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The platyrrhine family Cebidae (capuchin and squirrel monkeys) exhibit among the
largest primate encephalization quotients. Each cebid lineage is also characterized by
notable lineage-specific traits, with capuchins showing striking similarities to Homini-
dae such as high sensorimotor intelligence with tool use, advanced cognitive abilities,
and behavioral flexibility. Here, we take a comparative genomics approach, performing
genome-wide tests for positive selection across five cebid branches, to gain insight into
major periods of cebid adaptive evolution. We uncover candidate targets of selection
across cebid evolutionary history that may underlie the emergence of lineage-specific
traits. Our analyses highlight shifting and sustained selective pressures on genes related
to brain development, longevity, reproduction, and morphology, including evidence for
cumulative and diversifying neurobiological adaptations across cebid evolution. In addi-
tion to generating a high-quality reference genome assembly for robust capuchins, our
results lend to a better understanding of the adaptive diversification of this distinctive
primate clade.

capuchin monkeys | positive selection | comparative genomics | brain evolution | Cebidae

Platyrrhine primates(also known as neotropical primates) present an interesting exam-
ple of the adaptive diversification of a primate clade into diverse ecological niches. Pla-
tyrrhines of South and Central America and catarrhines of Africa and Asia (and extinct
forms from Europe) likely diverged via transatlantic dispersal of the platyrrhine ances-
tor from Africa to South America (1-3) 40 to 44 Ma (4, 5), with the earliest South
American fossils at ~36 Ma resembling small Eocene African anthropoids (6), and a
more extensive South American primate fossil record starting at 26 Ma (7—11). Primate
diversification within South America has included Patagonian taxa and Greater Antil-
lean taxa, both now extinct and hypothesized to be a stem group and the sister group
to modern platyrrhines, respectively (10), although others argue some of these fossils
belong within several clades of extant platyrrhines (12-14). The crown platyrrhine radi-
ation began to diversify 19 to 26 Ma (4, 5, 10, 15, 16), with most of the extant diver-
sity contained in the rainforests of Amazonia and the Atlantic Forest biome (17). Based
on fossil evidence, paleogeology, and statistical biogeographic analyses, it has been sug-
gested that ecological opportunity across multidimensional niches in expanding rainfor-
est environments may have driven the diversification of major platyrrhine lineages (18,
19), leading to the evolution of over 20 extant genera and 170 extant species (20, 21).
Platyrrhine primates show striking phenotypic diversity in body and brain size, skeletal
morphology, pelage patterns, group size, social and mating systems, life history and
longevity, behavioral plasticity, and diet and dietary adaptations, among many other
traits, with this diversity becoming increasingly well-characterized in recent years. We
know very little, however, about the genetic changes involved in the evolution of this
array of diversity and where in the platyrrhine clade those changes occurred.

Extant platyrrhine diversity is accommodated within five families which diversified by
the late Miocene: Atelidae (spider monkeys and howler monkeys), Pitheciidae (sakis and
titi monkeys), Aotidae (owl monkeys), Callitrichidae (marmosets and tamarins), and
Cebidae (squirrel monkeys and capuchins) (10, 20, 22; reviewed in ref. 23). Cebids form
a clade with callitrichids and aotids, to the exclusion of pitheciids and atelids, though the
position of aotids in relation to cebids and callitrichids is poorly resolved as these three
taxa diversified rapidly in the late Miocene (16, 24). Within the family Cebidae, genus-
level relationships among extant taxa are clearly defined, with squirrel monkeys (Saimirii-
nae) as the sister group to capuchins (Cebinae). Utilizing both fossil and morphological
evidence, squirrel monkeys and capuchins are estimated to have diverged by at least
14 Ma (4, 5, 25). The late Miocene fossils, Neosaimiri fieldsi and Laventiana annectens,
display many derived squirrel monkey characteristics (8, 22, 26-29).

While all major platyrrhine groups show lineage-specific traits, the family Cebidae
(capuchin and squirrel monkeys) is compelling considering its members’ large encephalization
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Primates of South and Central
America known as platyrrhines
show broad phenotypic diversity,
but we know very little about the
genetic changes underlying this
diversity or at what point during
platyrrhine evolutionary history
they arose. Particularly notable
are capuchin monkeys for their
many parallels with humans and
apes, including large brains,
intelligence, long lives, and tool
usage. Here, we generate a set of
high-quality, manually curated
protein-coding alignments for
comparative genomic analysis of
platyrrhines, focusing on the
family Cebidae (capuchin and
squirrel monkeys). We uncover
signatures of selection related to
brain development and other
cebid traits, lending insight into
major periods of cebid adaptive
evolution and the evolutionary
mechanisms underlying
convergence between capuchins
and apes.
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quotient (relative brain to body size), with reconstructions
showing one of the fastest increases in encephalization quotient
across primates along the ancestral Cebidac branch (30).
Together, cebids are unique among platyrrhines in that they
retain a generalized arboreal quadruped body plan; are extremely
rapid and alert and have high energy budgets; consume more
insects than expected given body size; and form large, gregarious
groups, usually with female philopatry, multimale multifemale
social organization, and polygynandrous mating patterns, quite
unlike the pair-bonded or polyandrous social organization and
mating patterns seen in their sister taxa (Callitrichidae and Aoti-
dae) (20, 31). Cebinae are more than three times the size of
Saimiri and they show striking differences in head size and
shape, but both have large brain-to-body-size ratios compared to
other platyrrhine taxa. Rosenberger (32) classified Cebidae as
frugivore-insectivores but noted that Saimiri have more insectiv-
orous specializations, such as puncture-crushing teeth and highly
convergent orbits, whereas capuchins are more generalized omni-
vores. Developmental studies have shown that key cranial mor-
phological differences between Saimiriinae and Cebinae are
attributable mostly to scale or absolute size; the two subfamilies
follow the same allometric trend and differences are possibly
related to a heterochrony in development due to delayed growth
and reproduction in capuchins (33). Marroig (33) classifies Cebi-
dae together as paedomorphic compared to other platyrrhines
but squirrel monkeys as paedomorphic compared to capuchins.

The subfamily Cebinae (capuchins) are a particularly remark-
able contrast to other platyrrhines for their many striking
similarities to Hominidae, including social conventions and tra-
ditions, complex relationships, high dexterity, sensorimotor
intelligence with tool use and extractive foraging, advanced
derived cognitive abilities, diverse behavioral repertoire and
flexibility, and slow maturation (31). These traits are uncom-
mon or absent among other platyrrhines and it is of great
anthropological interest to gain insight into the evolutionary
mechanisms underlying the independent emergence of these
convergent traits and their associated genomic changes. The
existence of two capuchin genera (Cebus and Sapajus) which
diverged within a timeframe similar to Homo and Pan brings
further interest to understanding their distinct evolutionary his-
tories. Although in many respects Cebus and Sapajus are similar,
major differences exist in morphology, ecology, and behavior
(see ref. 34 for review). Behaviorally, both learn socially;
however, Sapajus shows greater tool use, including nut cracking
similar to that seen in apes, whereas Cebus shows more group-
level social traditions (35, 36). These behavioral differences
have been linked to both cognitive evolution and ecological
factors; Sapajus may have adapted to resource scarcity through
tool use whereas Cebus relied on coalitionary support. Cebus is
more of a ripe fruit specialist, whereas Sapajus has robust cra-
nial and postcranial skeletal and dental morphological adapta-
tions affording greater access to hard-object foods (37-40).
The capuchin genera diverged by 5 to 6 Ma based on fossil-
calibrated molecular phylogenies (41-43), while fossils such as
Acrecebus (44, 45) (estimated at over 15 kg) show a robust
capuchin morphology had emerged by 6 to 9 Ma.

