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Abstract 17 

The family Cebidae (capuchin and squirrel monkeys) form a remarkable platyrrhine clade 18 

exhibiting among the largest primate encephalisation quotients. Each cebid lineage is 19 

characterised by notable lineage-specific traits, with capuchins showing striking similarities to 20 

Hominidae including high sensorimotor intelligence with tool use, advanced cognitive abilities, 21 

and behavioural flexibility. Here, we take a comparative genomics approach, analysing five cebid 22 

branches including successive lineages, to infer a stepwise timeline for cebid adaptive evolution. 23 

We uncover candidate targets of selection across various periods of cebid evolution that may 24 

underlie the emergence of lineage-specific traits. Our analyses highlight shifting and sustained 25 

selective pressures on genes related to brain development, longevity, reproduction, and 26 

morphology, including evidence for cumulative and diversifying neurobiological adaptations over 27 

cebid evolutionary history. In addition to generating a new, high-quality reference genome 28 

assembly for robust capuchins, our results lend to a better understanding of the adaptive 29 

diversification of this distinctive primate clade. 30 
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 34 

MAIN TEXT 35 

Introduction 36 

Platyrrhine primates (also known as Neotropical primates) present a striking example of the 37 

adaptive diversification of a primate clade into diverse ecological niches. Platyrrhines of South 38 

and Central America and catarrhines of Africa and Asia (and extinct forms from Europe) likely 39 

diverged via transatlantic dispersal of the platyrrhine ancestor from Africa to South America 40 to 40 

44 million years ago (mya), with the earliest South American fossils resembling small Eocene 41 

African anthropoids (1, 2). The crown platyrrhine radiation began to diversify 20 to 25 mya, with 42 

most of the extant diversity contained in the rainforests of Amazonia and the Atlantic Forest 43 

biome (1, 3). It has been suggested that ecological opportunity across multidimensional niches in 44 

expanding rainforest environments may have driven the diversification of major platyrrhine 45 

lineages, leading to the evolution of a plethora of forms with over 20 extant genera and 170 extant 46 

species (4, 5). Platyrrhine primates show striking phenotypic diversity in body and brain size, 47 

skeletal morphology, pelage patterns, group size, social and mating systems, life history and 48 

longevity, behavioural plasticity, diet and dietary adaptations, among many other traits, with this 49 

diversity becoming increasingly well characterised in recent years. We know very little, however, 50 
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about the genetic changes involved in the evolution of this incredible array of diversity and where 51 

in the platyrrhine clade those changes occurred.  52 

 While all major platyrrhine groups show lineage-specific traits, the family Cebidae 53 

(capuchin and squirrel monkeys, following (6) and current IUCN Red List Taxonomy) are 54 

compelling considering their large encephalisation quotient (EQ; relative brain to body size), with 55 

reconstructions showing one of the fastest increases in EQ across primates along the ancestral 56 

Cebidae branch (7). Capuchins (subfamily Cebinae) are a particularly remarkable platyrrhine 57 

clade with many striking similarities to Hominidae including social conventions and traditions, 58 

complex relationships, high dexterity, sensorimotor intelligence with tool use and extractive 59 

foraging, advanced derived cognitive abilities, diverse behavioural repertoire and flexibility, and 60 

slow maturation (8). These traits are uncommon or absent among other platyrrhines and it is of 61 

great anthropological interest to gain insight into the evolutionary mechanisms underlying the 62 

independent emergence of these convergent traits and their associated genomic changes. The 63 

existence of two capuchin lineages (gracile and robust) with both shared and derived traits 64 

(including differences in cranial and post-cranial skeletal morphology, tool use, social and sexual 65 

behaviours, etc.), which diverged within a similar timeframe to Homo and Pan, brings further 66 

interest to understand their distinct evolutionary trajectories. Squirrel monkeys (genus Saimiri), 67 

the sister group to capuchins, are also characterised by slow maturation and large EQ, but lack 68 

other parallels to apes and humans described above for capuchins. Squirrel monkeys are hyper-69 

gregarious with the largest stable social groups among platyrrhines, and frequently engage in 70 

mixed-species associations, especially with capuchins (9). Squirrel monkeys are also a key 71 

primate biomedical model with foci on neuroendocrinology, ophthalmology, pharmacology, 72 

behaviour, viral persistence, infectious diseases, cancer treatment, and reproductive physiology, 73 

among others (10). 74 

 Here, we take a comparative genomics approach to uncover signatures of adaptive 75 

evolution in cebid genomes to better understand the adaptive diversification of this distinctive 76 

platyrrhine primate clade. We focus on the three extant cebid lineages—robust capuchins (genus 77 

Sapajus), gracile capuchins (genus Cebus), and squirrel monkeys (genus Saimiri)—as well as the 78 

ancestral capuchin (Cebinae) and ancestral Cebidae branches. Through the analysis of successive 79 

lineages in the platyrrhine phylogeny, we are able to infer a stepwise timeline for cebid adaptive 80 

evolution and identify candidate adaptive genes that may underlie the emergence of lineage-81 

specific traits. Previous work assessing signatures of adaptive evolution in protein-coding regions 82 

for cebid lineages considered the entire capuchin subfamily (Cebinae) together as represented by 83 

a single species (Cebus imitator), uncovering broad signatures of positive selection on the brain 84 

and DNA repair (which was associated with longevity) (11), or focused on signatures of 85 

convergence among encephalised primate lineages including humans (12). This work greatly 86 

expands upon these existing studies by individually analysing five distinct cebid branches to infer 87 

the targets of selection during various time periods of cebid evolution. 88 

 89 

Results  90 

Robust capuchin reference genome 91 

At the start of this study, annotated genome assemblies were publicly available for Cebus imitator 92 

and Saimiri boliviensis. We generated a new genome assembly for Sapajus apella using short-read 93 

data (~148-fold coverage) scaffolded with Dovetail’s Chicago proximity ligation libraries (Table 94 

S1) using their HiRise pipeline (13). Total length of this genome assembly was 2,520 Mbp (in 6631 95 

scaffolds) with an N50 of 27.1 Mbp (29 scaffolds) and N90 of 4.04 Mbp (116 scaffolds). We 96 

identified 91.5% (5,666) of BUSCO’s (14) Euarchontoglires-specific conserved single-copy 97 

orthologs in the assembly including 85% (5,264) complete (with 0.6% duplicated) and 6.5% (402) 98 

fragmented; and 90.3% (224) of CEGMA’s (15) core eukaryotic genes (CEGs). Together, assembly 99 

metrics and genome completeness based on gene content indicate a contiguous, high-quality 100 
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reference genome assembly for robust capuchins (Sapajus). We estimated genome size with filtered 101 

short read data based on k-mer (31-mer) frequencies using the four approaches resulting in an 102 

estimated haploid genome length for our S. apella reference individual between 2,918 and 3,029 103 

Mbp (Table S2). Previous estimates of genome size for other robust capuchin species, Sapajus 104 

libidinosus and Sapajus nigritus, estimated using Feulgen image analysis densitometry, ranged 105 

between 3,276-3,374 Mbp and 2,921-3,025 Mbp, respectively (16). These estimates, in particular 106 

for S. nigritus, are very similar to our estimates for S. apella calculated in this study.  107 

 We pooled raw RNAseq data (367 million read pairs) derived from total RNA from 17 108 

tissues from the same reference individual and, post-filtering, retained 341 million read pairs (Table 109 

S3). We assessed quality metrics and completeness of the seven transcript assembles generated 110 

using cleaned RNAseq read pairs with rnaQUAST (17) and BUSCO, which revealed that upwards 111 

of 94% of the transcripts aligned to the genome with an average aligned percentage of greater than 112 

92.7%, and indicated the final assemblies used in downstream analyses (TrinDNv2, PASAv1, and 113 

