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Life at high altitude is associated with myriad environmental 
challenges including cold temperatures and reduced oxygen 
availability due to low barometric pressure. Consequently, 

organisms at high altitude have encountered strong evolutionary 

pressure to adapt to these challenges. Human populations living at 
high altitude, for example, have evolved physiological adaptations 
to hypoxia1,2, providing compelling examples of strong directional 
selection operating over short evolutionary time frames.
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Primates have adapted to numerous environments and lifestyles but very few species are native to high elevations. Here we 
investigated high-altitude adaptations in the gelada (Theropithecus gelada), a monkey endemic to the Ethiopian Plateau. We 
examined genome-wide variation in conjunction with measurements of haematological and morphological traits. Our new 
gelada reference genome is highly intact and assembled at chromosome-length levels. Unexpectedly, we identified a chromo-
somal polymorphism in geladas that could potentially contribute to reproductive barriers between populations. Compared with 
baboons at low altitude, we found that high-altitude geladas exhibit significantly expanded chest circumferences, potentially 
allowing for greater lung surface area for increased oxygen diffusion. We identified gelada-specific amino acid substitutions 
in the alpha-chain subunit of adult haemoglobin but found that gelada haemoglobin does not exhibit markedly altered oxygen-
ation properties compared with lowland primates. We also found that geladas at high altitude do not exhibit elevated blood 
haemoglobin concentrations, in contrast to the normal acclimatization response to hypoxia in lowland primates. The absence of 
altitude-related polycythaemia suggests that geladas are able to sustain adequate tissue-oxygen delivery despite environmen-
tal hypoxia. Finally, we identified numerous genes and genomic regions exhibiting accelerated rates of evolution, as well as gene 
families exhibiting expansions in the gelada lineage, potentially reflecting altitude-related selection. Our findings lend insight 
into putative mechanisms of high-altitude adaptation while suggesting promising avenues for functional hypoxia research.
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Human populations began living at high altitude quite recently, 
from as little as 150 to as long as 47,000 years ago3. This time frame 
pales in comparison to that of many nonhuman animals that have 
lived at high altitude for millions of years. Such lineages would be 
expected to exhibit a greater number of fixed genetic and pheno-
typic differences relative to their closest lowland counterparts and 
provide a valuable comparative opportunity for understanding 
mechanisms underlying the evolution of high-altitude adaptations 
in humans and other animals. Comparative perspectives are partic-
ularly valuable for identifying both the shared and divergent routes 
that natural selection has taken at the nucleotide, protein and path-
way levels to facilitate adaptations to high-altitude life4,5.

The gelada (Theropithecus gelada) is a cercopithecoid mon-
key closely related to baboons (Papio spp.) and Lophocebus/ 
Rungwecebus mangabeys6,7 that are endemic to Ethiopia (Fig. 1a,b). 
It is the only surviving member of the genus Theropithecus, which 
was found from South Africa to as far as Spain, Italy and India up 
to 1 million years ago (Ma)8,9. Geladas probably avoided the fate 
of their extinct congenerics by exploiting an extreme environ-
ment over the past several million years: the grassy plateaus of the 
Ethiopian highlands10. Consequently, geladas have adopted primar-
ily grass-eating diets and are found mainly at elevations from 2,350 
to 4,550 m above sea level (Fig. 1c)11, representing one of the highest 
altitudinal ranges of any extant primate species, matched only by 
some Rhinopithecus monkeys12.

Perspectives on gelada high-altitude adaptations are particularly 
important given their close evolutionary affinity and shared biology 
with humans and may lend insights into treatments for diseases and 
disorders associated with high altitude13, including acute mountain 

sickness, high-altitude cerebral oedema and high-altitude pulmo-
nary oedema in high-altitude travellers, as well as chronic mountain 
sickness and preeclampsia in high-altitude residents. Furthermore, 
given the roles of hypoxia and ischaemia in low-altitude diseases14, 
a deeper understanding of mechanisms conferring resilience 
to hypoxia has the potential to inform treatment of diseases at  
all altitudes15.

We sequenced and assembled the first gelada reference genome 
and combined it with detailed physiological, demographic and 
morphological data collected from wild geladas to identify adapta-
tions to their high-altitude environment. Through comparison with 
other mammals, we identified unique genomic adaptations to high 
altitude. We also analysed population resequencing data from 70 
wild and captive geladas to infer gelada population structure and 
demographic history. Curiously, we identified a chromosomal fis-
sion event that is polymorphic and possibly fixed between gelada 
populations. While sufficient breeding data are limited in captivity 
and precluded by lack of contact in the wild, given that heterozy-
gous karyotypes tend to be associated with reduced reproductive 
success16, this observation suggests a possible case of incipient spe-
ciation in primates with important conservation implications.