The genus Saimiri (squirrel monkeys, subfamily Saimiriinae),
the sister group to Cebinae, are also characterized by slow mat-
uration and large encephalization quotient, with a larger work-
ing memory span than marmosets, a neocortex-to-brain ratio
far exceeding that of marmosets, and evidence for age-related
cognitive decline paralleling humans (reviewed in ref. 46).
Saimiri are hypergregarious, with the largest stable social groups
among platyrrhines, and frequently engage in mixed-species
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associations, especially with capuchins (47). They are also a key
primate biomedical model with foci on neuroendocrinology,
ophthalmology, pharmacology, behavior, viral persistence, infec-
tious diseases, cancer treatment, and reproductive physiology,
among others (48).

Here, we take a comparative genomics approach to uncover
signatures of adaptive evolution in cebid genomes to better under-
stand the adaptive diversification of this distinctive platyrrhine pri-
mate clade. We focus on the three extant cebid lineages—robust
capuchins (genus Sapajus), gracile capuchins (genus Cebus), and
squirrel monkeys (genus Saimiri)—as well as the ancestral capu-
chin (Cebinae) and ancestral Cebidae branches. Our study high-
lights the evolutionary history of Cebidae since their divergence
from other platyrrhines, focusing on derived characteristics
shared among cebid lineages, shared across capuchins that
emerged after their divergence from squirrel monkeys, and
unique to each of these three extant cebid genera. Through the
analysis of successive lineages in the cebid clade, we are able to
gain insight into major periods of cebid adaptive evolution in a
branchwise manner and identify candidate adaptive genes that
may underlie the emergence of lineage-specific traits. Previous
work assessing signatures of adaptive evolution in protein-coding
regions for cebid lineages considered the entire capuchin subfam-
ily (Cebinae) together as represented by a single species (Cebus
imitator), uncovering broad signatures of positive selection on
the brain and DNA repair (which was associated with longevity)
(49), or focused on signatures of convergence among encephal-
ized primate lineages including humans (50). This work greatly
expands upon these existing studies by individually analyzing
five distinct cebid branches, separately analyzing three lineages
of Cebinae (Sapajus, Cebus, and ancestral Cebinae) as well as
two further lineages, ancestral Cebidae and squirrel monkeys
(Saimiri), to infer the targets of selection during various periods
of cebid evolution.

Results

Robust Capuchin Reference Genome. At the start of this study,
annotated genome assemblies were publicly available for Cebus
imitator and Saimiri boliviensis. We generated a genome assem-
bly for Sapajus apella using short-read data (~148-fold cover-
age) scaffolded with Dovetail’'s Chicago proximity ligation
libraries (S7 Appendix, Table S1) using their HiRise pipeline
(51). Total length of this genome assembly was 2,520 Mbp (in
6,631 scaffolds) with an N50 of 27.1 Mbp (29 scaffolds) and
N90 of 4.04 Mbp (116 scaffolds). We identified 91.5%
(5,666) of BUSCO’s (52) Euarchontoglires-specific conserved
single-copy orthologs in the assembly including 85% (5,264)
complete (with 0.6% duplicated) and 6.5% (402) fragmented,
and 90.3% (224) of CEGMA’s (53) core ecukaryotic genes
(CEGs). Together, assembly metrics and genome completeness
based on gene content indicate a contiguous, high-quality refer-
ence genome assembly for robust capuchins (Sapajus). We esti-
mated genome size with filtered short-read data based on A-mer
(31-mer) frequencies using the four approaches, resulting in an
estimated haploid genome length for our S. apella reference
individual between 2,918 and 3,029 Mbp (SI Appendix, Table
S2). Previous estimates of genome size for other robust capu-
chin species, Sapajus libidinosus and Sapajus nigritus, estimated
using Feulgen image analysis densitometry, ranged between
3,276 and 3,374 Mbp and 2,921 and 3,025 Mbp, respectively
(54). These estimates, in particular for S. nigritus, are very simi-
lar to our estimates for S. apella calculated in this study.

pnas.org


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2116681119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2116681119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2116681119/-/DCSupplemental

We pooled raw RNA-sequencing (RNAseq) data (367 mil-
lion read pairs) derived from total RNA from 17 tissues from
the same reference individual and, postfiltering, retained 341
million read pairs (SI Appendix, Table S3). We assessed quality
metrics and completeness of the seven transcript assembles gen-
erated using cleaned RNAseq read pairs with rnaQUAST (55)
and BUSCO, which revealed that upward of 94% of the tran-
scripts aligned to the genome with an average aligned percent-
age of greater than 92.7%, and indicated the final assemblies
used in downstream analyses (TrinDNv2, PASAv1, and NRv1)
were high-quality, near-complete transcriptomes (~96 to 97%
complete) (SI Appendix, Table S4). Repeat annotation of the
genome assembly using libraries of both known and de novo
elements estimated the total interspersed content of the genome
as 43.02% (1.06 Gbp) and total annotated repeat content
(including transposable elements as well as small RNA, satel-
lites, simple repeats, and low complexity repeats) as 44.63%
(1.12 Gbp) (S Appendix, Table S5). After three iterations
of Maker (56, 57) to predict and annotate gene models in the
robust capuchin genome assembly (S Appendix, Table S6) and
subsequent filtering, we recovered 25,279 predicted genes for
S. apella for downstream analyses.

Ortholog Alignment and Branch/Branch-Site Model Tests. We
initially identified 12,160 one-to-one orthologs recovered in at
least 2 of the 10 species we used in our comparative genomic
analyses; these include nine primates, of which four are platyr-
thines, and mouse (Fig. 1 and SI Appendix, Table S7). After
filtering for a minimum of five species and the presence of at
least one capuchin lineage (gracile or robust), alignment using
Guidance2 (58) with 100 bootstraps, and filtering for errors to
reduce the likelihood of false positives, we retained a set of
9,216 conservative, manually curated coding sequence (CDS)
alignments which were highly likely to represent one-to-one
ortholog groups across their length. Detailed information on
each of the final alignments, including group ID, assigned gene
symbol, and Entrez ID, can be found in S/ Appendix, Table S8.
In total, there were 207 different combinations of species
(species sets) represented in the final alignments (S Appendix,
Table S9), with most alignments assigned to the set of all spe-
cies (full) (» = 4,636) or sets with nine species (7 = 2,819) and
the rest to sets with between eight and five species (n = 1,761)
(Table 1 and SI Appendix, Table S10).

