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The rich diversity of morphology and behavior displayed across primate species provides an informative
context in which to study the impact of genomic diversity on fundamental biological processes. Analysis
of that diversity provides insight into long-standing questions in evolutionary and conservation biology
and is urgent given severe threats these species are facing. Here, we present high-coverage whole-
genome data from 233 primate species representing 86% of genera and all 16 families. This dataset was
used, together with fossil calibration, to create a nuclear DNA phylogeny and to reassess evolutionary
divergence times among primate clades. We found within-species genetic diversity across families
and geographic regions to be associated with climate and sociality, but not with extinction risk. Furthermore,
mutation rates differ across species, potentially influenced by effective population sizes. Lastly, we
identified extensive recurrence of missense mutations previously thought to be human specific. This
study will open a wide range of research avenues for future primate genomic research.

T
he order Primates includes over 500
recognized species that display an ar-
ray of morphological, physiological, and
behavioral adaptations (1). Spanning a
broad range of social systems, locomo-

tory styles, dietary specializations, and habi-
tat preferences, these species rightly attract
attention from scientists with equally diverse
research interests. Because humans aremem-
bers of the order Primates, we also find many
important and informative biological parallels
between ourselves and other primates. The
analysis of nonhuman primate genomes has
long been motivated by a desire to understand
human evolutionary origins, human health,
and disease. However, past comparative ge-
nomic analyses have mainly focused on a
relatively small number of species (2, 3), thus
providing a limited understanding of genome
variability in only a few key lineages, such as
members of the great apes (4–10) or macaques
(11–13). Furthermore, low numbers of wild-
born individuals in these studies potentially
result in assessments of diversity that may
not reflect natural populations (3). To gain a
more complete picture of how evolution has

shaped genomic variation across primates,
large-scale sequencing of many species and
individuals is necessary, especially within pre-
viouslyneglected lineages such as strepsirrhines
(lemurs, lorises, galagos, and relatives) and
platyrrhines (monkeys of the Americas). The
need for a more complete understanding of
primate genetic diversity in the wild, and its
determinants, is urgent given the current ex-
tinction crisis driven by climate change, habi-
tat loss, and illegal trading and hunting (14).
At present, 60% of the world's primate species
are threatened with extinction, and current
trends are likely to exacerbate the rates of bio-
diversity loss in the near future (14, 15). The
analysis of whole-genome sequences allows
estimation of genetic diversity and evaluation
of its associationwith ecological traits, degrees
of inbreeding, and phylogenetic relationships,
all metrics relevant to primate conservation
genomics.

High-coverage genome sequences of 233
primate species

We sequenced the genomes of 703 individu-
als from 211 primate species on the Illumina

NovaSeq 6000 platform (16). For 78% of in-
dividuals, the available amount of DNA per-
mitted us to generate polymerase chain
reaction–free libraries. We sequenced paired-
end reads of 151 base pairs (bp) to an average
production target of at least 100 gigabases
(Gb), resulting in an average mapped cover-
age of 32.4× per individual (15.3 to 77.6×) (16).
We expanded our dataset by including 106
individuals representing 29 species from previ-
ously published studies to maximize phylo-
genetic diversity (8, 17–24). Altogether, we
compiled data from 809 individuals from 233
primate species, amounting to 47% of the 521
currently recognized species (14). Our sam-
pling covers 86% of primate genera (69), and
all 16 families. More than 72% of individuals in
this study are wild-born. Furthermore, 58% of
species in our dataset are classified as threat-
ened with extinction by the International Union
for Conservation of Nature (IUCN) [i.e., classi-
fied in the categories vulnerable (VU), endan-
gered (EN), and critically endangered (CR)],
and 30 species are critically endangered. It is
worth noting that among the species we sam-
pled are some of the world’s most endan-
gered primates, which face an extremely high
risk of extinction in the wild. Examples include
the Western black crested gibbon (Nomascus
concolor), with an estimated 1500 individuals
left in the wild and scattered across an array
of discontinuous habitats, and the northern
sportive lemur (Lepilemur septentrionalis), with
roughly 40 individuals estimated to remain
in the wild, inhabiting an area potentially as
small as 12 km2 (25, 26).
For 100 species, we generated sequencing