NRv1) were high-quality, near complete transcriptomes (~96 to 97% complete) (Table S4). Repeat 114 

annotation of the genome assembly using libraries of both known and de novo elements estimated 115 

the total interspersed content of the genome as 43.02% (1.06 Gbp), and total annotated repeat 116 

content (including transposable elements as well as small RNA, satellites, simple repeats, and low 117 

complexity repeats) as 44.63% (1.12 Gbp) (Table S5). After three iterations of Maker (18, 19) to 118 

predict and annotate gene models in the robust capuchin genome assembly (Table S6) and 119 

subsequent filtering, we recovered 25,279 predicted genes for S. apella for downstream analyses. 120 

 121 

Ortholog alignment & branch/branch-site model tests  122 

We initially identified 12,160 one-to-one orthologs recovered in at least two of the ten species we 123 

used in our comparative genomic analyses; these include nine primates, of which four are 124 

platyrrhines, and mouse (Figure 1; Table S7). After filtering for a minimum of five species and the 125 

presence of at least one capuchin lineage (gracile or robust), alignment using Guidance2 (20) with 126 

100 bootstraps, and filtering for errors to reduce the likelihood of false positives, we retained a set 127 

of 9,216 conservative, manually-curated CDS alignments which were highly likely to represent 128 

one-to-one ortholog groups across their length. Detailed information on each of the final 129 

alignments, including group ID, assigned gene symbol, and Entrez ID can be found in Table S8. In 130 

total, there were 207 different combinations of species (species sets) represented in the final 131 

alignments (Table S9), with most alignments assigned to the set of all species (full) (N = 4,636) or 132 

sets with nine species (N = 2,819), and the rest to sets with between eight and five species (N = 133 

1,761) (Tables 1, S10).  134 

 These 9,216 alignments were used as input to our codon-based models of evolution based 135 

on non-synonymous versus synonymous substitutions (ω or dN/dS ratio) to identify candidate genes 136 

under selection in six cebid lineages of interest (Figure 1); (H1) robust capuchin (Sapajus); (H2) 137 

gracile capuchin (Cebus); (H3) ancestral Cebinae (capuchins); (H3a) across-capuchins (all Cebinae; 138 

branches H1, H2, and H3 combined); (H4) ancestral Cebidae (i.e., ancestor to capuchins and 139 

squirrel monkeys); and (H5) squirrel monkey (Saimiri).  140 

 141 
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 142 
Figure 1 Phylogenetic reconstruction showing the consensus guide tree topology and the cebid 143 

branches assessed for signatures of positive selection. H3a is not shown, but includes branches for 144 

Cimi, Sape, and their ancestor. 145 

 146 

In total we tested 86,485 models for 11 lineage and test combinations using codeml from 147 

PAML (21); 47,744 branch models (BM) across all six lineages, which tests for elevated dN/dS 148 

ratios along the target branch indicating accelerated evolution; and 38,741 branch-site models 149 

(BSM) across five lineages (excluding H3a), which tests for episodic selection by searching for 150 

positively selected sites in the target lineage. Groups (alignments) analysed per lineage varied 151 

between 6,978 and 9,003 of 9,216 total (Tables 1, S10), with averages of 7,957 BM and 7,748 BSM 152 

tests. Across the six lineages analysed for BM, we recovered 248 to 552 (avg. 351) models with 153 

significant signatures of accelerated evolution. In contrast, across the five lineages analysed for 154 

BSM, we found 75 to 186 (avg. 113) models with significant signatures of episodic positive 155 

selection, much fewer than for BM tests particularly for shorter branches for the capuchin lineages. 156 

Between 17 and 34 (avg. 25) groups are significant for both BM and BSM tests for the same lineage 157 

(Tables 1, S10). Lists of all groups (genes) analysed for each of the six lineages, along with 158 

significance for BM and/or BSM tests, can be found in Tables S11–S16. More detailed information 159 

for the groups with significant evidence of accelerated evolution or episodic selection from the BM 160 

and/or BSM tests including p-value, LRT statistic, and likelihood scores is located in Tables S17–161 

S22. 162 

 163 

Gene set enrichment 164 

Gene set enrichment analyses using DAVID v.6.8 (22) for each set of significant genes from each 165 

combination of lineage and test (six BM, five BSM) aided interpretation of the biological 166 

significance of the results. We assessed lists of enriched BP (biological process), CC (cellular 167 

component), and MF (molecular function) gene ontology (GO) terms, UP keywords, KEGG 168 

pathways, Reactome pathways, and disease annotations, as well as functional annotation clustering 169 

across the three GO terms together under the high classification stringency criteria, with an EASE 170 

score of < 0.05 required for all enriched annotated terms. Across all lineages for the BM and BSM 171 

gene sets, we recovered between 2 to 13 (avg. 6) and 0 to 9 (avg. 3) GO clusters, and 68 and 189 172 

(avg. 103) and 10 to 123 (avg. 60) enriched terms (all annotation categories), respectively (Table 173 

S23). Information on each of the enriched annotated terms and GO clusters including description, 174 
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gene counts and hits, and statistical results such as EASE score and fold enrichment, for each gene 175 

set enrichment analysis are found in Tables S24–S44. We briefly summarise the gene set 176 

enrichment results in Table 2. A more detailed written summary of the gene set enrichment results 177 

for each lineage is presented in the supplementary materials. 178 

 179 

Table 1 Counts of groups and significant results for BM and BSM tests with PAML.   

  

Total 

groups 

Groups 

with all 

species 

Groups 

with 9 

species 

Groups 

with < 9 

species 

Significant 

models: 

BM 

Significant 

models: 

BSM 

Overlap 

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 

 180 

Discussion  181 

Our analyses reveal signatures of positive selection on many lineage-specific traits across Cebidae 182 

and highlight branches with strong selective pressure on genes related to brain development and 183 

function, longevity, behaviour, reproduction, and morphology (Figure 2). Perhaps most striking 184 

are the sustained signatures of positive selection on brain evolution across Cebidae, which appear 185 

early in cebid history with subsequent selection on different aspects of central nervous system 186 

(CNS) development at various time intervals for different lineages. While we recover an 187 

evolutionary trajectory of encephalisation beginning in ancestral Cebidae and continuing 188 

independently in squirrel monkeys and capuchins, the strongest evidence for selection on 189 

neuroplasticity, behavioural flexibility, and manual dexterity is found for ancestral Cebinae or the 190 

entire capuchin clade when considered together (across-capuchins). The most striking signatures 191 

of selection recovered independently for the capuchin genera relate to their body shape and 192 

skeletal morphology, including the distinctive robust cranial and skeletal morphology in robust 193 

capuchins (Sapajus), and, conversely, the gracile limb morphology associated with more rapid, 194 

agile movement in gracile capuchins (Cebus). All three extant cebid genera are long-lived for 195 

their body size, and each shows independent signatures of selection on genes related to aging, 196 

longevity, and/or neurodegeneration. In addition, in contrast to other closely related taxa, all three 197 

cebid genera live in relatively large groups with polygynandry and complex sexual interactions, 198 

and we recover signatures of sustained positive selection related to sperm production/morphology 199 

and reproductive behaviour. Our comparative approach to uncovering candidate targets of 200 

positive selection within Cebidae highlights shifting and sustained selective pressures within this 201 

clade, including evidence for cumulative and diversifying neurobiological adaptations over cebid 202 

evolutionary history. In the following sections, we discuss our results describing adaptive 203 

evolutionary change in these lineages across various biological categories. 204 
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 205 
Figure 2 Graphic summary of select signatures of adaptive evolution per cebid lineage. On the 206 

left are traits associated with each branch, which for the ancestral lineages are inferred based on 207 

traits shared by all daughter lineages. Brain size changes are based on (7). On the right (in red 208 

text) are the associated signatures of adaptive evolution. H3a is not shown. Illustrations by 209 