Sequencing, synteny and annotation. We sequenced and assem-
bled the genome of a wild adult female gelada from the Simien 
Mountains, Ethiopia, using a combination of two technologies: the 
linked-read 10x Genomics Chromium system17 and Hi-C18,19. Initial 
assembly of the 10x linked-read data (55.7-fold coverage) yielded 
a highly intact assembly (contig N50, 134.4 kilobases (kb); scaffold 
N50, 57.3 megabases (Mb)), which was substantially improved by 
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Fig. 1 | The gelada at high altitude. a, Geladas form three main populations that are each geographically restricted to highland areas of Ethiopia. Presence 
points are shown from the sample of Zinner et al.139. b, An adult male gelada in the Simien Mountains (photo by I.A.S.-C.). c, Geladas are found almost 
exclusively from 2,350 to 4,550 m above sea level, constituting one of the highest altitudinal ranges of any primate species.
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incorporating Hi-C intrachromosomal contact data to produce a 
reference assembly with chromosome-length scaffolds and compa-
rable contiguity and coverage to other recent nonhuman primate 
genomes (contig N50, 310.1 kb; scaffold N50, 130.2 Mb; Extended 
Data Fig. 1a). A BUSCO analysis of genome completeness identified 
12,267 genes—of which 12,098 are one-to-one orthologues—com-
prising 91.7% and 89.0% of expected genes present and complete in 
mammals and primates, respectively20 (Extended Data Fig. 1c). In 
total, our assembly includes 20,683 protein-coding genes annotated 
by the National Center for Biotechnology Information (NCBI)21. 
The gelada genome is highly syntenic with closely related genomes, 
showing strong collinearity with the anubis baboon (Papio anubis) 
genome (Panu 3.0; ref. 22) (Extended Data Fig. 1b).

New centric fission and putative incipient speciation. In assem-
bling the genome of our reference individual, we identified an unex-
pected karyotype, 2n = 44, that was not present in any other species 
in the papionin clade (macaques, drills/mandrills, mangabeys and 
baboons), which dates back to ~12 Ma (ref. 23) and otherwise exhibits 
a conserved count of 21 chromosome pairs24 (Fig. 2a). Our reference 
individual was homozygous for a centric fission25 of chromosome 7, 
resulting in two new acrocentric chromosomes that we refer to as 
7a and 7b (Fig. 2b,c). A single case of an apparently identical vari-
ant was previously reported in a captive male gelada individual that 

was heterozygous for this variant (2n = 43) but was interpreted as 
a rare structural anomaly in papionins26. We confirmed the homo-
zygous 2n = 44 karyotype via G-banding of fibroblasts in our refer-
ence individual and three additional unrelated individuals from the 
northernmost gelada population (Fig. 2c), demonstrating instead 
that this fissioned chromosome is a stable, possibly fixed variant 
in the northern population. This variant appears to be unique to 
northern geladas, with 2/2 wild geladas from central Ethiopia and 
7/9 captive geladas from zoos—mainly of central origin (Extended 
Data Fig. 2)—exhibiting the ancestral karyotype of 2n = 42 (Fig. 
2c and Extended Data Fig. 3). Two zoo geladas (one male and one 
female) were heterozygous (2n = 43), indicating a recent ancestor 
with a homozygous 2n = 44 karyotype. These two heterozygous 
individuals had the most northern ancestry (>10%) and the only 
northern mitochondrial haplotype of all captive samples, suggest-
ing that northern ancestry can be traced through their maternal 
line (Fig. 2d and Extended Data Fig. 2). Together, the evidence is 
consistent with our hypothesis that the fissioned chromosome is 
a uniquely northern trait. The two individuals with heterozygous 
karyotypes had estimated proportions of northern ancestry consis-
tent with them being F2 (male: expected 0.250, observed 0.241) and 
F3 hybrids (female: expected 0.125, observed 0.115), respectively, 
indicating that at least some heterokaryotypes are viable. Despite 
having opportunity, however, neither individual successfully  
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reproduced in captivity, suggesting that the heterozygous karyotype 
could be associated with reproductive incompatibilities in hybrids, 
as is the case with other balanced chromosomal polymorphisms27. 
This conclusion remains speculative given the scarcity of detailed 
breeding data compounded by the low representation of northern 
ancestry—and only three documented instances to date of the fis-
sioned chromosome 7 variant—in captive geladas.

If heterozygous karyotypes are associated with reduced repro-
ductive success16, however, the new chromosomal variant could 
represent a barrier to hybridization underlying speciation between 
northern and central geladas. These groups are typically considered 
subspecies—T. gelada gelada (northern) and T. gelada obscurus (cen-
tral)—but show evidence of being distinct evolutionary units that 
would qualify as species under the phylogenetic species concept28. If 
the heterokaryotype is associated with reduced fitness, these popu-
lations would further qualify as species under the biological species 
concept, cementing the case for taxonomic revision and reconsid-
eration of conservation priorities. Furthermore, this would provide 
a possible case study of chromosomal rearrangements underlying 
speciation, the mechanisms of which remain poorly understood29,30.