data from more than one individual, and for
36 species from five or more individuals, 29
of which belong to newly sequenced species.
We thus gathered broad primate taxonomic
coverage by compiling species from all major
geographic regions currently inhabited by
primates, including the Americas, mainland
Africa, Madagascar, and Asia (Fig. 1A). The
data presented here provide the foundation
for several additional studies in this issue, in-
forming important and diverse topics includ-
ing hybrid speciation and reticulation among
primates (27) and predicting the landscape of
toleratedmutations in the humangenome (28).
Owing to technical challenges inherent to

short-read assembly, we aligned our data to a
backbone of 32 reference genomes for fur-
ther analyses, most of which are derived from
long-read sequencing technologies (16). These
references are well distributed across the pri-
mate phylogeny and result in a median pair-
wise distance between the focal and reference
species of 6.6 × 10−3 substitutions per site (0
to 4.1 × 10−2), which is within the range of
previous projects using a similar approach (8).
To ensure our estimates of genetic diversity
over these phylogenetic distances are minimally
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biased, we compared pairs of diversity esti-
mates in which reads from one species were
mapped to its own reference as well as mapped
to another species reference. Across 19 species
pairs that fully cover the phylogenetic distances
between focal species and reference in our
data, we find heterozygosity estimates to be
highly correlated (Pearson’s r = 0.97, p = 6.8 ×
10−12). Overall, we find a median value of 2.4 Gb
per individual to be callable across all refer-
ences, thus enabling genome-wide comparisons.

Genetic diversity across primates

Heterozygosity in primates spans over an order
of magnitude, with values ranging from 0.41 ×
10−3 heterozygotes per base pair (het × bp−1) to
7.14 × 10−3 het × bp−1 (Fig. 1C). We observe the
lowest levels of diversity in the golden snub-nosed
monkey (Rhinopithecus roxellana) at about one
heterozygous position every 2400 bp. Only 15 spe-
cies have a lower median genetic diversity than
humans, the primate with by far the largest cen-
sus size.Among these are severalAsian colobines,
but also the aye-aye, thewestern hoolock gibbon,
and the Guinea baboon. There are marked dif-
ferences in genetic diversity across genera, fam-
ilies, and geographic regions, with high-diversity
species found among cercopithecines from
mainland Africa and lemurs in Madagascar
(Fig. 1B). Among cercopithecines, guenons of
the genus Cercopithecus are almost exclusively
responsible for high diversity with a median
value of 4.54× 10−3 het × bp−1,more thandouble

the primate-wide median. Some members of
this tribe also show large historical effective
population sizes, and there are several known
instances of past and present interspecific
hybridization (29–32). We further observe
high diversity across several genera of lemurs,
which are among the most endangered pri-
mates, primarily owing to rapid habitat loss
and severe population decline. Examples in-
clude members of the true lemurs (Eulemur
spp.), bamboo lemurs (Hapalemur spp.), and
sifakas (Propithecus spp.).
We investigated whether genetic diversity

estimates are correlatedwith extinction risk in
primates, a subject of previous debate (17, 33, 34).
Despite our broad sampling, we find no global
relationship between numerically coded IUCN
extinction risk categories and estimated het-
erozygosity [p > 0.05, phylogenetic generalized
least squares (PGLS)] (Fig. 2A) (16). Because
genetic diversity is strongly determined by
long-term demographic history, rapid recent
population declines such as those currently
experienced by many primate species are un-
likely to be detected in a cross-species com-
parison. Instead, temporal datasets within the
same species are better suited to quantify
recent changes in genetic diversity (35). Never-
theless, comparing genetic diversity for non-
threatened [least concern (LC), near-threatened
(NT)] and threatened (VU, EN, CR) species
within the same family consistently uncovers
lower diversity among species in the threat-

ened categories for all families with more than
one species in both categories, although not
all comparisons reach statistical significance
(p < 0.05, Mann–Whitney U test) (Fig. 2B).
The only exception is Lorisidae, which showed
no difference in genetic diversity between non-
threatened and threatened species.
To further assess the potential impact of