Stephen Nash ©. 210 

 211 

Neurodevelopment and plasticity 212 

A major hallmark of primate evolution is expansion of the brain, with numerous independent 213 

shifts to larger brain mass relative to body size also occurring among different primate lineages. 214 

Larger brains have long been associated with increased cognitive capabilities, higher social 215 

complexity, and increased ability to respond to environmental and socioecological challenges 216 

(23). The most encephalised primates after humans are platyrrhines of the family Cebidae—217 

capuchins and squirrel monkeys (11, 24)—and ancestral state reconstructions have indicated that 218 

the second fastest increase in the rate of encephalisation across primates occurred along the 219 

ancestral Cebidae branch (7). Overall, our results are consistent with an evolutionary trajectory of 220 

encephalisation and adaptive brain evolution beginning in ancestral Cebidae and continuing 221 

independently in both squirrel monkeys and capuchins after their divergence around 13.8 million 222 

years ago (25). 223 

We recovered signatures of selection and accelerated evolution on the CNS that may be 224 

associated with this encephalisation shift—in particular, related to brain development and 225 

patterning. For the ancestral Cebidae branch, we recovered the enriched CC term “growth cone”, 226 

a motile, sensory structure that plays a critical role in precisely specified brain wiring patterns, 227 

guiding axons to their targets during neural development, and is also essential in the mature brain 228 

for plasticity-dependent synaptogenesis (26). Growth cone dynamics and axonal tract 229 

development are regulated by ciliary signalling (27), and, notably, some of the strongest selective 230 

signatures for ancestral Cebidae are related to the cilium (both primary and motile, as well as 231 

microtubules). Many of the most enriched terms are cilium-specific and including a suite of genes 232 

with essential roles in ciliogenesis and implicated in the ciliopathy Joubert’s syndrome. Primary 233 

cilia are found in almost all mammalian cells and the range of symptoms characterising 234 

ciliopathies highlights the difficulty in associating the signal of selection on cilium with a single 235 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted August 20, 2021. ; https://doi.org/10.1101/2021.08.19.456368doi: bioRxiv preprint 

https://doi.org/10.1101/2021.08.19.456368
http://creativecommons.org/licenses/by-nc-nd/4.0/


Page 7 of 28 

 

adaptive function; it is notable, however, that many of these disorders are characterised by 236 

pronounced neurodevelopmental abnormalities. Primary cilia are critical to the development of 237 

the CNS, playing essential roles in early patterning, neurogenesis, and neuronal migration and 238 

connectivity, at least in part owing to their essential role in mediating signal transduction in key 239 

signalling pathways (28). Taken together, these results suggest adaptive evolution of the CNS and 240 

brain patterning in ancestral Cebidae, which may be linked to the increase in brain size found 241 

along this branch. 242 

After the Cebinae/Saimirinae divergence, relative brain size of both squirrel monkeys and 243 

capuchins is modelled to have increased independently at a similar rate. For squirrel monkeys, it 244 

is explained by a reduction in body size and moderate increase in brain size, while for capuchins 245 

it is driven by a large increase in brain size along with a smaller increase in body size (7). In 246 

agreement with this, we find continued brain-related signatures of selection in both lineages. For 247 

squirrel monkeys, we recovered various enriched brain-related GO terms for the BSM gene set 248 

including “regulation of neuron differentiation”, “nervous system development”, and 249 

“neurogenesis”, among others. A gene in the squirrel monkey gene set is ADCYAP1, which is 250 

accelerated in humans and has been associated with human brain size evolution (29). Some of 251 

these signatures for squirrel monkeys may also relate to the adaptive maintenance of a large brain 252 

size while reducing body size. 253 

Capuchins are particularly notable for their large brains and high EQs, the latter second 254 

only to humans among primates (30), and other hallmarks of their evolution include their derived 255 

cognitive abilities, sensorimotor intelligence, diverse behavioural repertoire, and extensive 256 

behavioural plasticity (8). Capuchins show striking convergence with great apes (particularly 257 

humans) across these traits, which are uncommon among other platyrrhines. Related to these 258 

traits, we recover the enriched BP GO term “CNS development” (BSM gene set) for ancestral 259 

Cebinae with important developmental genes such as GDF7, which contributes to neuronal cell 260 

identity in the developing embryonic nervous system. As with ancestral Cebidae, we also find 261 

signatures of enrichment related to cilia for ancestral Cebinae (in both gene sets) with several 262 

genes involved in primary cilium function that are also found in the “CNS development” GO term 263 

(such as CEP162 and BBS7) and implicated in ciliopathies including Seckel and Bardet-Biedl 264 

syndrome. Orkin et al. (11) also found signatures of adaptive evolution related to brain 265 

development and neurogenesis for Cebus imitator. Importantly, however, our study places these 266 

positive selection pressures for brain development as most strongly affecting the ancestral 267 

Cebidae and Cebinae lineages; this suggests that brain organisation and function may have 268 

become relatively stable with only minor divergence across the two capuchin genera despite their 269 

subsequent divergent ecological and morphological adaptations (but see below for some brain-270 

related genes of interest). 271 

Behavioural repertoires are manifestations of neural activity and changes in behaviour are 272 

ultimately followed by alterations in neuronal connectivity i.e., neuroplasticity (31). We found 273 

further brain-related signatures for capuchins putatively associated with this trait. Two highly 274 

ranked genes in the “CNS development” GO term for ancestral Cebinae encode chondroitin 275 

sulphate proteoglycans (CSPGs) of the lectican family that are specifically expressed in the CNS: 276 

NCAN (neurocan), the 4th ranked gene in the BSM gene set, and BCAN (brevican), the 2nd ranked 277 

gene in the BM gene set and also in the BSM gene set. These CSPGs serve as guidance cues 278 

during brain development, as well as play important roles in neuroplasticity by modulating 279 

synaptic connections in the adult brain. They are abundant components of the brain’s extracellular 280 

matrix, forming condensed lattice-like structures known as perineuronal nets (PNNs) that form as 281 

one of the ultimate acts coinciding with the closure of critical periods for experience-dependent 282 

plasticity. The relationship between neurons and PNNs is a central mechanism controlling 283 

neuroplasticity, with PNNs playing many important roles in CNS functions including regulating 284 

synaptic plasticity, stabilising synapses, and neuroprotection. They are involved in cognition 285 
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through encoding, maintaining, and updating memories, as well as recovery after nervous system 286 

damage, psychiatric disease, and neurodegeneration (32, 33). It is therefore significant that two of 287 

the most central and abundant components of PNNs, the CSPGs brevican (BCAN) and neurocan 288 

(NCAN), show strong signatures of selection in ancestral Cebinae, with BCAN also selected in 289 

Cebus and NCAN also selected in Sapajus. Indeed, signatures of selection potentially related to 290 

synaptic plasticity appeared even earlier along the ancestral Cebidae branch given the importance 291 

of the growth cone for plasticity-dependent synaptogenesis, as discussed.  292 

For the across-capuchin gene set, we recover strong signatures related to 293 

neurotransmission and vesicle fusion including six genes encoding synaptotagmin and 294 

synaptotagmin-like proteins which are known to play important roles in regulated 295 

neurotransmitter release and hormone secretion. Among these genes is SYT11, which forms an 296 

essential component of a neuronal vesicular trafficking pathway crucial for development and 297 

synaptic plasticity, and plays an important role in dopamine transmission (34). Other related 298 

genes for the across-capuchin gene set are involved in the regulation of synaptic AMPA receptors, 299 

which play a key role in synaptic plasticity being involved in long-term potentiation and 300 

depression of synaptic transmission in the hippocampus; and encoding or interacting with 301 

neurexins, neuronal cell surface proteins involved in synaptic contacts and transmission.   302 

Although the brain-related signatures are strongest for the ancestral cebid lineages, we 303 

also find distinct significantly accelerated genes related to neurodevelopment in each of the 304 

capuchin genera suggesting some, perhaps minor, continuation of adaptive brain evolution 305 

independently in robust and gracile capuchins after their divergence around 5 to 6 million years 306 

ago. This signature is more notable for robust capuchins; we recover enriched terms related to 307 

cilia including the UP keywords “cilium” and “Bardet-Biedl syndrome”, and the CC GO term 308 