Conservation and population genomics. To better understand 
the demographic history of geladas, including historical population 
sizes and population divergence, we sequenced the whole genomes 
of 70 captive and wild geladas from multiple parts of Ethiopia (n = 3 
wild central geladas; n = 50 wild northern geladas; n = 17 captive 
geladas of central origin) as well as 20 hamadryas baboons from 
Filoha, Ethiopia31 (median coverage 11.5×; Supplementary Table 1).  
Our sample did not include any individuals from the southern 
gelada population, which is difficult to access but represents another 
distinct evolutionary unit28 (Fig. 1a).

The geladas in our sample fell into two distinct populations cor-
responding to previously described subspecies: the northern popu-
lation, which encompasses all wild individuals from the Simien 
Mountains, and the central population, which encompasses wild 
individuals from Guassa Community Conservation Area as well 
as the majority of individuals from zoos (Fig. 2d; on the basis of 
unsupervised clustering32). A small number (n = 3) of zoo individu-
als showed elevated (>9%) fractions of northern ancestry, including 
the two zoo animals found to have 2n = 43 heterozygous karyo-
types. These cases are probably explained by captive breeding of 
parents from different populations. We found no evidence of inter-
breeding between wild gelada populations and our demographic 
analysis indicated that the effective population sizes of the two 
gelada populations (northern and central) began to diverge about 
500 thousand years ago (ka) (Fig. 3a). It is therefore most likely that 
the chromosomal fission arose in northern geladas following this  
population divergence.

We found higher genetic diversity in the northern gelada popu-
lation than the central gelada population (Fig. 3b). Central geladas 
had lower median heterozygosity than northern geladas (Wilcoxon, 
P = 8.7 × 10–7) and also significantly longer runs of homozygosity, 
specifically for runs <1 Mb (Wilcoxon, P = 8.5 × 10–8) and 1–3 Mb 
(P = 0.008). Both gelada populations were significantly less geneti-
cally diverse than hamadryas baboons (median heterozygosity: 
P = 2.6 × 10–8 (northern), P = 7.4 × 10–6 (central)), perhaps reflecting 
their limited geographic distribution and habitat discontinuity com-
pared to baboons.

Physiological adaptations to high-altitude hypoxia. Haemoglobin–
oxygen affinity. Many animals that have adapted to high altitude have 
evolved an increased affinity of oxygen to haemoglobin, which can 
minimize the decline in arterial oxygen saturation in spite of envi-
ronmental hypoxia33. We therefore examined the genes encoding the 
alpha- and beta-chain subunits of adult haemoglobin in geladas. We 
found two amino acid substitutions in haemoglobin alpha, at sites 

12 and 23, that are unique to geladas relative to other primates (Fig. 
4a). These substitutions, along with all coding sequences for this 
protein, were invariant across all 70 geladas that were sequenced in 
this study. To test whether these substitutions alter functional prop-
erties of the protein, we measured haemoglobin–oxygen-binding 
affinity from purified adult haemoglobin of geladas, humans and 
three species of baboons (Supplementary Table 8). In the presence 
of allosteric cofactors—the experimental condition most relevant to 
in vivo conditions—we found no differences in P50 (the partial pres-
sure at which haemoglobin is 50% saturated) of gelada haemoglo-
bin compared to that of humans (P = 0.053) or baboons (P = 0.950)  
(Fig. 4b). Thus, the amino acid substitutions found in gelada hae-
moglobins do not appear to be associated with increased haemoglo-
bin–oxygen affinity, in contrast with the pattern generally observed 
in high-altitude birds33 and some high-altitude mammals4,34,35 but 
mirroring a similar lack of increased oxygen affinity in snow leop-
ard haemoglobin36.

Haemoglobin concentration and erythrocytosis. In lowland mam-
mals, a typical response to chronic hypoxia is an increase in red 
blood cell production (erythrocytosis), which in humans is asso-
ciated with chronic mountain sickness in high-altitude residents. 
Erythrocytosis is particularly prevalent in Andean highlanders and 
is altitude-dependent in its severity37,38, while haemoglobin con-
centrations are not markedly elevated in highland Tibetans37–39. To 
test for erythrocytosis in geladas, we compared haemoglobin con-
centrations from 92 wild geladas (44 of which were not sequenced 
and thus not included in our genomic dataset) sampled at high 
altitude (3,250–3,600 m) to values reported from captive geladas40 
and baboons41 at low altitude. We found that haemoglobin concen-
trations in geladas at high altitude were not elevated and were in 
fact significantly lower than haemoglobin concentrations in either 
captive geladas (P = 0.005) or baboons (P < 0.001). The absence 
of elevated haemoglobin concentrations in wild geladas living 
at high altitude is consistent with patterns documented in other 
hypoxia-adapted alpine mammals42,43 and, among humans, most 
closely resembles the Tibetan phenotype (Fig. 4c). Since red blood 
cell production is induced by reduced oxygenation of renal tissue, 
the absence of an elevated haemoglobin concentration in wild gela-
das living at >3,000 m suggests that the animals are able to sustain 
adequate tissue-oxygen delivery in spite of the reduced availability 
of oxygen. Such physiological compensation may be attributable to 
evolved and/or plastic changes in any number of cardiorespiratory 
or circulatory traits that govern oxygen transport.