These 9,216 alignments were used as input to our codon-
based models of evolution based on nonsynonymous versus

synonymous substitutions (® or dN/dS ratio) to identify candi-
date genes under selection in six cebid lineages of interest (Fig. 1):
H1, robust capuchin (Sapajus); H2, gracile capuchin (Cebus);
H3, ancestral Cebinae (capuchins); H3a, across-capuchins (all
Cebinae; branches H1, H2, and H3 combined); H4, ancestral
Cebidae (i.e., ancestor to capuchins and squirrel monkeys); and
HS5, squirrel monkey (Saimir). In total we tested 11 lineage
and test combinations using codeml from PAML (59), branch
models (BM) across all six lineages, which tests for elevated
dN/dS ratios along the target branch indicating accelerated
evolution, and branch-site models (BSM) across five lineages
(excluding H3a), which tests for episodic selection by searching
for positively selected sites in the target lineage. Groups (align-
ments) analyzed per lineage varied between 6,978 and 9,003 of
9,216 total (Table 1 and SI Appendix, Table S10), with averages
of 7,957 BM and 7,748 BSM tests.

Across the six lineages analyzed for BM, we recovered 248 to
552 (average 351) models with signatures of accelerated evolu-
tion (P < 0.05 before correction for multiple testing). In con-
trast, across the five lineages analyzed for BSM, we found 75 to
186 (average 113) models with signatures of episodic positive
selection (P < 0.05 before correction for multiple testing),
much fewer than for BM tests particularly for shorter branches
for the capuchin lineages. Between 17 and 34 (average 25)
groups have signatures for both BM and BSM tests for the
same lineage (Table 1 and SI Appendix, Table §10). Lists of all
groups (genes) analyzed for each of the six lineages can be
found in ST Appendix, Tables S11-S16. More detailed informa-
tion for the groups with putative evidence of accelerated evolu-
tion or episodic selection from the BM and/or BSM tests
(groups that were significant precorrection for multiple testing)
including P values, likelihood ratio test (LRT) statistics, and
likelihood scores is given in SI Appendix, Tables S17-822.

After correction for multiple testing procedures, there were
no or very few (five or fewer) significant genes for all BSM tests
and most lineages for BM tests. This small number of genes
retained after correction for multiple testing is in strong con-
trast to comparable studies on nonhuman primates. We con-
sider this discrepancy a result of our strict manual curation
process which drastically reduces the occurrence of false posi-
tives. We therefore consider the significant false discovery rate
(FDR)-corrected genes to be very strong candidates for adap-
tively evolving genes and the overall set of significant genes
according to uncorrected P values to be the most likely set
of genome-wide candidates from the background set for each
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Fig. 1. Reconstructed chronogram showing the primate consensus guide tree topology used in this study and the cebid branches assessed for signatures
of positive selection. Divergence date point estimates (in millions of years ago) are from ref. 4.
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Table 1. Counts of groups and candidate adaptively evolving genes for BM and BSM tests with PAML

Total Groups with  Groups with ~ Groups with Candidate Candidate Overlap
groups all species 9 species <9 species models: BM  models: BSM  BM & BSM
Robust capuchin (H1) 7,010 4,636 1,695 679 292 80 17
Gracile capuchin (H2) 7,010 4,636 1,695 679 248 75 18
Ancestral Cebinae (H3) 6,978 4,636 1,695 647 302 122 30
Across-Cebinae (H3a) 9,003 4,636 2,756 1,611 552 NA NA
Ancestral Cebidae (H4) 8,740 4,636 2,701 1,403 278 104 26
Squirrel monkey (H5) 9,003 4,636 2,756 1,611 435 186 34
Average 7,957 4,636 2,216 1,105 351 113 25

NA, not applicable.

lineage. We refer to these sets of genes as candidate adaptively
evolving genes and our gene set enrichment analyses are con-
ducted on the set of candidate adaptively evolving genes for
each lineage for each test (11 sets in total). Detailed justifica-
tion for our distinct approach is provided in ST Appendix.

Gene Set Enrichment. Gene set enrichment analyses using
DAVID v.6.8 (60) for each set of candidate adaptively evolving
genes from each combination of lineage and test (six BM and
five BSM) aided interpretation of the biological significance of
the results. We assessed lists of enriched BP (biological process),
CC (cellular component), and MF (molecular function) Gene
Ontology (GO) terms, UP keywords, KEGG pathways, Reac-
tome pathways, and disease annotations, as well as functional
annotation clustering across the three GO terms together under
the high classification stringency criteria, with an EASE score
of <0.05 required for all enriched annotated terms and a mini-
mum enrichment score of 1.3 for all annotation clusters. Across
all lineages for the BM and BSM gene sets we recovered
between 2 and 13 (average 6) and 0 and 9 (average 3) GO clus-
ters and 68 and 189 (average 103) and 10 and 123 (average
60) enriched terms (all annotation categories), respectively (57
Appendix, Table $23). Information on each of the enriched anno-
tated terms and GO dusters including description, gene counts
and hits and statistical results such as EASE score and fold enrich-
ment for each gene set enrichment analysis is found in S Appendix;
Tables S24-S44. A detailed written summary of the gene set
enrichment results for each lineage is presented in S/ Appendix.

Discussion

Our analyses reveal signatures of positive selection on many
lineage-specific traits across Cebidae and highlight branches
with putative selective pressure on genes related to brain devel-
opment and function, longevity, behavior, reproduction, and
morphology (Fig. 2). Perhaps most striking are the sustained sig-
natures of positive selection recovered on brain evolution across
Cebidae, which appear early in cebid history with subsequent
selection on different aspects of central nervous system (CNS)
development at various time intervals for different lineages.
While we recover an evolutionary history of encephalization
beginning in ancestral Cebidae and continuing independently in
squitrel monkeys and capuchins, the strongest evidence for selec-
tion on neuroplasticity and behavioral flexibility is found for
ancestral Cebinae or the entire capuchin clade when considered
together (across-capuchins). The most striking signatures of
selection recovered independently for the capuchin genera relate
to their body shape and skeletal morphology, including the dis-
tinctive robust cranial and skeletal morphology in robust capu-
chins (Sapajus), and, conversely, the gracile limb morphology

https://doi.org/10.1073/pnas.2116681119

associated with more rapid, agile movement in gracile capuchins
(Cebus). All three extant cebid genera are long-lived for their
body size, and each shows signatures of selection on genes related
to aging, longevity, and/or neurodegeneration. In addition, in
contrast to other closely related taxa, all three cebid genera live in
relatively large groups with polygynandry and complex sexual
interactions, and we recover signatures of sustained positive selec-
tion related to sperm production/morphology and reproductive
behavior. Our comparative approach to uncovering candidate tar-
gets of positive selection within Cebidae highlights shifting and
sustained selective pressures within this clade, including evidence
for cumulative and diversifying neurobiological adaptations over
cebid evolutionary history. In the following sections, we discuss
our results describing adaptive evolutionary change in these line-
ages across various biological categories.

