ILS. The size of the data points represents the number of nodes for
which that gene ontology term has been significantly detected in the enrichment test. (B) Examples of genes

with consistently low ILS (PIAS3, left) or consistently high ILS (CDIA, right). Each row corresponds to the inferred
topologies (VO or V1 in blue, and V2 or V3 in red) per genomic position for each node in the primate phylogeny.
The top gray bar represents exons (in thick lines) and introns (in thin lines).

and within species and even in different parts
of the body (56, 57), which highlights the
importance of the phenotypic evolution of skin
in primates. This high diversity of coloration is
crucial as social and sexual signaling and is
often under stabilizing selection or positive
selection that is closely linked with the high
variations of primates in ecological niches,
color vision, mating, and social systems (58).
Additionally, some of the keratin gene fam-
ilies exhibit high levels of gene duplication
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and high functional diversification in primates
(59-61).

Immune response regulation genes have
been reported to evolve under balancing se-
lection in primates (62), consistent with their
enrichment in high-ILS genes. The MHC in
chr6 is an outstanding region enriched for ILS,
especially in Old World monkeys. Many other
genes related to the immune response in ge-
nomic locations other than the HLA are also
high in ILS. The detailed ILS pattern for the
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CDIA gene (chrl) involved with innate immune
response (Fig. 4B, right; other examples in fig.
S28) reveals a higher ILS proportion in this gene
above the average across the 29 nodes. Other
examples are the ULBP family and Killer cell
immunoglobulin-like receptor (KIR) proteins.
This last family is highly diverse, and it is
consistent with patterns of balancing selec-
tion in several present-day human populations
(63, 64) and other primates (65).

Conclusion

The inference of ILS on many nodes in the
primate phylogeny allows us to estimate spe-
ciation times and ancestral population sizes
directly from genomic divergence data. We
found that the effective population sizes have
been very large in early primate evolution, at
least in most lineages that have descendants
today. This explains why the genomic diver-
gence times estimates are much further back
in time than the actual speciation times and
why estimates of speciation events from trio-
based germline mutation rates are often fur-
ther back in time than the dating with fossil
records.

The high levels of ILS in most nodes of the
primate phylogeny made it possible to inves-
tigate the forces that shape genetic diversity
along the genome in a complementary way to
what has been done extensively using genome
diversity data for individual species. We find
that ILS depends strongly on the recombina-
tion rate, likely illustrating that a large part of
genetic diversity is being removed by selection
at linked sites. This dependency may partly
explain Lewontin’s paradox that the difference
in genetic diversity across species is smaller
than predicted from differences in neutral
effective population sizes (66, 67). The preva-
lence of natural selection at linked sites in-
fluencing diversity in ancestral nodes and thus
ILS is also clear from the reduced ILS in in-
trons compared with intergenic regions. The X
chromosome appears to undergo more nat-
ural selection than the autosomes, perhaps
as a consequence of male hemizygosity or
possibly its strong role in male reproduction.
Finally, ILS patterns also illuminate gene cat-
egories under balancing selection, particularly
related to cornification or keratinization and
immune functions, often experiencing differ-
ent genealogical history compared with the
speciation process.

Materials and methods summary
Data, alignment, and species tree

Our dataset consists of 50 primate species, in-
cluding 27 newly sequenced ones and an out-
group, Galeopterus variegatus. For detailed
information on sequencing and assembling,
see the accompanying paper (15). We gen-
erated pairwise genome alignments using
LASTZ (v1.04.00) for each species versus the
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human genome then using MULTIZ (v11.2)
for multiway alignments. After removing col-
umns of the alignment containing gaps in any
of the species, we randomly chose half of the
columns to run ExaML with the GAMMA model
with 100 bootstraps. We report the tree with
the highest maximum likelihood (fig. S1).