Pulmonary adaptations at high altitude. We also tested the hypoth-
esis that geladas might compensate for hypoxia by expanding their 
lung volumes, which is a known high-altitude developmental 
adaptation spurred by rapid lung growth in early life44. Expanded 
lungs in high-altitude animals maximize the pulmonary diffusing 
capacity for oxygen by proliferating alveolar units and increasing 
surface area for gas exchange45,46. To test for correlates of expanded 
lung volumes in geladas, we compared chest circumferences in wild 
geladas (n = 78) to an extensive database of baboon morphometric 
measurements (n = 482)47–49. We found that, controlling for sex and 
baboon species, geladas had significantly larger chest circumfer-
ences compared to baboons when also controlling for body mass 
(P = 1.63 × 10–42), waist circumference (P = 3.23 × 10–31) or both 
(P = 8.58 × 10–46) (Fig. 4d). These results indicate that geladas have 
significantly expanded relative chest circumferences compared to 
baboons, which parallels the larger chest dimensions exhibited by 
native Andean highlanders50. This finding is consistent with the pos-
sibility of expanded lung volumes, which we did not directly mea-
sure in this study. It is currently unknown whether these differences 
are plastic responses to high-altitude hypoxia or a genetically con-
trolled component of the adaptive toolkit in geladas. Comparison to 
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chest dimensions in captive geladas born and reared at low altitude, 
which are currently unavailable, would help distinguish between 
these two possibilities.

Genomic evidence of adaptation to high altitude. To identify sig-
natures of adaptations to high altitude in the gelada genome, we first 
focused on two forms of genetic change that could underlie changes 
in phenotype: coding mutations that alter protein function and gene 
duplications that alter gene dosage and/or division of labour among 
protein isoforms.

We tested for evidence of positive selection in gelada coding 
sequences using two complementary dN/dS tests—the site-based 
model implemented in PAML51 and the gene-based model imple-
mented in BUSTED52—using a consensus chronogram53,54. 
We assigned proteins from 40 taxa (Extended Data Fig. 4 and 
Supplementary Table 2) to single-copy orthogroups55 and, after 
filtering (Methods), included 6,105 protein-coding genes in our 
analysis. We identified 103 genes exhibiting significant signatures 
of positive selection (false discovery rate (FDR)-adjusted P < 0.05) 
using both dN/dS approaches.

To test for gene duplication resulting in significant expansions 
of gene families, we assigned proteins from 40 taxa (Extended Data 
Fig. 4 and Supplementary Table 2) to gene families in the TreeFam9 
database56,57. We then tested for gene family size changes using 
birth–death models implemented in CAFE58. We identified 108 
gene families exhibiting significant expansions in gene family size 
(FDR-adjusted P < 0.05).

Positive selection on protein-coding sequences. We found several 
compelling candidate genes for high-altitude adaptation among 
103 total genes with significant signatures of positive selection 
(FDR-adjusted P < 0.05; Supplementary Table 3). These included 
four genes involved in the hypoxia-inducible factor (HIF) path-
way (ITGA2, NOTCH4, FERMT1 and MLPH). We also identified 
several that have been identified as candidate genes in human 
hypoxia-adapted populations, including FRAS1, which is involved 
in renal agenesis and exhibits signatures of positive selection in 
Tibetans59 and Ethiopians60, HMBS, which is involved in haem  

biosynthesis and exhibits a signature of positive selection in 
Nepalese Sherpa61 and TNRC18, a largely unknown gene that is 
linked to selection in Bajau breath-hold divers62. Other notable 
candidate genes include: AQP1, which plays an important role in 
fluid clearance and oedema formation following acute lung injury63; 
COX15, which is involved in haem α biosynthesis and cytochrome 
c oxidase assembly64 and exhibits signatures of positive selection in 
high-altitude rhesus macaques65; DHCR24, which is involved in the 
induction of haem oxygenase 1 (HO-1) (ref. 66) and exhibits a sig-
nature of positive selection in alpine sheep67; and CYGB, which is 
part of the globin family and encodes an oxygen-binding respira-
tory protein68.