recent population decline, we analyzed runs of
homozygosity (RoH) across species.We focused
on tracts with a minimum length of one mega-
base (Mb), which in humans indicate recent
inbreeding (8). The order-wide median frac-
tion of the genome in RoH is 5.1%, and indi-
vidual values vary substantially, reaching over
50%.We find critically endangered species, such
as the white-headed langur (Trachypithecus
leucocephalus), the eastern gorilla (Gorilla
beringei), and mongoose lemur (Eulemur
mongoz), among the species with the highest
proportion of RoHs (Fig. 2C). However, some
species not currently classified as threatened,
such as Azara’s owl monkey (Aotus azarae)
and the northern greater galago (Otolemur
garnettii), also have a high fraction of the ge-
nome in RoHs. Although the overall conser-
vation status of these two species might not
be worrisome, some individuals may belong to
smaller local populations, which can exacerbate
inbreeding. We find 13 critically endangered
species with lower than the primate-wide av-
erage fractions of their genomes inRoHs, among
them the three douc langur species (Pygathrix
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cinerea, P. nemaeus, P. nigripes), red-tailed
sportive lemur (Lepilemur ruficaudatus), and
Verreaux’s sifaka (Propithecus verreauxi). We
find no overall relationship between extinc-
tion risk and degree of inbreeding deduced
from the total fraction of the genome in RoHs
(Pearson’s r = 0.03, p = 0.71). This implies that
RoHs are not a good predictor of extinction
risk in primates and suggests that many crit-
ically endangered species are threatened by
nongenetic factors, likely reflecting population
declines that have been too fast to be detect-
able on the genomic level. Given the potential
importance of functional variation to conser-
vation efforts, we sought to quantify the pro-
portion of loss of functional variation in each
lineage (34, 36). To this end, we quantified
stop-gain andmissense mutations and normal-
ized themby the number of synonymousmuta-
tions to account for lineage-specific differences
in evolutionary rates.We found inverse relation-

ships between the missense/synonymous ratios
(Pearson’s r = −0.35, p = 9.3 × 10−8) and, to a
lesser extent, stop-gain/synonymous ratios and
heterozygosity across primates, suggesting ef-
fects of purifying selection on deleterious va-
riation, although the latter does not reach
statistical significance (Pearson’s r = −0.12, p =
0.082). We do not find deleterious variations
asmeasured by the stop-gain/synonymous ratio
to be correlatedwith extinction risk (Pearson’s
r < 0.01, p = 0.94). Nevertheless, we caution
that the varying quality of the references and
their annotations, together with potential
changes in gene structure between the refer-
ences and analyzed species,might add noise to
the comparisons across our references.

A time-calibrated nuclear phylogeny
of primates

We generated a genome-wide nuclear phylog-
eny of ultraconserved elements (UCEs) and

500 bp of their flanking regions, a widely used
marker that enables easy detection of se-
quence orthologs across species (37). To this
end, we identified the location of ~3500 UCE
probes across all primate genomes and gener-
ated individual gene trees for each locus using
a maximum-likelihood approach (38–40). We
used the resulting trees as input for a coales-
cent analysis to obtain the topology of the
species tree, which has strong support at most
nodes and recovers all currently recognized
primate families, tribes, and genera as mono-
phyletic (41–44). We used a newly established
set of 27 well-justified fossil calibration points
to constrain the timing of key phylogenetic
divergences among different lineages (45). We
estimate the split between Haplorhini and
Strepsirrhini to have happened between 63.3
and 58.3 million years (Ma) ago, and thus the
radiation of crown Primates is entirely within
the Paleocene. We find the deepest divergence
within tarsiers to be notably recent at 15.2 to
9.5 Ma, which, together with fossil evidence,
implies considerable extinction along the long
branch leading to extant tarsiers (46–49). All
interfamilial relationships within our phylog-
eny receive strong support [posterior probabil-
ity (PP) = 1], except for the position of Aotidae
(owl monkeys), which is weakly supported as
sister to Callitrichidae (marmosets and tama-
rins) rather than Cebidae (capuchin and squir-
rel monkeys) (PP = 0.56). We consider the
precise relationship among these three fami-
lies to remain uncertain. Lastly, we estimate
the human–chimpanzee divergence between
9.0 and 6.9 Ma, and thus slightly older than
other recent analyses, although these overlap
our confidence intervals (41–43).
Taking advantage of our rich resequencing