Neurodevelopment and Plasticity. A major hallmark of primate
evolution is expansion of the brain, with numerous independent
shifts to larger brain mass relative to body size also occurring
among different primate lineages. Larger brains have long been
associated with increased cognitive capabilities, higher social com-
plexity, and increased ability to respond to environmental and
socioecological challenges (61). The most encephalized primates
after humans are platyrrhines of the family Cebidae—capuchins
and squirrel monkeys (49, 50)—and ancestral state reconstruc-
tions have indicated that the second-fastest increase in the rate of
encephalization across primates occurred along the ancestral Cebi-
dae branch (30). Overall, our results are consistent with an evolu-
tionary history of encephalization and adaptive brain evolution
beginning in ancestral Cebidae and continuing independently in
both squirrel monkeys and capuchins after their divergence around
13.8 Ma (25).

We recovered signatures of selection and accelerated evolu-
tion on the CNS that may be associated with this encephaliza-
tion shift—in particular, related to brain development and
patterning. For the ancestral Cebidae branch, we recovered the
enriched CC term “growth cone,” a motile, sensory structure
that plays a critical role in precisely specified brain wiring pat-
terns, guiding axons to their targets during neural development,
and is also essential in the mature brain for plasticity-dependent
synaptogenesis (62). Growth cone dynamics and axonal tract
development are regulated by ciliary signaling (63), and, notably,
some of the strongest selective signatures for ancestral Cebidae
are related to the cilium (both primary and motile, as well as
microtubules). Many of the most enriched terms are cilium-
specific and including genes with essential roles in ciliogenesis
and implicated in the ciliopathy Joubert’s syndrome. Primary
cilia are found in almost all mammalian cells and the range of
symptoms characterizing ciliopathies highlights the difficulty in

associating the signal of selection on cilium with a single adaptive
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function; it is notable, however, that many of these disorders are
characterized by pronounced neurodevelopmental abnormali-
ties. Primary cilia are critical to the development of the CNS,
playing essential roles in early patterning, neurogenesis, and
neuronal migration and connectivity, at least in part owing to
their essential role in mediating signal transduction in key
signaling pathways (64). Taken together, these results suggest
adaptive evolution of the CNS and brain patterning in ancestral
Cebidae, which may be linked to the increase in brain size
found along this branch.

After the Cebinae/Saimiriinae divergence, relative brain size
of both squirrel monkeys and capuchins is modeled to have
increased independently at a similar rate. For squirrel monkeys,
it is explained by a reduction in body size and moderate
increase in brain size, while for capuchins it is driven by a large
increase in brain size along with a smaller increase in body size
(30). In agreement with this, we find continued brain-related
signatures of selection in both lineages. For squirrel monkeys,
we recovered various enriched brain-related GO terms for the
BSM gene set including “regulation of neuron differentiation,”
“nervous system development,” and “neurogenesis,” among
others. A gene in the squirrel monkey gene set is ADCYAPI,
which is accelerated in humans and has been associated with
human brain-size evolution (65). Some of these signatures for
squirrel monkeys may also relate to the adaptive maintenance
of a large brain size while reducing body size.

Capuchins are particularly notable for their large brains and
high encephalization quotients, the latter second only to humans
among primates (66), and other hallmarks of their evolution
include their derived cognitive abilities, sensorimotor intelligence,
diverse behavioral repertoire, and extensive behavioral plasticity
(31). Capuchins show striking convergence with great apes
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(particularly humans) across these traits, which are uncommon
among other platyrrhines. Related to these traits, we recover the
enriched BP GO term “CNS development” (BSM gene set) for
ancestral Cebinae with important developmental genes such as
GDF7, which contributes to neuronal cell identity in the devel-
oping embryonic nervous system. As with ancestral Cebidae, we
also find signatures of enrichment related to cilia for ancestral
Cebinae (in both gene sets) with several genes involved in pri-
mary cilium function that are also found in the “CNS devel-
opment” GO term (such as CEP162 and BBS7) and implicated
in ciliopathies including Seckel and BardetBiedl syndrome.
Orkin et al. (49) also found signatures of adaptive evolution
related to brain development and neurogenesis for C. imitator.
Importantly, however, our study places these positive selection
pressures for brain development as most strongly affecting the
ancestral Cebidae and Cebinae lineages; this suggests that brain
organization and function may have become relatively stable with
only minor divergence across the two capuchin genera despite
their subsequent divergent ecological and morphological adapta-
tions (but see below for some brain-related genes of interest).
Behavioral repertoires are manifestations of neural activity and
changes in behavior are ultimately followed by alterations in neu-
ronal connectivity, i.e., neuroplasticity (67). We found further
brain-related signatures for capuchins putatively associated with
this trait. Two highly ranked genes in the “CNS development”
GO term for ancestral Cebinae encode chondroitin sulfate pro-
teoglycans of the lectican family that are specifically expressed in
the CNS: NCAN (neurocan), the fourth-ranked gene in the
BSM gene set, and BCAN (brevican), the second-ranked gene in
the BM gene set and also in the BSM gene set. These chondroi-
tin sulfate proteoglycans serve as guidance cues during brain
development as well as play important roles in neuroplasticity by
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modulating synaptic connections in the adult brain. They are
abundant components of the brain’s extracellular matrix, forming
condensed lattice-like structures known as perineuronal nets that
form as one of the ultimate acts coinciding with the closure of
critical periods for experience-dependent plasticity. The relation-
ship between neurons and perineuronal nets is a central mecha-
nism controlling neuroplasticity, with perineuronal nets playing
many important roles in CNS functions including regulating
synaptic plasticity, stabilizing synapses, and neuroprotection.
They are involved in cognition through encoding, maintaining,
and updating memories, as well as recovery after nervous system
damage, psychiatric disease, and neurodegeneration (68, 69). It is
therefore significant that two of the most central and abundant
components of perineuronal nets, the chondroitin sulfate proteo-
glycans, brevican (BCAN) and neurocan (NCAN), show strong
signatures of selection in ancestral Cebinae, with BCAN also
selected in Cebus and NCAN also selected in Sapajus. Indeed, sig-
natures of selection potentially related to synaptic plasticity
appeared even earlier along the ancestral Cebidae branch given
the importance of the growth cone for plasticity-dependent syn-
aptogenesis, as discussed.

The behavioral diversity characterizing capuchin monkeys
includes social conventions and local traditions, complex and
intimate social relationships, ecological and dietary flexibility,
tool use, and extractive foraging including an astounding degree
of planning, with capuchin behavior varying by age, sex, and
geographically across populations of the same species (34, 35,
70-72). We recover broad signatures of selection on neuropep-
tides and hormones for the cebine branches, particularly for
ancestral Cebinae and across-capuchins. Interesting genes found
across these annotations include those encoding neuropeptides
and receptors that play important roles in many physiologic
processes such as cognition, memory, sensory/pain processing,
stress, hormone and insulin secretion, and appetite regulation.
There are also multiple genes in the hormone annotations in
the ancestral Cebinae and/or across-capuchin gene sets related
to the thyroid hormone and thyroid-stimulating hormone (e.g.,
TRH, CGA, and PAXS). Thyroid hormone is a key metabolic
hormone with many physiologic functions including critical
roles in differentiation, growth, and metabolism. It dramatically
impacts mammalian brain development, with its importance
highlighted by the deleterious and irreversible effects of thyroid
hormone deficiency/dysfunction during fetal and neonatal peri-
ods. Thyroid hormone also plays important roles in normal
adult brain function and has a profound influence on behavior
throughout life, with adult-onset thyroid hormone dysfunction
associated with a range of CNS-related pathologies, neurological
and behavioral abnormalities, and alterations in mood and
cognition (73).