At the pathway level, we found that signatures of positive selec-
tion were enriched (FDR-adjusted P < 0.1; Supplementary Table 4)  
for processes related to classical functions associated with 
high-altitude adaptation, including oxygen sensing (response to 
hypoxia; angiogenesis; cellular response to hypoxia)69, response to 
oxidative (response to hydrogen peroxide) or other stress (response 
to glucocorticoid; MAPK cascade)70,71 and female reproduction 
(in utero embryonic development; response to estradiol; ovulation 
cycle process; female pregnancy)72–74. In addition, we identified sev-
eral enriched processes related to neural function (axon guidance; 
positive regulation of neuron projection development; chemical 
synaptic transmission; brain development), cell growth/proliferation 
(response to insulin; negative regulation of cell population prolifera-
tion; negative regulation of canonical Wnt signalling pathway) and 
cardiac function (cell–cell signalling involved in cardiac conduction).

While we found a high degree of overlap between putatively 
selected pathways in geladas and human populations living at 
high altitudes, aside from notable examples listed above, few can-
didate genes identified by our analysis were shared with candidate 
genes identified by studies of high-altitude human populations2,15 
or other high-altitude primates12,65. This may reflect differences 
between studies designed to identify adaptive changes between 
nonspecific populations (for example, FST-based studies) versus 
those designed to detect adaptive divergence between species (for 
example, dN/dS-based studies). It may also be limited by the relative 
paucity of comparable genomic studies of high-altitude primates. 
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Nevertheless, at present our results suggest that gelada adapta-
tions to shared physiological challenges at high altitude may largely 
involve different suites of genes—in line with similar findings 
among birds75—underscoring their putative utility as a model for 
understanding adaptations to hypoxia.

Gene family expansion. We identified 108 gene families with signifi-
cant expansion in the gelada lineage compared to 43 gene families 
with significant contractions (FDR-adjusted P < 0.05; Supplementary 
Table 5). Significant expansions included the genes CENPF and 
SART1, which each exist as a single copy in most primates—includ-
ing the common ancestor of geladas and baboons—but have 
expanded to include five copies and four copies respectively in the 
gelada lineage (Extended Data Fig. 5b,c). CENPF encodes a kineto-
chore protein (CENPF) that regulates chromosome alignment and 
separation during mitosis and also protects centromeric cohesion76. 
Interestingly, CENPF is a marker for cell proliferation in human 
malignancies77 and is strongly upregulated in response to hypoxia 
in bone marrow mesenchymal cell cultures78, suggesting that it may 
also play a role in the response to high-altitude hypoxia. The pro-
tein encoded by SART1 suppresses activation of HIF-1 by promoting 
the ubiquitination of HIF-1α. Expansion of the SART1 family may 
therefore be a possible adaptation for suppressing constitutive HIF-1 
activation under conditions of chronic environmental hypoxia.

We also identified biological processes that were associated 
with signatures of gene family expansion (FDR-adjusted P < 0.1; 

Supplementary Table 6). We found that signatures of gene expan-
sion were significantly associated with processes related to the 
hypoxia response (regulation of transcription from RNA poly-
merase II promoter in response to hypoxia) as well as the DNA 
damage response (for example, DNA repair, nucleotide-excision 
repair, DNA incision 5′- to lesion and DNA duplex unwinding), 
which may reflect degrees of DNA damage due to elevated levels of 
ultraviolet radiation at high altitude79,80. Other enriched processes 
included those related to immune function (NIK/NF-kappaB sig-
nalling; stimulatory C-type lectin receptor signalling pathway; viral 
transcription; IL-1-mediated signalling pathway; T cell receptor 
signalling pathway; TNF-mediated signalling pathway), cell pro-
liferation (Wnt signalling pathway; planar cell polarity pathway; 
MAPK cascade), oxidative phosphorylation (mitochondrial respi-
ratory chain complex I assembly; mitochondrial electron transport, 
NADH to ubiquinone; oxidation-reduction process) and haemato-
poiesis (regulation of haematopoietic stem cell differentiation).

Accelerated evolution in the gelada lineage. To investigate the emer-
gence of gelada-specific features and to expand our analysis to non-
coding regions of the genome including regulatory elements81, we 
identified and characterized genomic regions that are highly con-
served through evolution but exhibit a greater number of changes 
in the gelada lineage. A similar approach has been used to identify 
‘human accelerated regions’ (HARs) that are possible hallmarks 
of human evolution82,83, tend to be developmental gene regulatory  
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elements or in noncoding RNA regions84 and are putatively linked 
to uniquely human social behaviour and cognition85.

We used an approach modelled on that of Pollard et al.83 to 
define uniquely accelerated regions in the gelada lineage, which we 
refer to as ‘gelada accelerated regions’ (GARs). We analysed 60,345 
conserved alignment blocks across a total of 57 mammalian taxa 
(Methods), including geladas, and identified a total of 29 GARs 
(FDR-adjusted P < 0.2; Extended Data Fig. 6 and Supplementary 
Table 9). We identified fewer GARs than reported counts of HARs, 
which range from approximately 200–3,000 at similar thresh-
olds83,86, probably due to differences in filtering, thresholding and 
other aspects of methodology.