data, we generated a tree topology that in-
cludes two individuals per species for all spe-
cies withmore than one sequenced individual.
We observe paraphyletic or polyphyletic place-
ments of these individuals in 17 species, pos-
sibly calling several currently established species
boundaries into question (Fig. 3). These cases
could result from genetic structure interpreted
as species delimitation, incomplete lineage sort-
ing, or hybridization, and most are also ob-
served at the mitochondrial level (16, 50–53).
Although some instances of hybridization have
previously been described, such as among dif-
ferent species of langurs (54), we find most of
the paraphyletic or polyphyletic placements
among platyrrhines. These include 13 species,
among them capuchins, squirrel monkeys,
howler monkeys, uakaris, sakis, and titis, and
point to the need for more taxonomic studies
using genomic data in this group (55). Finally,
we retrieve previously unknown phylogenetic
relationships for species that were sequenced
for the first time in this study, such as differ-
ent species of howler monkeys (e.g., Alouatta
puruensis, or A. juara).
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Fig. 1. Genetic diversity in primates across geographic regions and families. (A) Sampling range of
species analyzed in this project. Each point represents the approximate species range centroid of all sampled
species with available ranges. Points are repelled to avoid overplotting. (B) Heterozygosity stratified by
geographic region. Solid black circles and whiskers represent median values and interquartile range.
(C) Median species heterozygosity by family. Solid circles and whiskers represent median and interquartile
range. Solid gray line denotes primate-wide median heterozygosity; dashed and dotted lines denote human
heterozygosity for African and bottlenecked out-of-Africa populations, respectively. Points are colored
according to the family a species belongs to, as denoted on the x axis of (C).
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Determinants of diversity and mutation rate
We used the topology of the species tree and
614 UCE alignments, for which we had full
species coverage, to estimate branch lengths as
the number of substitutions per site. We com-
bined this with our dated phylogeny and pub-
lished estimates of generation times to estimate
mutation rates per generation for all primate
species from their substitution rates (16). Al-
though we caution that we cannot rule out
potential biases in these estimates, such as the
effects of selection or uncertainties in fossil
calibration, they agree well with published es-
timates for overlapping species on the basis of
trio sequencing (Spearman’s r = 0.85, p = 0.02;
Fig. 4C). Our estimated mutation rates (m) per
generation vary between 0.25 × 10−8 and 1.62 ×
10−8 (Fig. 4A), showing a considerably larger
range than previously reported (56). We ob-
serve the lowest estimate per generation in
Lemuridae and find highly variable estimates
across some families such as Cebidae and
Lorisidae, which also have variable generation
times (8 to 17 and 4.6 to 9 years per generation,
respectively). The highest estimates of m are in
great apes. We find a significant and positive
correlation between m per generation and the
generation time (Spearman’s r= 0.36, p= 1.89 ×
10−8), which partly counteracts a generation-
time effect on the yearly mutation rate. The lat-
ter is therefore larger in species with a shorter

generation time (Fig. 4E). Together, variation in
effective population size (Ne) and generation
time explain roughly half of the observed var-
iation in mutation rates among extant species.
We used our estimates of m and estimates of

genetic diversity p based on median heterozy-
gosity to get an estimate of the effective pop-
ulation sizes Ne = p/(4 × m). We find multiple
species belonging to different families of le-
murs, as well as several species of guenons with-
in the Cercopithecidae, with the largest Ne

estimates, often exceeding 2 × 105 (Fig. 4B). For
several critically endangered lemur species,
e.g., the northern sportive lemur (Lepilemur
septentrionalis), the red-tailed sportive lemur
(Lepilemur ruficaudatus), or the Alaotra reed
lemur (Hapalemur alaotrensis), these likely
surpass census sizes by a considerable mar-
gin. We find multiple members of the genera
Cercopithecus and Eulemur exhibiting high
Ne values, which may be driven by interspe-
cific hybridization observed in these species.
Conversely, we observe comparatively low Ne