For the across-capuchin gene set, we recover signatures
related to neurotransmission and vesicle fusion including six
genes encoding synaptotagmin and synaptotagmin-like proteins
which are known to play important roles in regulated neuro-
transmitter release and hormone secretion. Among these genes
is SYT11, which forms an essential component of a neuronal
vesicular trafficking pathway crucial for development and syn-
aptic plasticity and plays an important role in dopamine trans-
mission (74). Other related genes for the across-capuchin gene
set are involved in the regulation of synaptic AMPA receptors,
which play a key role in synaptic plasticity, being involved in
long-term potentiation and depression of synaptic transmission
in the hippocampus and encoding or interacting with neurex-
ins, neuronal cell-surface proteins involved in synaptic contacts
and transmission.
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Although the brain-related signatures are strongest for the
ancestral cebid lineages, we also find distinct accelerated genes
related to neurodevelopment in each of the capuchin genera,
suggesting some, perhaps minor, continuation of adaptive brain
evolution independently in robust and gracile capuchins after
their divergence around 5 to 6 Ma. This signature is more
notable for robust capuchins; we recover enriched terms related
to cilia including the UP keywords “cilium” and “Bardet—Bied!
syndrome” and the CC GO term “MKS complex,” covering
three genes involved in ciliogenesis and required for the forma-
tion of primary nonmotile cilium. One of these is AH/I, which
is required for both cerebellar and cortical development in
humans and may play a crucial role in ciliary signaling during
cerebellum embryonic development as a positive modulator of
classical Wnt signaling (75). AHII also shows an accelerated
rate of evolution along the human lineage since the split from
chimpanzees and bonobos (76). For gracile capuchins, the
enriched UP keyword “developmental protein” contains multi-
ple genes with important roles in CNS development.

Mitochondria and Energy Metabolism. The brain is one of the
most metabolically expensive organs in the vertebrate body and
large brains are, therefore, an evolutionarily costly adaptation
(77). Tissues with high energy requirements, such as the brain,
are highly dependent on mitochondria with hundreds to thou-
sands within a single neuron (78). Signatures of adaptive evolu-
tion in nuclear-encoded mitochondrial genes have been found
in large-brained/encephalized mammals including the elephant
and anthropoid primates generally (79-81), as well as in bats,
which have a high energy demand owing to flight (82). Mito-
chondria also play many important roles in the nervous system
including in neurotransmitter metabolism, neurogenesis, neuro-
plasticity, and nervous system development and are strongly
implicated in aging (83, 84). We find recurrent signatures of
selection on the mitochondrion in multiple cebid lineages. This
signature is the strongest in ancestral Cebinae with recurrent
signatures across many annotation categories in the BM gene
set including specific enriched terms related to the mitochon-
drial inner membrane and protein complexes which underlie the
role of the mitochondrion as the cell’s powerhouse. The ancestral
capuchin branch is where absolute brain volume shows both the
greatest total increase and the fastest rate of increase among Cebi-
dae branches (30), supporting the putative relationship between
this signature, encephalization, and the high energy requirements
of large brains.

We also recover enriched broad mitochondrial terms for
across-capuchins and ancestral Cebidae shared with the ances-
tral Cebinae branch, as well as additional signatures shared
between across-capuchins and squirrel monkeys specific to
nuclear-encoded mitochondrial ribosomal proteins (which form
mitoribosomes) and the translation of essential mitochondrial
messenger RNAs (mRNAs). Although signatures are sometimes
shared across lineages, the genes involved usually differ; for
example, there are four and six nuclear-encoded mitochondrial
ribosomal genes for the across-capuchins and squirrel monkey
branches, respectively, but with no overlapping genes. These
results further support an evolutionary history of encephaliza-
tion initiating in ancestral Cebidae and continuing indepen-
dently in capuchins and squirrel monkeys.

Longevity, Aging, and Neurodegeneration. If large brains pro-
vide cognitive advantages that lead to, for example, reduced pre-
dation risk by outsmarting predators, or buffering from mortality
due to food scarcity through tool-use abilities, large brains may
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have an adaptive impact by reducing mortality thereby allowing
selection to favor a longer life (85-87). In this regard, the paral-
lels between humans and capuchins are striking: Capuchin mon-
keys have slow maturation and extended juvenescence reaching
maturity at around 8 to 10 y old. Capuchin monkeys are among
the most-long-lived primates, reaching over 50 y in captivity,
though life expectancy is thought to be much lower in the wild
(88, 89). Consistent with this, we recovered broad signatures
of selection on aging and related processes across various
capuchin branches.

The maintenance of genomic stability is considered a major
factor underlying human longevity, with the accumulation of
macromolecular damage, such as DNA damage, one of the
most significant factors contributing to aging (90). We recover
signatures of selection on DNA damage and repair-related
genes for both the robust and gracile capuchin branches inde-
pendently, including enriched terms such as “double strand
break repair,” “cellular response to DNA damage stimulus,”
“DNA repair,” and “DNA damage.” These results support
those of Orkin et al. (49), who also found signatures of selec-
tion related to DNA repair and damage in C. imitator. Aging is
also associated with a decline in mitochondrial function with
strong links between mitochondria and a wide range of pro-
cesses associated with aging including senescence and inflam-
mation (84). As discussed in a previous section, there are strong
signatures of selection on mitochondria across cebid branches.

Squirrel monkeys are also long-lived primates when consider-
ing their small body size—around 30 y in captivity (88)—and
thus selective pressure on longevity may have arisen along the
ancestral Cebidae branch. Indeed, for ancestral Cebidae we
found the enriched disease annotation “aging” with several
genes implicated in age-related neurodegeneration. A particu-
larly notable gene in this annotation is WRN, which plays a
major role in genome stability, with mutations in WRN associ-
ated with defective telomere maintenance and causing Werner
syndrome, which is characterized by rapid onset of cellular
senescence, early cancer onset, and premature aging (91). In
addition, there are several important genes with signatures of
selection related to sphingolipid and ceramide metabolism for
ancestral Cebidae including a ceramide synthase (CERS4) and
SMPD1, which encodes a lysosomal acid sphingomyelinase.
Recent studies have highlighted the importance of acid sphin-
gomyelinase as a critical mediator for pathologies in aging and
age-related neurodegenerative diseases, with acid sphingomyeli-
nase viewed as a promising drug target for antiaging and the
treatment of age-related neurodegenerative diseases (92). We
also find another important ceramide synthase gene, CERS, in
the across-capuchin gene set, which catalyzes the synthesis of
C18-ceramide in brain neurons, with elevated expression of this
gene associated with increased longevity in humans (93).