We found that biological processes including response to 
hypoxia, regulation of angiogenesis, cellular response to oxidative 
stress, lung development and respiratory gaseous exchange by respi-
ratory system were significantly enriched for signatures of accelera-
tion (FDR-adjusted P < 0.01; Supplementary Table 10), indicating 
that classical functions related to oxygen metabolism at high alti-
tude have undergone accelerated evolution in the gelada lineage. 
Other enriched processes included those related to temperature 
regulation (for example, positive regulation of cold-induced ther-
mogenesis and temperature homoeostasis) and brain development 
(for example, neurogenesis and brain morphogenesis).

Of the 29 GARs, 13 (44.9%) were located in intergenic regions, 
ten (34.5%) in introns, one (3.4%) in a 5′ UTR region and the 
remaining five (17.2%) in coding sequences. Many of these GARs 
were nominally regulatory: 13 GARs (44.9%) were associated with 
regulatory hallmarks of enhancer activity in at least one primary tis-
sue or cell type in humans (Methods). Of these putative enhancers, 
11 are associated with hallmarks of enhancer activity in human fetal 
tissues or were nearest to genes that are involved in developmental 
processes including in utero embryonic development and postem-
bryonic development. These results indicate that a large fraction of 
GARs may function as developmental enhancers, similar to HARs86. 
Two additional GARs (GAR5 and GAR8) are located in regions 
showing strong evidence of being transcriptional start sites across 
many human tissues (>60 cell/tissue types each). While accelerated 
evolution within these regions may indicate shifts in the activity of 
regulatory elements that perform similar functions in geladas, this 
is not necessarily the case. In fact, accelerated evolution in some 
regions could plausibly be related to the evolution of new regulatory 
functions in the gelada lineage. Disentangling these competing pos-
sibilities will require high-quality profiling of putative regulatory 
elements in geladas as well as functional validation of these regions.

Strikingly, in two cases, multiple GARs were found near the same 
genes. These genes were RBFOX1, which was the closest gene to 
GAR28 and GAR29 and ZNF536, which was the closest gene to 
GAR26 and GAR27. In both cases, GARs were at least 500 kb apart 
from one another and in low linkage disequilibrium (mean r2 0.07–
0.17). Both RBFOX1 and ZNF536 are linked to brain expression and 
function. The protein encoded by RBFOX1 is an important regula-
tor of neuronal excitation87 while the protein encoded by ZNF536 is 
a negative regulator of neuronal differentiation88. None of the asso-
ciated regions showed hallmarks of transcription factor binding or 
chromatin accessibility in human tissues and cells.

Other identified GARs were also located nearest to genes involved 
in brain function. These genes included RTN4RL1 (GAR21), which 
is involved in postnatal brain development and regulating regen-
eration of axons, GIGYF2 (GAR16), which encodes a regulator of 
vesicular transport and IGF-1 signalling in the central nervous sys-
tem89, CNTN4 (GAR3), which has been linked to neuropsychiat-
ric disorders and fear conditioning90 and NFASC (GAR1), which is 
linked to neurite outgrowth and adhesion91. The accelerated evolu-
tion of GARs near multiple genes related to neural function in gela-
das may reflect the sensitivity of the brain to the metabolic pressures 
of high-altitude hypoxia92,93.

Several GARs were located nearest to genes that are involved in 
the response to hypoxia or oxidative stress, suggesting that they might 
be adaptations to high-altitude environments71. Two GARs were 
located nearest to genes—HTATIP2 (GAR17) and a new LDHB-like 
gene in geladas (ENSTGEG00000009621; GAR7)—predicted to be 
involved in oxidation reduction. One GAR was located in the intron 
of RCAN1 (GAR4), which is involved in the response to oxidative 
stress and regulation of angiogenesis94. Another GAR was located in 
the 5′ UTR region of FBN1 (GAR8), which is hypoxia responsive95 
and more highly expressed at higher elevations among yaks96.

Intriguingly, we found that one GAR, GAR18, was nearest to the 
gene SOX6, which encodes a protein that plays an essential role in 
erythroid cell differentiation and is necessary for basal and stress 
erythropoiesis97,98. GAR18 was found 2,651 bp upstream of SOX6 
and was associated with regulatory hallmarks of enhancer activ-
ity in five primary cell types (Supplementary Table 9). Given its 
position and putative function as an enhancer in humans, GAR18 
could suppress hypoxia-induced erythropoiesis by decreasing or 
disabling enhancer activity, providing a direct link to the lack of 
altitude-associated erythropoiesis that we observed in wild geladas.