estimates in great apes, lorises, and platyr-
rhines (Fig. 4B) (16).
The drift-barrier hypothesis (57, 58) predicts

that m per generation should decrease withNe,
because new mutations affecting fitness are
predominantly deleterious, and the ability to
select for lower mutation rate increases with
the population size. We tested for a relation-

ship between m and Ne, while controlling for
the relationship between m and generation
time in a PGLS model, and observed a sig-
nificantly lower mutation rate for species with
higher Ne. We find around 45% of the varia-
tion in m to be explained by Ne, thus lending
apparent support to the drift-barrier hypoth-
esis (59). However, we caution that although
this pattern is consistent with the drift-barrier
hypothesis,Ne is estimated by the division of p
by m, which at least partially explains the neg-
ative relationship. Additionally, our estimates
of m assume homogeneous levels of evolu-
tionary constraint on the UCEs and flanking
regions used to estimate divergence time and
substitution rate. Should there be a strong
covariation between substitution rates in
these regions and effective size in branches,
underlying variation in Ne along the branches
of the phylogeny can act as a confounder of
apparent variation in mutation rates and thus
further complicate a formal test of the drift-
barrier hypothesis.
To further disentangle what factors might

contribute to the levels of genetic diversity and
mutation rates, we compiled a list of 32 traits
that can be summarized by grouping them into
the broader categories of bodymass, life history,
activity budget, ranging patterns, climatic niche,
social organization, sexual selection, diet compo-
sition, social systems, mating systems, and natal
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dispersal mode (60–62). To account for potential
phylogenetic inertia in trait evolution, we gen-
erated PGLS models using either genetic diver-
sity or mutation rate as the response variable
and individual traits as the predictors. We find
traits within mating systems, activity budget,
climatic niche, ranging patterns, and life his-
tory to be significant predictors of diversity (p <
0.05), and traits within the former three cat-
egories remaining so after accounting formulti-
ple testing (Benjamini-Hochberg correction, false
discovery rate = 0.05). Species organized in

single-male polygynous mating systems show
lower diversity than the background (r2pred =
0.11, pcorr = 1.53 × 10−2), consistent with expec-
tations of reduced contribution of allelic diversity
from males (63). Within the climatic niche, we
observe a gradient of diversity declining from
south to north (r2pred = 0.28, pcorr = 1.45 × 10−5),
which is driven by highly diverse lemur species
in the Southern Hemisphere. We also find a
significant correlation with mean temperature
and amount of precipitation (r2pred = 0.33,
pcorr = 1.97 × 10−4). It is worth noting that these

measurements are not highly correlated with
each other (Pearson’s r −0.27 to 0.17), and the
relationships are thus at least partly indepen-
dent. Lastly, within the activity budget, we
find the amount of time spent socializing to be
correlated with diversity (r2pred = 0.11, pcorr =
5.56 × 10−3). However, we caution that the
measurement of activity budget is difficult to
standardize across species, and interpreting
this relationship is thus challenging. We find
no significant impact of life-history traits such
as body mass or longevity on genetic diversity
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within primates, although body mass is sig-
nificant before accounting formultiple testing.
These relationships have been previously de-
scribed, albeit for broader evolutionary dis-
tances, including a wider range of genetic
diversity and body mass (64, 65). We addi-
tionally calculated the relationship of the traits
above to our mutation rate estimates. After
correcting for multiple testing, we did not find
any significant predictors of m.