Humans are particularly susceptible to age-related neurode-
generative disorders such as Alzheimer’s disease. While non-
human primates show some age-related neurodegeneration,
pathological neurodegeneration such as seen in Alzheimer’s dis-
ease is uncommon (94). Interestingly, we recover many genes
across the capuchin branches associated with age-related neuro-
degenerative disorders in humans. This is particularly evident
for robust capuchins with various enriched disease annotations
related to Alzheimer’s disease (also found for squirrel monkeys)
and dementia, as well as several genes directly associated with
Alzheimer’s disease including APOE, a major genetic risk factor
locus in humans. For ancestral Cebidae, we recovered the
important related gene ADAMI10, an alpha secretase involved
in the cleavage of APP, thereby preventing the generation of

PNAS 2022 Vol.119 No.35 2116681119

amyloid beta peptides associated with the development of
Alzheimer’s disease (95).

Notably, there is a strong relationship between circadian
thythms and aging. Emerging in early infancy, the circadian
system undergoes significant changes through an organism’s
lifespan affecting rhythms of behaviors, temperature regulation,
and hormone release, among others, and is implicated in
human longevity (96). We found signatures of selection on cir-
cadian rhythms in both ancestral Cebinae and across-capuchins
represented by enriched BP GO terms and UP keywords and
including genes encoding core components of the circadian
clock such as PER3. Precisely timed rhythmic activities that are
tuned to periodic biotic and abiotic cycles of an organism’s
environment are likely to confer adaptive advantage (97) and
these signatures may relate to a variety of factors including, for
example, the high activity levels of capuchins, as well as capuchin
longevity, slow maturation, and/or delayed life history.

Reproduction and Mating Systems. Platyrrhine primates show
a diverse range of mating systems and sexual/reproductive char-
acteristics and behaviors. Both capuchin and squirrel monkeys
are characterized by multimale multifemale mating systems
(polygynandry), unlike many of their closely related lineages,
for example, the flexible polyandry—monogamy seen in callitri-
chids and the social monogamy of owl monkeys. Polygynan-
drous mating systems are associated with postcopulatory sexual
selection through sperm competition (98). Sperm competition
can be directed at the quantity and quality of sperm, for exam-
ple effectuated via changes to rates of spermatogenesis, sperm
cell size, morphology, and mobility, copulation frequency, tes-
tes size, and the morphology of the penis, accessory glands, and
ducts (98). In line with the reproductive shift to polygynandry
in ancestral Cebidae, we find strong signatures of selection
putatively related to sperm competition in both gene sets with
various enriched terms describing motile cilium and flagella,
spermatogenesis, sperm development, male meiosis, fertiliza-
tion, and reproduction. These terms cover a suite of interesting
genes including two important members of the CatSper com-
plex, a sperm-specific ion channel involved in several important
steps of fertilization including sperm hyperactivation and capac-
itation, which allow sperm to reach and interact with an
oocyte. Similar signatures can also be found for ancestral Cebi-
nae with “fertilization” forming the top-ranked individual BP
GO term, as well as more broadly on motile cilia. In line with
the shift to multimale multifemale mating systems, cebid line-
ages are also characterized by larger group sizes, which is partic-
ularly notable for squirrel monkeys (99) and may underlie
some of the enriched immune system—related results recovered
for ancestral Cebidae, squirrel monkeys, and ancestral Cebinae.

The behavioral repertoire of capuchins includes new repro-
ductive/courtship behaviors and complex intimate individual
relationships, which may also relate to their mating system (100).
In agreement, we recovered genes related to sex steroids and
reproductive hormones/peptides in the ancestral Cebinae and
across-capuchins gene sets. For across-capuchins, we also recov-
ered enriched GO terms describing the secretion of gonadotro-
pin, luteinizing hormone, and endocrine hormones. Several genes
in these terms are involved in sex steroid metabolism, while
others are associated with the pituitary glycoprotein hormones
and prolactin such as PRLH, prolactin-releasing hormone, which
stimulates prolactin release and regulates prolactin expression, as
well as lactation, behavior, and the reproductive system. Among
the most notable genes recovered for capuchins is NPVE, found
in both the ancestral Cebinae and across-capuchins branches,
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encoding the neuropeptides NPSF and NPVF (also referred to as
the RFamide-related peptides, RFRP-1 and RFRP-3), which are
mammalian homologs of the avian neuropeptide gonadotropin-
inhibitory hormone. These neuropeptides act as potent negative
regulators of gonadotropin synthesis and secretion, with a range
of functions in the modulation of reproduction including the
regulation of sexual behavior, sexual maturation, ovulatory cycle,
gonadal function, reproductive seasonality, and stress-induced
reproductive suppression, among others (101).

Body Size and Morphology. While the two capuchin lineages,
robust and gracile, share many traits as discussed throughout,
significant derived characters arose since their divergence 5 to
6 Ma, hence their division into two genera, Sapajus and Cebus
(34, 102). The most notable differences relate to their body
shape and skeletal morphology, and this is reflected in the
strongest signatures of selection recovered individually for both
lineages. In line with their name, robust capuchins (Sapajus)
are generally stockier and more skeletally robust, with shorter,
thicker limbs, as well as striking differences in craniodental
morphology, particularly relating to the robust masticatory
architecture of the skull, a specialization to process tougher
foods (durophagy) such as encased nuts and palm fruits (34,
103). Further, S. libidinosus is known to habitually use stone
tools to access a variety of encased foods including otherwise
inaccessible foods, a skill that takes many years to perfect, and
this ability likely relates to their more robust skeletal morphol-
ogy (102, 104). This derived morphology is reflected in the
range of enriched GO terms and candidate genes we found in
this lineage related to facial, skeletal system, and skeletal muscle
tissue morphogenesis and development, as well as BMP signaling
pathway. Several genes in these terms are explicitly associated
with skull bone fusion and morphology such as SIX4, RAB23,
and NIPBL, which encodes the protein delangin that plays a role
in the development of the limbs and skull/face bones (105-107).

Similarly, for gracile capuchins (Cebus)—characterized by long,
slender limbs and a slighter body plan (34, 38)—we recovered
various enriched annotated terms related to limb and skeletal sys-
tem development, including several homeobox transcription fac-
tors of the Hox (5 of 21 analyzed) and Shox (1 of 2 analyzed)
families that play fundamental roles in embryonic pattern forma-
tion, axis control, and are required for normal limb development
(108). Many other genes in these terms are also associated with
various skeletal dysmorphologies and congenital limb defects in
humans. More broadly, there are signatures of selection on
embryonic development for gracile capuchins including enriched
terms such as the GO term “chordate embryonic development”
and UP keyword “developmental protein.” Taken together, the
results for robust and gracile capuchins are suggestive of adaptive
pressure on developmental pathways related to the skull/face,
limbs, and skeletal system that may underlie the morphological
differences between these capuchin lineages. Also related to mor-
phology, we recover enriched the GO term “embryonic digit
morphogenesis” for ancestral Cebinae. Capuchins have a high
degree of manual dexterity, possessing pseudo-opposable thumbs
augmenting their precision grip ability, which plays a role in their
sensorimotor intelligence, and show increased dexterity compared
to squirrel monkeys (109, 110).