Conclusion
The first assembled gelada genome provides insights into the unique 
adaptations of this charismatic Ethiopian primate. We identified 
a stable karyotype that appears to be at extremely high frequency 
and possibly fixed in the northern population of geladas. Given that 
chromosomal rearrangements tend to be associated with infertil-
ity in heterozygous karyotypes, our findings suggest that geladas 
may encompass two or more distinct biological species. This find-
ing is important for at least two reasons. First, a taxonomic revision 
would roughly halve the populations of each gelada species and, 
consequently, alter their conservation status and ultimately increase 
resources to protect them. Second, the centric fission of chromo-
some 7 is an extraordinarily recent example of a stable chromo-
somal variant in a long-lived primate. It therefore provides a unique 
opportunity to study karyotypic evolution, the birth of new centro-
meres and the role of chromosomal rearrangements in speciation in 
a primate closely related to humans. We note, however, that these 
conclusions are currently speculative given that data on reproduc-
tive outcomes in heterokaryotypic geladas are limited and likely to 
remain so due to a lack of contact between populations in the wild 
and the low representation of northern ancestry in captivity.

By combining morphometric, haematological and genomic 
data, we identified a suite of gelada-specific traits that may confer 
adaptation to their high-altitude environment, including evidence 
for increased lung capacity and positive selection in a number of 
hypoxia-related genes and gelada-lineage-specific accelerated 
regulatory regions. Interestingly, while we found gelada-specific 
amino acid substitutions in haemoglobin, these changes did not 
alter oxygen-binding affinity, which highlights the need for func-
tional assays to validate purely sequence-based findings. With this 
in mind, our genome assembly and gelada-specific genetic changes 
provide multiple avenues for future research on the function of 
the protein-coding and regulatory changes unique to geladas. This 
research thus builds on our current understanding of the mecha-
nisms of adaptation to extreme environments and provides an ave-
nue for research that may have a transformative impact on the study 
and treatment of hypoxia-related conditions.

Methods
Animal procedures. Capture and release. Samples and data collected for this 
study were obtained from wild geladas in the Simien Mountains National Park 
(~3,000–4,550 m above sea level) as part of continuous long-term research 
conducted by the Simien Mountains Gelada Research Project (SMGRP). 
Beginning in 2017, the SMGRP has carried out annual capture-and-release 
campaigns during which animals were temporarily immobilized through 
remote-distance injection. Briefly, a mixture of ketamine (7.5 mg kg–1) and 
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medetomidine (0.04 mg kg–1) was injected using darts delivered by a blowpipe 
(Telinject USA). Following data and sample collection under the supervision 
of licensed veterinarians and veterinary technicians, immobilization was 
reversed with atipamezole (0.2 mg kg–1). Animals were monitored by project 
staff throughout their recovery until they were visibly unimpaired and had 
returned to their social units. All research was conducted with permission of the 
Ethiopian Wildlife and Conservation Authority (EWCA) following all laws and 
guidelines in Ethiopia. Animal procedures were conducted with approval by the 
Institutional Animal Care and Use Committees (IACUCs) of the University of 
Washington (protocol 4416-01) and Arizona State University (20-1754 R). This 
research conformed to the American Society of Primatologists/International 
Primatological Society Code of Best Practices for Field Primatology.

Morphometrics. While animals were sedated, we collected morphometric 
measurements including body mass, chest circumference and waist circumference. 
Body mass was measured by a hanging digital scale to 0.05 kg precision. Chest 
circumference and waist circumference were measured using flexible tape to 0.1 cm 
precision. Chest circumference was defined as the maximum circumference of 
the trunk, taken at the maximum anterior projection of the thoracic cage. Waist 
circumference was defined as the minimum circumference between the pelvis and 
the thoracic cage. We report measurements from a total of 78 wild geladas sampled 
during 2017–2020.

Biological sample collection. Whole blood was obtained from all chemically 
immobilized individuals by femoral venipuncture and collected into K3 EDTA 
S-Monovette collection tubes (Sarstedt). A total of 1 ml of whole blood was 
cryopreserved in liquid nitrogen, ~50 µl was used for haematology and the 
remainder was fractionated by centrifugation using a Ficoll gradient. Fibroblasts 
were cultured from small biopsy punches of ear tissue that were stored in RPMI 
supplemented with 20% FBS and 10% DMSO. To maximize viability, these 
samples were frozen in steps by first storing in styrofoam at −20 °C overnight, then 
transferring to liquid nitrogen.

We also measured haemoglobin concentrations using an AimStrip 78200 
digital haemoglobin meter. We loaded 10 µl of venous blood into provided test 
strips and recorded haemoglobin concentrations (g dl–1) using the digital meter. We 
report measurements from a total of 92 wild geladas sampled during 2017–2020.