Variants specific to the human lineage

Finally, we revisited a previously published
catalog of 647 high-frequency human-specific
missense changes, i.e., amino acid–altering
variants that putatively emerged specifically
in the human lineage and quickly rose to high
frequency or fixation (66). This catalog was
mainly defined by looking at derived sites seg-
regating at high frequency in anatomically
modern humans, at which archaic hominins

(Neanderthals and Denisovans) carry the an-
cestral allele. Although insufficient to explain
the whole spectrum of human uniqueness,
such a catalog should contain prime candi-
dates for some of its molecular underpin-
nings. We sought to determine how often the
putatively human-specific derived allele occurs
at orthologous positions across the genomes of
other primate species analyzed in this study.
We find 63% (406) of high-frequency human-
specific missense changes to occur in at least
one other primate species and 55% in more
than two, segregating at high frequency (>0.9)
within the sampled individuals of a species
(Fig. 5). This suggests that mutational recur-
rence generally might be widespread across
primates. We find mutation pairs in recurrent
high-frequency human-specificmissense changes
enriched in T-C and A-G mutations, and to a
lesser extent in C-T and G-A compared with
nonrecurrent ones.

We leveraged our data to generate a more
stringent picture of the mutations that arose
specifically in the human lineage and have not
emerged elsewhere in primates. We identified
alleles present in anatomicallymodernhumans
at a frequency of at least 99.9% that differ in
state from a set of four high-coverage archaic
hominins genomes (67–70). We ensured that
the human allele represents the derived state
by requiring the ancestral allele to be present
at a frequency of >99% in a genetic diversity
panel of 139 previously published great ape
genomes (8, 9, 71, 72). The resulting 24,374 can-
didates include a conservative set of 124 mis-
sense coding mutations affecting 107 different
genes, among which are 17 previously unde-
scribed changes affecting 12 genes (66).
We further sought to detect which genes

have not shown frequent allele recurrence in
other primate species. To this end, we removed
variants that we found to reoccur in >1% of
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species at a frequency of >0.1%. In this set, we
find 89 missense changes, affecting 80 dis-
tinct genes. We observe no enrichment for
functional categories or association to diseases
among them. Within our catalog, we also find
the two amino acid differences with demon-
strated functional differences between hu-
mans and Neanderthals: The ancestral allele
in NOVA1 (neuro-oncological ventral antigen
1) leads to a slower development of cortical
organoids and modifies synaptic protein in-
teractions (73); the human-derived allele of the
adenylosuccinate lyase gene (ADSL) leads to a
reduced de novo synthesis of purines in the
brain (74). Furthermore, changes in mitotic
spindle-associated genes previously reported
to be under positive selection (SPAG5, KIF18A)
maintain their status as distinctively human
(75). This may have had an impact on neu-
rogenesis during development (76), although
this hypothesis has not been experimentally
validated. We find a specifically human change
in TMPRSS2, a main factor in the response to
severe acute respiratory syndrome coronavirus
2 (SARS-CoV-2) infection with known func-
tional variants that have possibly been under
selection in some human populations (77).
Analogous to the above, we additionally gen-

erated a catalog of sites that are fixed across
great apes but differ from rhesus macaque
(Macaca mulatta). Among these 11.2 million
variants, we find 1 million without observed
recurrences beyond apes, corresponding to
mutations specific to the great ape lineage.
These contain 3792 missense variants affect-
ing 2970 different genes that are significantly
enriched for multiple cilia-related functional
categories, such as axoneme assembly, motile

cilium assembly, nonmotile cilium assembly,
cilium-dependent cell motility, and epithe-
lial ciliummovement involved in extracellular
fluidmovement, suggesting that the evolution
of ape-specific features of cilia have been impor-
tant in shaping the lineage leading to our own
species. The disruption of normally function-
ing cilia can lead to an array of heterogeneous
pathologies in humans, collectively known as
ciliopathies. Among 187 geneswith established
links to different ciliopathies, we find 30% to
be affected by ape-specific missense changes
(78) (p < 0.01, Fisher’s exact test). More gen-
erally, we also find an overall significant enrich-
ment of genes with nonrecurrent ape-specific
missense changes among genes with disease
association in OMIM (Online Mendelian In-
heritance inMan) (p < 0.01, Fisher’s exact test),
suggesting that—to some degree—variants that
give rise to the ape-specific phenotype, and
thus ultimately also to the human one, affect
a greater proportion of the genes that make
us susceptible to diseases than would be ex-
pected by chance.
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