Among the most unusual aspects of squirrel monkey biology
is their large brain size in the context of their overall small
body size, which distinguishes them from the other most ence-
phalized primate lineages. Reconstructions have indicated that
squirrel monkey body size decreased and their brain size
increased further after squirrel monkeys and capuchins diverged
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(30). Our results for squirrel monkeys reveal broad signatures
related to growth factors across our analyses with enriched
growth factor—related GO terms and genes encoding or associ-
ated with members of the fibroblast growth factor and trans-
forming growth factor beta families and many implicated in
human stature and dwarfism, including the short stature
homeobox gene (SHOX). The strongest selective signatures for
squirrel monkeys relate to cellular signaling cascades, with vari-
ous enriched annotations describing the mitogen-activated pro-
tein kinase (MAPK) and ERK1/2 signaling pathways involved
in basic cellular processes including cell proliferation and differ-
entiation. Together, the signatures of selection on ERK/MAPK
cascades and growth factors may be related to the reduced body
size of squirrel monkeys and/or the adaptive maintenance of a
large brain size while reducing body size.

Diet and Nutrition. Capuchins inhabit a complex omnivorous
dietary niche characterized by dietary flexibility, high nutrient
density, and easy digestibility for their small gut (111), with
high sensorimotor intelligence related to their extractive forag-
ing capabilities. For across-capuchins, we recovered various
diet/metabolism-related signatures including for branched-
chain amino acids, essential amino acids required in the diet
that are major constituents of muscle protein; riboflavin, a B
vitamin involved in many physiologic processes, necessary for
normal cell growth and function; and biotin, another essential
B vitamin involved in the conversion of food to energy and
important for embryonic growth. It is notable that all of these
nutrients are found in lipid- and protein-rich food sources such
as meats, eggs, and nuts. Among the capuchin lineages, robust
capuchins show a preference for food with a high lipid content
such as nuts and insects (112), and we recover various enriched
GO terms related to lipid metabolism, which may be linked to
their increased ability (versus gracile capuchins) to access fat-rich
nuts as a result of both their robust skeletal morphology and, in
some species, their stone tool use. Robust capuchins also show
various signatures potentially related to water homeostasis includ-
ing enriched GO terms for kidney/renal system development
and sodium ion transport. Selective pressure on water homeosta-
sis may relate to range expansion into drier habitats such as the
Cerrado for some Sapajus lineages in the Pleistocene (43).

Similarly, in the highly insectivorous squirrel monkeys (47)
we recovered various enriched terms related to nutrition includ-
ing mineral absorption, response to metal ions, retinoid metab-
olism, and calcium homeostasis, which is notable given many
insects are considered a poor source of calcium.

Limitations and Future Directions. While a single genome per
species or lineage can give insight into evolutionary processes
deep in time, the sequencing of more individuals in each of
these lineages will be critical for studying patterns of demogra-
phy and selection in more recent history. The inclusion of
additional individuals is also required to determine if variants
discovered in this study are fixed or vary within species. More-
over, without functional genomic experiments, some of the
candidate genes described in this study might reflect the relaxa-
tion of selection rather than adaptive evolution, and these genes
thus remain candidates until they are validated. Furthermore,
given that protein function, which is generally derived from
humans, mice, and other model organisms, is little understood
in the context of the biology of these cebid lineages, the func-
tional significance of selection on these candidate genes and
the association of these signals with specific adaptive functions
is correlative and warrants further investigation. Codon-based
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models of evolution are also unable to consider variation in reg-
ulatory controls and gene expression, which can both have
important adaptive implications.

The draft reference assembly, short-read data, and RNAseq
data from 17 tissues for the same robust capuchin individual
provide a useful resource for future genomics studies of capuchins
and primates more broadly. Future directions might include long-
read sequencing, a candidate technology to fill gaps in the assem-
bly and increase the contiguity to chromosome scale. The results
from this study will be useful in downstream applications for the
study of genes of interest in both captive and field studies of pla-
tyrrhines, as well as opening new avenues of research for the study
of primate brain evolution and comparative brain biology.

Materials and Methods

Genome Sequencing, Assembly, and Size Estimation. Whole blood was
collected during a routine physical from Mango, a female captive brown robust
capuchin (S. apella) housed at the Language Research Center, Georgia State Uni-
versity (Institutional Animal Care and Use Committee number: A16031). Mango
was aged and thought to have been wild-caught in the 1970s, and she was the
last remaining individual from the colony's original source population. Dovetail
Genomics extracted high-molecular-weight DNA from the blood sample to con-
struct one shotgun library and three "Chicago” proximity ligation libraries with
chimeric pairs spanning up to 50 kbp in physical distance. The shotgun library
was sequenced across four HiSEg. 4000 lanes, producing 1.33 billion 150-bp
paired end (PE) read pairs (399 Gbp), an estimated 148-fold sequencing cover-
age (based on a genome size of 2.7 Gbp). The three Chicago libraries were
pooled and sequenced across two HiSEq. 4000 lanes, generating 800 million
100-bp PE read pairs with ~220-fold physical coverage. All sequencing was per-
formed at the DNA Technologies Core, University of California, Davis. All raw
reads were deposited on NCBI's sequence read archive (SRA) (S Appendix, Table
S1). A preliminary de novo assembly was generated by Dovetail Genomics from
quality-filtered short-read shotgun data using the Meraculous assembler (113).
The final draft assembly was generated by scaffolding the preliminary assembly
with the Chicago libraries using Dovetail's HiRise pipeline (51). Total length of
this genome assembly was 2,520.3 Mbp (in 6,631 scaffolds) with an N50 of
27.1 Mbp (29 scaffolds) and N90 of 4.04 Mbp (116 scaffolds). The longest scaf-
fold was 90.4 Mbp.

We evaluated completeness of the genome assembly by its estimated gene
content using CEGMA v2.5 (53) and BUSCO v3.0.2 (52) to calculate the propor-
tion of 248 CEGs or 6,192 Euarchontoglires-specific conserved single-copy ortho-
logs, respectively, that were either complete, fragmented, or missing. Using
quality-filtered, nuclear-only, endogenous short reads, we also performed k-mer
counting with Jellyfish v.2.2.6 (114) to generate a k-mer frequency distribution
of 31-mers and then estimated genome size using four approaches. We gener-
ated an initial mitochondrial genome assembly for Mango by mapping a set of
putative mitochondrial short read pairs to a complete S. apella mitochondrial
genome using MIRA v.4.0.2 (115) and then performed baiting and iterative
mapping with a MITObim v.1.9.1 (116) wrapper script to generate the final mito-
chondrial genome assembly.