CoalHMM

We designed a divide-and-conquer, automated
CoalHMM pipeline to fit a hidden Markov
model where hidden states are four different
topologies (Fig. 1A, inset), namely the species
tree topology (VO0), the deep coalescent to-
pology following the species tree (V1), or one
of two alternative topologies incongruent with
the species tree (V2 and V3) (14). We defined
each branch with a quartet of genomes and
extracted them from the 51-way alignment
using MafFilter (68). We removed columns
containing only gaps and merged consecu-
tive blocks that were <200 nucleotides apart.
Chunks of <2000 nucleotides were filtered
out, and blocks were divided into groups con-
taining roughly 1 Mb alignment each (fig. S2B).
CoalHMM was first run in a subset of 1-Mb
groups of blocks, and the means of each of the
estimated population parameters (taul, tau2,
thetal, theta2, c2, rho, and all the GTR model
values) were recovered and used as starting
parameters for the second CoalHMM run on
all the other 1-Mb groups of blocks (fig. S2D).
The posterior probabilities for each of the four
hidden states were collected for each 1-Mb run
and mapped to human coordinates (fig. S2E).
All the code for processing the files and run-
ning CoalHMM is unified using a gwf workflow
(https://gwf.app/), which can be accessed via
https://github.com/rivasiker/autocoalhmm.

Genomic determinants of ILS

We used the latest deCODE human recombina-
tion map from Halldorsson et al. (42), the chim-
panzee recombination map from Auton et al.
(45), and the olive baboon recombination map
from Serensen et al. (46) to divide the genome
into 10 equally sized recombination bins at a
100-kb resolution. We then calculated the
mean ILS for each bin.

We retrieved intron and exon information
from the knownGene UCSC Genome Browser
table for hg38 (69-71) and kept only protein-
coding genes that appear in the knownCanonical
UCSC Genome Browser table (72). After trim-
ming for size (supplementary materials, sec-
tion 8), ILS level was calculated for exons and
introns separately.

Introgression

We compared the level of divergence between
sister species for segments of the genome at-
tributed with the four different topologies to
assess whether the level of incongruences that
we report could be influenced by introgression.
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We used MafFilter to extract, filter, and con-
catenate segments and computed the percen-
tage of mismatch as a measure of divergence
between the sister species of the alignment (i.e.,
species 1 and species 2 for the segments as-
signed to the states VO or V1, species 1 and spe-
cies 3 for the segments assigned to the states
V2, and species 2 and species 3 for the seg-
ments assigned to the states V3). We performed
nonparametric Tukey-Kramer tests to compare
the distribution of VO segments versus V2 ver-
sus V3 segments divergence.

Population parameters reconstruction

The population parameters taul, tau2, thetal,
theta2, ¢2, and rho (defined as in fig. S20)
outputted by CoalHMM are biased because of
the use of a restricted set of four possible to-
pologies to model the continuity of possible
coalescence times (74), so we developed a
machine learning-based procedure to learn
how the different combinations of parameter
values influence the bias of each parameter
and then used this knowledge to predict the
bias on real data. Briefly (but see supplemen-
tary materials, section 10), we ran CoalHMM
on alignment blocks simulated under a grid of
known combinations of population parameters
using msprime (73). We then used the sim-
ulated versus estimated population parameters
to train a random forest model and estimated
the bias in our data on the basis of the estimates
outputted by CoalHMM on the primate dataset.

dN/dS

We recovered 9972 coding gene alignments
and filtered for orthologous genes where at
least 41 out of the 50 primate species and the
outgroup were present. Protein alignments
were aligned using PRANK (74) and then fil-
tered by Gblocks (75). Nucleotide alignments
were generated by applying the protein align-
ment and site selection to the corresponding
nucleotide sequences. We estimated branch-
specific dN/dS ratios using the branch model
of Codeml from PAML 4 (23). Results are re-
ported in table S5.

Gene ontology

A gene ontology (GO) enrichment test was car-
ried out for both high-ILS and low-ILS genes in
each node using GOATOOLS (76). Gene anno-
tations were downloaded from the National
Center for Biotechnology Information’s file
transfer protocol (FTP) server (ftp://ftp.ncbi.
nlm.nih.gov/gene/DATA/gene2go.gz). For each
branch, genes were assigned to be high in ILS
if their exonic ILS was in the top 30%, whereas
genes were classified as low ILS if they were in
the bottom 30%. The significance level for the
enrichment test was set to 0.05 after false dis-
covery rate correction. A full list of the en-
riched gene ontology terms can be found in
table S6.
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