“MKS complex,” covering three genes involved in ciliogenesis and required for the formation of 309 

primary non-motile cilium. One of these is AHI1, which is required for both cerebellar and 310 

cortical development in humans, and may play a crucial role in ciliary signalling during 311 

cerebellum embryonic development as a positive modulator of classical Wnt signalling (35). 312 

AHI1 also shows an accelerated rate of evolution along the human lineage since the split from 313 

chimpanzees and bonobos (36). For gracile capuchins, the enriched UP keyword “developmental 314 

protein” contains multiple genes with important roles in CNS development. 315 

 316 

Mitochondria and energy metabolism 317 

The brain is one of the most metabolically expensive organs in the vertebrate body and large 318 

brains are, therefore, an evolutionarily costly adaptation (37). Tissues with high energy 319 

requirements, such as the brain, are highly dependent on mitochondria with hundreds to thousands 320 

within a single neuron (38). Signatures of adaptive evolution in nuclear-encoded mitochondrial 321 

genes have been found in large brained/encephalised mammals including the elephant and 322 

anthropoid primates generally (39–41), as well as in bats which have a high energy demand 323 

owing to flight (42). Mitochondria also play many important roles in the nervous system 324 

including in neurotransmitter metabolism, neurogenesis, neuroplasticity, and nervous system 325 

development, and are strongly implicated in aging (43, 44). We find recurrent signatures of 326 

selection on the mitochondrion in multiple cebid lineages. This signature is the strongest in 327 

ancestral Cebinae with recurrent, sweeping signatures across many annotation categories in the 328 

BM gene set including specific enriched terms related to the mitochondrial inner membrane and 329 

protein complexes which underlie the role of the mitochondrion as the cell’s powerhouse. The 330 

ancestral capuchin branch is where absolute brain volume shows both the greatest total increase 331 

and the fastest rate of increase among Cebidae branches (7), supporting the putative relationship 332 

between this signature, encephalisation, and the high energy requirements of large brains.  333 

We also recover enriched broad mitochondrial terms for across-capuchins and ancestral 334 

Cebidae shared with the ancestral Cebinae branch, as well as additional signatures shared between 335 
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across-capuchins and squirrel monkeys specific to nuclear-encoded mitochondrial ribosomal 336 

proteins (which form mitoribosomes) and the translation of essential mitochondrial mRNAs. 337 

Although signatures are sometimes shared across lineages, the genes involved usually differ; for 338 

example, there are four and six nuclear-encoded mitochondrial ribosomal genes for the across-339 

capuchins and squirrel monkey branches, respectively, but with no overlapping genes. These 340 

results further support an evolutionary trajectory of encephalisation initiating in ancestral 341 

Cebidae, and continuing independently in capuchins and squirrel monkeys. 342 

 343 

Longevity, aging, and neurodegeneration 344 

The cognitive advantages of a large brain should have an adaptive impact by reducing mortality 345 

thereby allowing selection to favour a longer life (45, 46). In this regard, the parallels between 346 

humans and capuchins are striking: capuchin monkeys have slow maturation and extended 347 

juvenescence reaching maturity at around 8 to 10 years old. Capuchin monkeys are among the 348 

most long-lived primates, reaching over 50 years in captivity, though life expectancy is thought to 349 

be much lower in the wild (47, 48) (Perry, pers. comm.). Consistent with this, we recovered broad 350 

signatures of selection on aging and related processes across various capuchin branches.  351 

 The maintenance of genomic stability is considered a major factor underlying human 352 

longevity with the accumulation of macromolecular damage, such as DNA damage, one of the 353 

most significant factors contributing to aging (49). We recover signatures of selection on DNA 354 

damage and repair related genes for both the robust and gracile capuchin branches independently, 355 

including enriched terms such as “double strand break repair”, “cellular response to DNA damage 356 

stimulus”, “DNA repair”, and “DNA damage”. These results support those of Orkin et al. (11), 357 

who also found signatures of selection related to DNA repair and damage in Cebus imitator. 358 

Aging is also associated with a decline in mitochondrial function with strong links between 359 

mitochondria and a wide range of processes associated with aging including senescence and 360 

inflammation (44). As discussed in a previous section, there are strong signatures of selection on 361 

mitochondria across cebid branches. 362 

Squirrel monkeys are also long-lived primates when considering their small body size—363 

around 30 years in captivity (47)—and thus selective pressure on longevity may have arisen along 364 

the ancestral Cebidae branch. Indeed, for ancestral Cebidae, we found the enriched disease 365 

annotation “aging” with several genes implicated in age-related neurodegeneration. A particularly 366 

notable gene in this annotation is WRN which plays a major role in genome stability with 367 

mutations in WRN associated with defective telomere maintenance and causing Werner 368 

syndrome, which is characterised by rapid onset of cellular senescence, early cancer onset, and 369 

premature aging (50). In addition, there are several important genes with signatures of selection 370 

related to sphingolipid and ceramide metabolism for ancestral Cebidae including a ceramide 371 

synthase (CERS4), and SMPD1, which encodes a lysosomal acid sphingomyelinase (ASM). 372 

Recent studies have highlighted the importance of ASM as a critical mediator for pathologies in 373 

aging and age-related neurodegenerative diseases, with ASM viewed as a promising drug target 374 

for anti-aging and the treatment of age-related neurodegenerative diseases (51). We also find 375 

another important ceramide synthase gene, CERS, in the across-capuchin gene set, which 376 

catalyses the synthesis of C18-ceramide in brain neurons, with elevated expression of this gene 377 

associated with increased longevity in humans (52). 378 

 Humans are particularly susceptible to age-related neurodegenerative disorders such as 379 

Alzheimer’s disease (AD). While non-human primates show some age-related neurodegeneration, 380 

pathological neurodegeneration such as seen in AD is rare (53). Interestingly, we recover many 381 

genes across the capuchin branches associated with age-related neurodegenerative disorders in 382 

humans. This is particularly evident for robust capuchins with various enriched disease 383 

annotations related to AD (also found for squirrel monkeys) and dementia, as well as several 384 

genes directly associated with AD including APOE, a major genetic risk factor locus in humans. 385 
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For ancestral Cebidae, we recovered the important related gene ADAM10, an alpha secretase 386 

involved in the cleavage of APP thereby preventing the generation of amyloid beta peptides 387 

associated with the development of AD (54). 388 

Notably, there is a strong relationship between circadian rhythms and aging. Emerging in 389 

early infancy, the circadian system undergoes significant changes through an organism’s lifespan 390 

affecting rhythms of behaviours, temperature regulation, and hormone release, among others, and 391 

is implicated in human longevity (55). We found signatures of selection on circadian rhythms in 392 

both ancestral Cebinae and across-capuchins represented by enriched BP GO terms and UP 393 

keywords and including genes encoding core components of the circadian clock such as PER3. 394 

Precisely timed rhythmic activities that are tuned to periodic biotic and abiotic cycles of an 395 

organism’s environment are likely to confer adaptive advantage (56) and these signatures may 396 

relate to a variety of factors including, for example, the high activity levels of capuchins, as well 397 

as capuchin longevity, slow maturation, and/or delayed life history. 398 

 399 

Behaviour and cognition 400 

The behavioural diversity characterising capuchin monkeys includes social conventions and local 401 

traditions, complex and intimate social relationships, ecological and dietary flexibility, tool use, 402 

and extractive foraging including an astounding degree of planning, with capuchin behaviour 403 

varying by age, sex, and geographically across populations of the same species (57–60). Crucial 404 

neuromodulators influencing the brain and likely shaping this behavioural variation include the 405 

major neurotransmitter systems, as well as neuropeptides and hormones. Neuromodulators play a 406 

prominent role in nervous system function, from simple reflexes to influencing synaptic plasticity 407 

and neurogenesis, and mediating higher cognitive processes such as sensory processing, memory 408 

encoding, learning, mood, and decision-making, with essential roles in modulating behaviour (61, 409 