RNAseq and Transcript Assemblies. The reference individual, Mango, was
killed in the months after genome sequencing when her health declined and a
cancerous tumor was discovered, allowing the ethical collection of fresh tissue
for RNA sequencing from the same individual. Tissue collection was performed
during necropsy at Yerkes National Primate Research Center within hours of her
death. Seventeen tissues samples were harvested and placed in RNAlater (Invi-
trogen), and subsequently total RNA was isolated from each sample followed by
poly-A tail selection library preparation. The libraries were pooled and sequenced
on a single HiSEq. 3000 lane generating ~367 million 150-bp PE read pairs
(102.5 Gbp) with between 16.8 and 27.4 million reads pairs per tissue. These
steps were performed by the Technology Center for Genomics & Bioinformatics
(TCGB) at the University of California, Los Angeles (UCLA). All raw reads were
deposited on NCBI's SRA (S/ Appendix, Table S1). After k-mer correction, filtering,
trimming, and ribosomal RNA removal steps, we generated seven transcript
assemblies with the cleaned RNAseq read pairs, as follows: de novo (TrinDNv2);
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abundancefiltered de novo (TrinDNv2); reference-based (Cuffv1); PASA with
TrinDNv2 and Cuffv1 as input (PASAv1); genome-guided (TrinGGv1); PASA
with TrinDNv2, Cuffv1, and TrinGGv1 as input (PASAv2); and nonredundant with
PASAv2 as input (NRv1). This ultimately resulted in three assemblies (TrinDNv2,
PASAv1, and NRv1) for use as direct evidence in various iterations of the genome
annotation pipeline. We checked quality metrics and completeness of the seven
assemblies using maQUAST v1.5.0 (55) with BUSCO v3.0.2 in transcriptome
mode using the Euarchontoglires-specific BUSCOs gene set.

Repeat and Genome Annotation. T0 assess the repeat content of the robust
capuchin genome, we first performed a homology-based repeat annotation of
our genome assembly using known elements with RepeatMasker v4.0.7 (117),
followed by de novo repeat identification using the library of unknown repeats
generated with RepeatModeler v1.0.11 (118), and finally we used ProcessRe-
peats from RepeatMasker to summarize all annotated repeats in the genome
assembly. We annotated the robust capuchin genome assembly in three itera-
tions of Maker v3.01.02 (56, 57) to predict gene models, incorporating direct
evidence from transcript assemblies, homology to the predicted proteomes of
platyrrhine primates and humans, and ab initio predictions from Augustus v3.3
(119) with a robust capuchin-specific hidden Markov model that was trained ini-
tially in BUSCO and twice subsequently using high-quality gene models from
each of the first two passes of Maker (SI Appendix, Table Sé). Predicted gene
models from the third pass of Maker were functionally annotated using
Blast2GO v5.2.5 (120) and filtered based on supporting evidence and presence
of annotations.

Identification of Orthologs, Alignment, and Filtering. In order to assess
signatures of positive selection in other platyrrhine primate genomes, we first
identified orthologs using the OrthoMCL pipeline (121) across 10 species: four
platyrrhine primates (Sapajus, Cebus, Saimiri, and Callithrix), five other primates
(Macaca, Pan, Homo, Carlito, and Microcebus), and mouse (Mus). As input to the
pipeline, we used predicted CDS and protein sequence files from Ensembl (or
for Sapajus from our genome annotation) for all species that were filtered for the
longest isoform per gene. We generated a set of 9,216 conservative, manually
curated CDS alignments which were highly likely to represent one-to-one ortho-
logs across their length by 1) filtering the OrthoMCL output for one-to-one
orthologs, a minimum of five species, and the presence of at least one capuchin
lineage; 2) aligning CDS sequences for these filtered orthologs groups by codon
using Guidance2 v.2.02 (58) with the MAFFT aligner v.7.419 (122) with 100
guidance bootstraps; and 3) visually inspecting all alignments for errors and
editing as required to reduce the likelihood of false positives.

BM and BSM tests. We specified six lineages (foreground branches) for the
positive selection tests, as follows: H1, robust capuchin (Sapajus); H2, gracile
capuchin (Cebus); H3, ancestral Cebinae (capuchins); H3a, across-capuchins
more generally (all Cebinae); H4, ancestral Cebidae; and H5, squirrel monkey
(Saimiri). We assigned species set IDs to each combination of species (207 spe-
cies sets) found in the final alignments and generated unrooted tree files based
on the consensus species tree (Fig. 1) that specified the various foreground
branches analyzed for each species set (759 tree files). We ran two different tests
for positive selection with codeml from the PAML package v.4.9 (59) which are
based on rates of nonsynonymous versus synonymous substitutions (o or dN/dS
ratio): the BSM, which tests for episodic selection by searching for positively
selected sites in the foreground branch, and the BM, which tests for elevated
dN/dS ratios along the foreground branch indicating accelerated evolution. We
did not run the BSM test for H3a, and thus a total of 11 lineage and test combi-
nations were conducted with codeml. For each BM test, we assessed two models
as follows: the alternative branch model which separates the tree into fore-
ground and background branches that have distinct o parameters allowing
them to evolve with separate dN/dS ratios and the null model which uses a sin-
gle @ parameter across the tree. For each BSM test, we assessed an alternative
BSM allowing for positive selection on the foreground branch and a null model
allowing only for purifying and neutral selection on the foreground and back-
ground lineages. After estimating parameters and calculating the likelihood with
codeml, we performed LRTs by comparing the likelihood of the alignment under
the alternative versus under the null model and calculated P values from the ¥
distribution with one degree of freedom.
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We used the Benjamini-Hochberg method (123) to correct for multiple test-
ing, applying a single level of correction within each foreground branch for each
test by controlling the FDR. Even using a low FDR-corrected P value there were
no or very few (five or fewer) significant genes after correction for all BSM tests
and most lineages for BM tests. We consider the overall set of significant genes
according to uncorrected P values (<0.05) to be the most likely set of genome-
wide candidates from the background set for each lineage and refer to these
sets of genes as candidate adaptively evolving genes. We conducted gene set
enrichment analyses on the set of candidate adaptively evolving genes, one for
each lineage and test (BM or BSM; 11 total) using DAVID v.6.8 (60) with the
entire human gene set as the background population of genes. In DAVID, we
assessed lists/charts of enriched 1) BP, CC, and MF GO terms (the “all" option),
2) UP keywords, 3) KEGG pathways, 4) Reactome pathways, and 5) disease anno-
tations, as well as functional annotation clustering across the three GO terms
together under the high classification stringency criteria, with an EASE score of
<0.05 required for all enriched annotated terms for both approaches and a min-
imum enrichment score of 1.3 for the annotation clusters.

Data, Materials, and Software Availability. The reference genome
(https://www.ncbi.nlm.nih.gov/assembly/GCA_022120495.1) (124), and whole-
genome, Chicago library, and RNA sequencing reads (https://www.ncbi.nlm.nih.
gov/sra?linkname=bioproject_sra_all&from_uid=717806) for our reference S.
apella individual are publicly available at NCBI (BioProjects accession
PRINA717806) (https:/www.ncbi.nlm.nih.gov/bioproject?term=PRINA717806)
(125). See SI Appendiix, Table ST for NCBI's SRA accessions for the raw short-read
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