62). 410 

We recover broad and sweeping signatures of selection on hormones, neuropeptides, and 411 

behaviour for the cebine branches, particularly for ancestral Cebinae and across-capuchins, with 412 

many related enriched terms. Interesting genes found across these annotations include those 413 

encoding neuropeptides and receptors that play important roles in many physiologic processes 414 

including cognition, memory, sensory/pain processing, stress, hormone and insulin secretion, 415 

appetite regulation, metabolism, and energy homeostasis. Several of these genes encode peptides 416 

that play central roles in feeding behaviour including ghrelin and obestatin (GHRL), and leptin 417 

(LEP), as well as other important neuropeptide related genes (e.g., NPFF, NPFFR1, GALR3, BSX, 418 

GPR39). Signatures of selection related to other crucial neuromodulators include on three genes 419 

encoding serotonin receptors for the various capuchin branches, and on at least three genes 420 

involved in dopamine signalling for ancestral Cebinae. The ancestral Cebinae gene set is also 421 

enriched for terms related to agmatine biosynthesis (including the gene AGMAT); agmatine is 422 

widely and unevenly distributed in the mammalian brain, acting as a neuromodulator that may 423 

directly participate in learning and memory processes, and is sometimes taken orally to treat 424 

depression in humans (63). 425 

There are multiple genes in the hormone annotations in the ancestral Cebinae and/or 426 

across-capuchin gene sets related to the thyroid hormone (TH) and thyroid-stimulating hormone 427 

(e.g., TRH, CGA, PAX8). TH is a key metabolic hormone with many physiologic functions 428 

including critical roles in differentiation, growth, and metabolism. TH dramatically impacts 429 

mammalian brain development, with its importance highlighted by the deleterious and irreversible 430 

effects of TH deficiency/dysfunction during foetal and neonatal periods. TH also plays important 431 

roles in normal adult brain function and has a profound influence on behaviour throughout life, 432 

with adult-onset TH dysfunction associated with a range of CNS-related pathologies, neurological 433 

and behavioural abnormalities, and alterations in mood and cognition (64).  434 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted August 20, 2021. ; https://doi.org/10.1101/2021.08.19.456368doi: bioRxiv preprint 

https://doi.org/10.1101/2021.08.19.456368
http://creativecommons.org/licenses/by-nc-nd/4.0/


Page 11 of 28 

 

While capuchins are known for their cognitive and social behaviours, squirrel monkeys 435 

live in extremely large groups and also show differentiated social relationships and prosocial 436 

behaviours that they share with capuchins such as predator mobbing and alarm calls (65, 66). For 437 

ancestral Cebidae, signatures of selection related to neuromodulation are recovered on genes such 438 

as DBH, dopamine beta-hydroxylase, which catalyses the conversion of dopamine to 439 

noradrenaline, playing a role in the bioavailability of both crucial neuromodulators, as well as 440 

another serotonin receptor, several neuropeptide receptors, and RPH3A. RPH3A plays an 441 

important role in neurotransmitter release and is involved in the exocytosis of arginine 442 

vasopressin (AVP), which is notable given AVP mediates complex mammalian social behaviours. 443 

For squirrel monkeys, we recover the enriched BP GO terms “dopamine metabolic process” and 444 

“dopamine biosynthetic process”. 445 

 446 

Reproduction and mating systems 447 

Platyrrhine primates show a diverse range of mating systems and sexual/reproductive 448 

characteristics and behaviours. Both capuchin and squirrel monkeys are characterised by multi-449 

male multi-female mating systems (polygynandry), unlike many of their closely related lineages, 450 

for example, the flexible polyandry-monogamy seen in callitrichids and the social monogamy of 451 

owl monkeys. Polygynandrous mating systems are associated with post-copulatory sexual 452 

selection through sperm competition (67). Sperm competition can be directed at the quantity and 453 

quality of sperm, for example, effectuated via changes to rates of spermatogenesis, sperm cell 454 

size, morphology, and mobility, copulation frequency, testes size, and the morphology of the 455 

penis, accessory glands, and ducts (67). In line with the reproductive shift to polygynandry in 456 

ancestral Cebidae, we find strong and sweeping signatures of selection putatively related to sperm 457 

competition in both gene sets with various enriched terms describing motile cilium and flagella, 458 

spermatogenesis, sperm development, male meiosis, fertilisation, and reproduction. These terms 459 

cover a suite of interesting genes including two important members of the CatSper complex, a 460 

sperm-specific ion channel involved in several important steps of fertilisation including sperm 461 

hyperactivation and capacitation, which allow sperm to reach and interact with an oocyte. Similar 462 

signatures can also be found for ancestral Cebinae with “fertilisation” forming the top ranked 463 

individual BP GO term, as well as more broadly on motile cilia. In line with the shift to multi-464 

male multi-female mating systems, cebid lineages are also characterised by larger group sizes, 465 

which is particularly notable for squirrel monkeys (68), and may underlie some of the enriched 466 

immune system related results recovered for ancestral Cebidae, squirrel monkeys, and ancestral 467 

Cebinae. 468 

The behavioural repertoire of capuchins includes new reproductive/courtship behaviours 469 

and complex intimate individual relationships, which may also relate to their mating system (69). 470 

In agreement, we recovered genes related to sex steroids and reproductive hormones/peptides in 471 

the ancestral Cebinae and across-capuchins gene sets, many of which are contained in 472 

aforementioned enriched hormone-related terms discussed in the previous section. For across-473 

capuchins, we also recovered more specific enriched GO terms describing the secretion of 474 

gonadotropin, luteinising hormone, and endocrine hormones. Several genes in these terms are 475 

involved in sex steroid metabolism, while others are associated with the pituitary glycoprotein 476 

hormones and prolactin such as PRLH, prolactin releasing hormone, which stimulates prolactin 477 

release and regulates prolactin expression, as well as lactation, behaviour, and the reproductive 478 

system. Among the most notable genes recovered for capuchins is NPVF, found in both the 479 

ancestral Cebinae and across-capuchins branches, encoding the neuropeptides NPSF and NPVF 480 

(also referred to as the RFamide-related peptides, RFRP-1 and RFRP-3), which are mammalian 481 

homologs of the avian neuropeptide gonadotropin-inhibitory hormone. These neuropeptides act as 482 

potent negative regulators of gonadotropin synthesis and secretion, with a range of functions in 483 

the modulation of reproduction including the regulation of sexual behaviour, sexual maturation, 484 
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ovulatory cycle, gonadal function, reproductive seasonality, and stress-induced reproductive 485 

suppression, among others (70).  486 

 487 

Body size and morphology 488 

While the two capuchin lineages, robust and gracile, share many traits as discussed throughout, 489 

significant derived characters arose since their divergence 5 to 6 mya, hence their division into 490 

two genera, Sapajus and Cebus (59, 71). The most notable differences relate to their body shape 491 

and skeletal morphology, and this is reflected in the strongest signatures of selection recovered 492 

individually for both lineages. In line with their name, robust capuchins (Sapajus) are generally 493 

stockier and more skeletally robust, with shorter, thicker limbs, as well as striking differences in 494 

cranio-dental morphology particularly relating to the robust masticatory architecture of the skull, 495 

a specialisation to process tougher foods (durophagy) such as encased nuts and palm fruits (59, 496 

72). Further, Sapajus libidinosus is known to habitually use stone tools to access a variety of 497 

encased foods including otherwise inaccessible foods, a skill that takes many years to perfect, and 498 

this ability likely relates to their more robust skeletal morphology (71, 73). This derived 499 

morphology is reflected in the range of enriched GO terms and candidate genes we found in this 500 

lineage related to facial, skeletal system, and skeletal muscle tissue morphogenesis and 501 

development, as well as BMP signalling pathway. Several genes in these terms are explicitly 502 

associated with skull bone fusion and morphology such as SIX4, which plays an important role in 503 

cranial morphogenesis and synchondrosis formation during embryonic development (74). 504 

Another is RAB23, which functions in limb patterning, coordinating early osteogenesis, and 505 

controlling the growth and fusion of developing skull bones, and is implicated in the premature 506 

fusion of craniofacial sutures seen in Carpenter syndrome (75). A third interesting gene in these 507 

annotations encodes the protein delangin (NIPBL) that plays a role in the development of the 508 

limbs and skull/face bones; defects in this gene are the primary cause of Cornelia de Lange 509 

syndrome, which is characterised by distinctive facial features, limb/skeletal dysmorphology, and 510 

slow postnatal growth (76). 511 

Similarly, for gracile capuchins (Cebus)—characterised by long slender limbs and a 512 

slighter body plan (59, 77)—we recovered various enriched annotated terms related to limb and 513 

skeletal system development, including several homeobox transcription factors of the Hox (5 of 514 

21 analysed) and Shox (1 of 2 analysed) families that play fundamental roles in embryonic pattern 515 

formation, axis control, and are required for normal limb development (78). Many other genes in 516 

these terms are also associated with various skeletal dysmorphologies and congenital limb defects 517 

in humans. More broadly, there are signatures of selection on embryonic development for gracile 518 

capuchins including enriched terms such as the GO term “chordate embryonic development” and 519 

UP keyword “developmental protein”. Taken together, the results for robust and gracile capuchins 520 

are suggestive of adaptive pressure on developmental pathways related to the skull/face, limbs, 521 

and skeletal system that may underlie the morphological differences between these capuchin 522 

lineages.  523 

Also related to morphology, we recover enriched the GO term “embryonic digit 524 

morphogenesis” for ancestral Cebinae. Capuchins have a high degree of manual dexterity, 525 

possessing pseudo-opposable thumbs augmenting their precision grip ability, which plays a role 526 

in their sensorimotor intelligence, and show increased dexterity compared to squirrel monkeys 527 

(79, 80). 528 

 Among the most unusual aspects of squirrel monkey biology is their large brain size in the 529 

context of their overall small body size, which distinguishes them from the other most 530 

encephalised primate lineages. Reconstructions have indicated that squirrel monkey body size 531 

decreased and their brain size increased further after squirrel monkeys and capuchins diverged 532 

(7). Our results for squirrel monkeys reveal broad signatures related to growth factors across our 533 

analyses with enriched growth factor related GO terms and genes encoding or associated with 534 

members of the fibroblast growth factor and transforming growth factor beta families, and many 535 
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implicated in human stature and dwarfism including the short stature homeobox gene (SHOX). 536 

The most significant selective signatures for squirrel monkeys relate to cellular signalling 537 

cascades with various enriched annotations describing the mitogen-activated protein kinase 538 

(MAPK) and ERK1/2 signalling pathways involved in basic cellular processes including cell 539 

proliferation and differentiation. Together, the signatures of selection on ERK/MAPK cascades 540 

and growth factors may be related to the reduced body size of squirrel monkeys, and/or the 541 

adaptive maintenance of a large brain size while reducing body size.  542 

 543 

Diet and nutrition  544 

Capuchins inhabit a complex omnivorous dietary niche characterised by dietary flexibility, high 545 

nutrient density, and easy digestibility for their small gut (81), with high sensorimotor intelligence 546 

related to their extractive foraging capabilities. For across-capuchins, we recovered various 547 

diet/metabolism related signatures including for branched chain amino acids (BCAAs), essential 548 

amino acids required in the diet that are major constituents of muscle protein; riboflavin, a B 549 

vitamin involved in many physiologic processes, necessary for normal cell growth and function; 550 

and biotin, another essential B vitamin involved in the conversion of food to energy, and 551 

important for embryonic growth. It is notable that all of these nutrients are found in lipid- and 552 

protein-rich food sources such as meats, eggs, and nuts. Among the capuchin lineages, robust 553 

capuchins show a preference for food with a high lipid content such as nuts and insects (82), and 554 

we recover various enriched GO terms related to lipid metabolism, which may be linked to their 555 

increased ability (versus gracile capuchins) to access fat-rich nuts as a result of both their robust 556 

skeletal morphology and, in some species, their stone tool use. Robust capuchins also show 557 

various signatures potentially related to water homeostasis including enriched GO terms for 558 

kidney/renal system development and sodium ion transport. Selective pressure on water 559 

homeostasis may relate to range expansion into drier habitats such as the Cerrado for some 560 

Sapajus lineages in the Pleistocene (83). 561 

Similarly, in the highly insectivorous squirrel monkeys (9), we recovered various enriched 562 

terms related to nutrition including mineral absorption, response to metal ions, retinoid 563 

metabolism, and calcium homeostasis, which is notable given many insects are considered a poor 564 

source of calcium. 565 

 566 

Limitations and future directions 567 

While a single genome per species or lineage can give insight into evolutionary processes deep in 568 

time, the sequencing of more individuals in each of these lineages will be critical for studying 569 

patterns of demography and selection in more recent history. The inclusion of additional 570 

individuals is also required to determine if variants discovered in this study are fixed or vary 571 

within species. Moreover, without functional genomic experiments, some of the significant genes 572 

described in this study might reflect the relaxation of selection rather than adaptive evolution, and 573 

these genes thus remain candidates until they are validated. Furthermore, given protein function, 574 

which is generally derived from humans, mice, and other model organisms, is little understood in 575 

the context of the biology of these cebid lineages, the functional significance of selection on these 576 

candidate genes and the association of these signals with specific adaptive functions is correlative. 577 

Codon-based models of evolution are also unable to consider variation in regulatory controls and 578 

gene expression, which can both also have important adaptive implications. 579 

The new draft reference assembly, short read data, and RNAseq data from 17 tissues for 580 

the same robust capuchin individual provide a useful resource for future genomics studies of 581 

capuchins and primates more broadly. Future directions might include long read sequencing, a 582 

candidate technology to fill gaps in the assembly and increase the contiguity to chromosome 583 

scale. The results from this study will be useful in downstream applications for the study of genes 584 

of interest in both captive and field studies of platyrrhines, as well as opening new avenues of 585 

research for the study of primate brain evolution and comparative brain biology. 586 
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 587 

Materials and Methods 588 

Genome sequencing, assembly & size estimation 589 

Whole blood was collected during a routine physical from Mango, a female captive brown robust 590 

capuchin (Sapajus apella) housed at the Language Research Center, Georgia State University 591 

(IACUC number: A16031). Mango was aged and thought to have been wild-caught in the 1970s, 592 

she was the last remaining individual from the colony’s original source population. Dovetail 593 

Genomics extracted high molecular weight DNA from the blood sample to construct one shotgun 594 

library and three “Chicago” proximity ligation libraries with chimeric pairs spanning up to 50 Kbp 595 

in physical distance. The shotgun library was sequenced across four HiSeq 4000 lanes producing 596 

1.33 billion 150 bp paired end (PE) read pairs (399 Gbp), an estimated 148-fold sequencing 597 

coverage (based on a genome size of 2.7 Gbp). The three Chicago libraries were pooled and 598 

sequenced across two HiSeq 4000 lanes generating 800 million 100 bp PE read pairs with ~220-599 

fold physical coverage. All sequencing was performed at the DNA Technologies Core, UC Davis. 600 

All raw reads were deposited on NCBI’s sequence read archive (SRA) (Table S1). A preliminary 601 

de novo assembly was generated by Dovetail Genomics from quality-filtered short read shotgun 602 

data using the Meraculous assembler (84). The final draft assembly was generated by scaffolding 603 

the preliminary assembly with the Chicago libraries using Dovetail’s HiRise pipeline (13). Total 604 

length of this genome assembly was 2,520.3 Mbp (in 6631 scaffolds) with an N50 of 27.1 Mbp (29 605 

scaffolds) and N90 of 4.04 Mbp (116 scaffolds). The longest scaffold was 90.4 Mbp.  606 

We evaluated completeness of the genome assembly by its estimated gene content using 607 

CEGMA v2.5 (15) and BUSCO v3.0.2 (14) to calculate the proportion of 248 CEGs or 6,192 608 

Euarchontoglires-specific conserved single copy orthologs, respectively, that were either complete, 609 

fragmented, or missing. Using quality-filtered, nuclear only, endogenous short reads, we also 610 

performed k-mer counting with Jellyfish v.2.2.6 (85) to generate a k-mer frequency distribution of 611 

31-mers and then estimated genome size using four approaches. We generated an initial 612 

mitochondrial genome assembly for Mango by mapping a set of putative mitochondrial short read 613 

pairs to a complete S. apella mitochondrial genome using MIRA v.4.0.2 (86), and then performing 614 

baiting and iterative mapping with a MITObim v.1.9.1 (87) wrapper script to generate the final 615 

mitochondrial genome assembly. 616 

 617 

RNA sequencing & transcript assemblies 618 

The reference individual, Mango, was euthanised in the months after genome sequencing when a 619 

cancerous tumour was discovered, allowing the ethical collection of fresh tissue for RNA 620 

sequencing from the same individual. Tissue collection was performed during necropsy at Yerkes 621 

National Primate Research Center within hours of her death. Seventeen tissues samples were 622 

harvested and placed in RNAlater (Invitrogen), and subsequently, total RNA was isolated from 623 

each sample followed by poly-A tail selection library preparation. The libraries were pooled and 624 

sequenced on a single HiSeq 3000 lane generating ~367 million 150 bp PE read pairs (102.5 Gbp) 625 

with between 16.8 and 27.4 million reads pairs per tissue. These steps were performed by the 626 

Technology Center for Genomics & Bioinformatics (TCGB) at UCLA. All raw reads were 627 

deposited on NCBI’s SRA (Table S1). After k-mer correction, filtering, trimming, and rRNA 628 

removal steps, we generated seven transcript assemblies with the cleaned RNAseq read pairs, as 629 

follows: de novo (TrinDNv2); abundance filtered de novo (TrinDNv2); reference-based (Cuffv1); 630 

PASA with TrinDNv2 and Cuffv1 as input (PASAv1); genome-guided (TrinGGv1); PASA with 631 

TrinDNv2, Cuffv1, and TrinGGv1 as input (PASAv2); and non-redundant with PASAv2 as input 632 

(NRv1). This ultimately resulted in three assemblies (TrinDNv2, PASAv1, and NRv1) for use as 633 

direct evidence in various iterations of the genome annotation pipeline.  We checked quality metrics 634 

and completeness of the seven assemblies using rnaQUAST v1.5.0 (17) with BUSCO v3.0.2 in 635 

transcriptome mode using the Euarchontoglires-specific BUSCOs gene set.  636 
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 637 

Repeat & genome annotation 638 

To assess the repeat content of the robust capuchin genome, we first performed a homology-based 639 

repeat annotation of our genome assembly using known elements with RepeatMasker v4.0.7 (88), 640 

followed by de novo repeat identification using the library of unknown repeats generated with 641 

RepeatModeler v1.0.11 (89), and finally, we used ProcessRepeats from RepeatMasker to 642 

summarise all annotated repeats in the genome assembly. We annotated the robust capuchin 643 

genome assembly in three iterations of Maker v3.01.02 (18, 19) to predict gene models, 644 

incorporating direct evidence from transcript assemblies, homology to the predicted proteomes of 645 

platyrrhine primates and humans, and ab initio predictions from Augustus v3.3 (90) with a robust 646 

capuchin-specific HMM that was trained initially in BUSCO and twice subsequently using high-647 

quality gene models from each of the first two passes of Maker (Table S6). Predicted gene models 648 

from the third pass of Maker were functionally annotated using Blast2GO v5.2.5 (91) and filtered 649 

based on supporting evidence and presence of annotations. 650 

 651 

Identification of orthologs, alignment & filtering 652 

In order to assess signatures of positive selection in other platyrrhine primate genomes, we first 653 

identified orthologs using the OrthoMCL pipeline (92) across ten species; four platyrrhine primates 654 

(Sapajus; Cebus; Saimiri; Callithrix), five other primates (Macaca, Pan, Homo, Carlito, 655 

Microcebus), and mouse (Mus). As input to the pipeline, we used predicted CDS and protein 656 

sequence files from Ensembl (or for Sapajus from our genome annotation) for all species that were 657 

filtered for the longest isoform per gene. We generated a set of 9,216 conservative, manually-658 

curated CDS alignments which were highly likely to represent one-to-one orthologs across their 659 

length by: (i) filtering the OrthoMCL output for one-to-one orthologs, a minimum of five species, 660 

and the presence of at least one capuchin lineage; (ii) aligning CDS sequences for these filtered 661 

orthologs groups by codon using Guidance2 v.2.02 (20) with the MAFFT aligner v.7.419 (93) with 662 

100 guidance bootstraps; and (iii) visually inspecting all alignments for errors and editing as 663 

required to reduce the likelihood of false positives. 664 

 665 

Branch model & branch-site model tests 666 

We specified six lineages (foreground branches) for the positive selection tests, as follows: (H1) 667 

robust capuchin (Sapajus); (H2) gracile capuchin (Cebus); (H3) ancestral Cebinae (capuchins); 668 

(H3a) across-capuchins more generally (all Cebinae); (H4) ancestral Cebidae; and (H5) squirrel 669 

monkey (Saimiri). We assigned species set IDs to each combination of species (207 species sets) 670 

found in the final alignments and generated unrooted tree files that specified the various foreground 671 

branches analysed for each species set (759 tree files). We ran two different tests for positive 672 

selection with codeml from the PAML package v.4.9 (21) which are based on rates of non-673 

synonymous versus synonymous substitutions (ω or dN/dS ratio): the branch-site model (BSM), 674 

which tests for episodic selection by searching for positively selected sites in the foreground branch; 675 

and (B) the branch model (BM), which tests for elevated dN/dS ratios along the foreground branch 676 

indicating accelerated evolution. We did not run the BSM test for H3a, thus a total of 11 lineage 677 

and test combinations were conducted with codeml. For each BM test, we assessed two models as 678 

follows; the alternative branch model which separates the tree into foreground and background 679 

branches that have distinct ω parameters allowing them to evolve with separate dN/dS ratios, and 680 

the null model which uses a single ω parameter across the tree. For each BSM test, we assessed an 681 

alternative branch-site model allowing for positive selection on the foreground branch and a null 682 

model allowing only for purifying and neutral selection on the foreground and background lineages. 683 

After estimating parameters and calculating the likelihood with codeml, we performed likelihood 684 

ratio tests (LRTs) by comparing the likelihood of the alignment under the alternative versus under 685 

the null model, and calculated p-values from the chi-square distribution with one degree of freedom. 686 
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We conducted 11 gene set enrichment analyses, one for the set of significant genes from 687 

each combination of lineage and test (BM or BSM) using DAVID v.6.8 (22) with the entire human 688 

gene set as the background population of genes. In DAVID, we assessed lists/charts of enriched (i) 689 

BP, CC, and MF GO terms (the “all” option), (ii) UP keywords, (iii) KEGG pathways, (iv) 690 

Reactome pathways, and (v) disease annotations, as well as functional annotation clustering across 691 

the three GO terms together under the high classification stringency criteria, with an EASE score 692 

of < 0.05 required for all enriched annotated terms for both approaches. 693 

 694 
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Table 2 Summary of gene set enrichment results for each cebid lineage including enriched terms, example genes, and test. 

Lineage Summary Enriched terms 

GO 

clust. Example genes Test 

Robust 

capuchin 

(H1)  

Face & skeletal 

system development 

BP: face morphogenesis, skeletal system development, skeletal muscle tissue 

development, BMP signalling  Y 

NIPBL, SIX4, RAB23, 

CSRNP1, WNT10B BM 

Female sex 

differentiation 

BP: female sex differentiation, female gonad development, ovulation cycle 

process Y FSHB, NRIP1 BSM 

Cilium 

BP: regulation of cilium beat frequency; CC: MKS complex; UP: cilium, 

Bardet-Biedl syndrome Y AHI1, CEP290 BM 

Lipid metabolism 

BP: lipid homeostasis, triglyceride-rich lipoprotein particle remodelling, 

ketone biosynthetic process, glycerol metabolic process; Disease: various N APOE, CETP BSM, BM 

Neurodegeneration & 

brain 

BP: negative regulation of glycoprotein metabolic process; Disease: 

Alzheimer's related, dementia N 

APOE, ITM2B, 5HTR3B, 

NCAN, PROX2 BM, BSM 

DNA replication & 

repair  

BP: DNA repair, post replication repair; MF: ERCC4-ERCC1 complex; UP, 

KEGG & BP: DNA replication N ERCC4, POLI, APLF BM 

Gracile 

capuchin 

(H2) 

Limbs & skeletal 

system development 

BP: limb development, skeletal system morphogenesis; UP: developmental 

protein Y 

HOXC11, HOXD10, 

SHOX2 BM 

Endosomes/vacuoles BP: vacuole organisation; CC: endosome, endosome membrane N GM2A, PINK1, PLAA  BM 

DNA damage & repair BP: ds break repair; UP: DNA repair, DNA damage, mutator protein N POLH, SLF1, TP53BP1 BM 

Ancestral 

Cebinae 

(H3) Mitochondrion 

BP: mitochondrial organisation; CC: mitochondrial protein complex, 
mitochondrial inner membrane; Disease: mitochondrial complex I deficiency; 

UP: mitochondrion Y 

TWNK, FOXRED1, 

NDUFB9, NDUFS6 BM 

Hormones & 

neuropeptides 

BP: neuropeptide, hormone secretion & transport, signal release, peptide 

secretion; MF: hormone activity; Reactome: agmatine biosynthesis Y 

TRH, NPFF, NPVF, 

CALY, CGA, AGMAT, 

HTR1F BM 

Brain's ECM Reactome: ECM proteoglycans N BCAN, NCAN, VTN BSM 

Brain development BP: CNS development; Disease: cognitive trait N GDF7, DBX1, LNPK BSM, BM 

Circadian rhythms BP: circadian rhythms N 

PER3, TIMELESS, 

PROK2 BM 

Fertilisation BP: fertilisation, sperm-cell recognition N PRSS37, FETUB BSM 

Cilium BP: cilium assembly, organisation, morphogenesis; CC: axoneme; UP: cilium Y BBS7, CEP162, KATNIP BSM, BM 

Digit development BP: embryonic digit morphogenesis N LNPK BSM 

Across-

capuchins 

(H3a) Neurotransmission 

BP: membrane/vesicle fusion, synaptic vesicle exocytosis, calcium ion-

regulated exocytosis of neurotransmitter;  CC: SNARE, clathrin, syntaxin 
binding Y 

SYT3, SYT11, SYT14, 
CASK BM 

Hormones & 

behaviour 

BP: regulation of hormone/peptide, endocrine hormone, gonadotropin 

secretion, regulation of behaviour; MF: hormone activity; UP: hormone, 

amidation Y 

HTR5B, FSHB, BSX, 

PRLH, GHRL, LEP, 

SRPX2 BM 

Circadian rhythms BP: circadian rhythms; UP: biological rhythm N PER3, PROK2 BM 

Mitochondrion 

BP & Reactome: mitochondrial translation related; CC & UP: mitochondrion; 

CC: mitochondrial part Y 

MRPL9, MRPL37, 

MRPL44, MRPS28 BM 

Nutrition & diet 

BP: BCAA & leucine metabolic process; KEGG: BCAA degradation, 
riboflavin metabolism; Reactome: BCAA catabolism, biotin transport & 

metabolism N FLAD, MCCC1, MCCC2 BM 

Ancestral 

Cebidae 

(H4) 
Cilium 

BP: axonemal dynein complex assembly, cilium morphogenesis, assembly, & 
organisation,; CC: motile cilium; UP: cilium, ciliopathy, primary ciliary 

dyskinesia, cilium biogenesis;; Reactome: intraflagellar transport Y TMEM67, DRC1, IFT122 BM, BSM 

Sperm development & 

reproduction 

BP: spermatid development, male meiosis, piRNA metabolic process, DNA 
methylation, fertilisation, sexual reproduction; CC: CatSper complex; UP: 

spermatogenesis, flagellum; Reactome: sperm motility & taxes Y 

CATSPER3, CATSPERD, 
TOPAZ1, DEFB126, 

INHBA BSM, BM 

Immunity  

BP: I-kappaB kinase/NF-kappaB signalling & regulation, cellular response to 
endotoxins, T cell proliferation, adaptive immune & acute inflammatory 

responses; CC: T cell receptor complex; UP: adaptive immunity, immunity Y RIPK2, CD4, CD8B, C7 BSM, BM 

Brain & nervous 

system CC: growth cone; Disease: ALS N 

CDKL5, STMN4, 

SIGMAR1 BM 

Neuromodulation 
Reactome: orexin & neuropeptides FF & QRFP bind to their respective 
receptors N DBH, NPFFR2, HCRT BSM 
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Aging Disease: aging N 

WRN, SMPD1, CERS4, 

ADAM10, ACMSD BSM 

Squirrel 

monkey 

(H5) 
Growth factors 

BP: response to growth factor; MF: growth factor activity, growth factor 

receptor binding; UP: growth factor N 

FGF1, TGFB1, GDF10, 

BMP15, BMPER, IGFALS BSM, BM 

Signalling cascades BP: regulation of ERK1 & ERK2 cascade, regulation of MAPK cascade Y 
DUSP6, TNFRSF1B, 
FGF20 BSM 

Inflammation & 
immunity 

BP: cytokine-mediated signalling, interleukin-6 production; CC: cytokine 

receptor binding, chemokine activity; BP & UP: chemotaxis, inflammatory 
response; Reactome: signalling by interleukins Y 

IL6R, IL36A, CCL17, 
CCL20, CCL8, CD40 BSM, BM 

Brain & nervous 

system 

BP: regulation of neuron differentiation, nervous system development, 

neurogenesis, dopamine biosynthetic process; Disease: Alzheimer’s Disease Y 

DAO, NTF4, SOX11, 

LMX1A, SIX3, LHX4, 

NGFR BSM, BM 

Anatomy & 

development  

BP: anatomical structure development, developmental process, fibroblast 

proliferation, photoreceptor maintenance Y 

HOXB2, HOXB4, NOTO, 

TMEM88 BSM, BM 

Peroxisome & 

oxidative stress 

BP: cellular response to oxidative stress; CC & KEGG: peroxisome; MF: 

NADPH oxidase activator activity N 

SOD1, NOXO1, GLRX2, 

MPV17, OXR1 BM 

Mitoribosome & 

mitochondrion 

CC: mitochondrial large ribosomal SU; BP & Reactome: mitochondrial 

translational elongation/initiation/termination  Y 

MRPL{1,14,17,19,24,55}, 

COX16, COX11 BM 

Nutrient & energy 

metabolism 

BP: calcium ion homeostasis, response to metal ion, lactate transport, retinoid 

metabolism; KEGG: nutrient absorption Y 

OPN1SW, RHO, PTH1R, 

FTH1, SLC16A3 BSM, BM 
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