Other DNA sources. Apart from primary DNA samples collected for this project 
(n = 50), we obtained additional DNA samples from other sources, including DNA 
extracts from 20 wild hamadryas baboons from Filoha, Ethiopia (contributed 
by C.J.J. and J.E.P.-C.), which were previously determined to have unadmixed 
ancestry31, DNA extracts from 17 zoo geladas (n = 1 contributed by the Wildlife 
Conservation Society/Bronx Zoo, n = 16 contributed by the San Diego Zoo 
Wildlife Alliance) and muscle tissue from three wild geladas (contributed by 
N.N. and P.J.F.). A full list of DNA samples used for this research is provided in 
Supplementary Table 1.

Sample collection, sequencing and assembly. 10x Genomics Chromium 
library generation and sequencing. High-molecular-weight DNA was extracted 
from cryopreserved whole blood of an adult 8-year-old female gelada (DIX) 
from the Simien Mountains using the Gentra Puregene Blood Kit (Qiagen) 
following manufacturer instructions and quality-checked using pulsed-field gel 
electrophoresis. Linked-read libraries were then prepared using the Chromium 
Genome Reagent Kit v.2 (10x Genomics) following manufacturer instructions. 
Finished libraries were sequenced to 55.7× coverage on two lanes of the Illumina 
HiSeq X platform using 2 × 150 bp sequencing.

Hi-C library generation and sequencing. Approximately 7 million peripheral blood 
mononuclear cells (PBMCs) were isolated by Ficoll gradient, washed, counted, 
fixed in formalin and cryopreserved. Hi-C libraries were later prepared from 
cryopreserved formalin-fixed PBMCs following Rao et al.18 and sequenced on the 
Illumina NextSeq 500 platform using 2 × 81 bp sequencing.

Genome assembly. Chromium-derived reads were assembled using Supernova 
v.2.0.1 (ref. 17) with default parameters. Resulting scaffolds were then further 
assembled incorporating Hi-C data through the three-dimensional (3D) de novo 
assembly (3D-DNA) pipeline v.170123 (ref. 19). Hi-C contact maps and the draft 
assembly with chromosome-length scaffolds were edited using Juicebox Assembly 
Tools99 to correct visually apparent misjoins. Finally, gaps were closed using 
GapCloser v.1.12 (ref. 100) to produce the final assembly (Tgel 1.0).

Transcriptome sequencing and genome annotation. RNA was obtained from 
cultured fibroblast cell lines derived from a biopsy ear punch taken from the same 
adult female gelada (DIX) and an unrelated male gelada (DRT_2017_018) from 
the Simien Mountains National Park, Ethiopia. Total RNA was extracted using the 
Quick RNA Miniprep Plus kit (Zymo Research). RNA-seq libraries were prepared 
using the NEBNext Ultra II RNA Library Prep kit (New England Biolabs) following 
instructions for a 200 bp insert. Finished libraries were sequenced on the Illumina 
NextSeq 500 platform using 2 × 81 bp sequencing.

The final assembly (Tgel 1.0) was deposited in GenBank (accession 
GCA_003255815.1) and annotated de novo by the NCBI using the Eukaryotic 
Genome Annotation Pipeline21. Fibroblast RNA-seq short reads were submitted 
to the Sequence Read Archive (accessions SRX4071585 and SRX4100999) and 
included in the annotation pipeline.

BUSCO assessment. To assess the completeness of the Tgel 1.0 genome assembly, 
we used BUSCO v.4.0.6 (ref. 101) and compared our assembly against common 
orthologues in both the mammalian (dataset mammalia_odb10, creation date 
20 November 2019) and primate (dataset primates_odb10, 20 November 2019) 
lineages (Extended Data Fig. 1c). BUSCO was run with default settings, using 
the following versions of third-party components: python v.3.7.4, NCBI BLAST 
v.2.2.31, Augustus v.3.2.3, HMMER v.3.1b2, SEPP v.4.3.10 and Prodigal v.2.6.3.

Synteny analysis. We assessed the synteny between chromosomal scaffolds of 
Tgel 1.0 and the anubis baboon reference genome, Panu 3.0 (ref. 22), using two 
approaches. In the first approach, we computed pairwise alignments between 
genomes using nucmer from MUMmer v.3.23 (ref. 102), using a cluster size of 400, 
a minimum match length of 10 bp and a maximum of 500 bp between clusters. We 
then used the delta-filter utility program from MUMmer to retain only alignments 
with a minimum identity of 40% and a minimum overlap of 1% between query and 
reference alignments. We then plotted links between assemblies (Extended Data 
Fig. 1b). In the second approach, we used the reference-free method implemented 
in Smash v.1.0 (ref. 103) to identify syntenic blocks and to visualize chromosome 
rearrangements (Extended Data Fig. 7). We ran Smash using default settings.

Karyotype assessment. Our Hi-C data revealed a distinct lack of contacts between 
scaffolds corresponding to nonoverlapping segments of chromosome 7 on the 
baboon reference genome (Fig. 2b). To test for a possible chromosomal fission 
in our reference individual, we performed G-banded karyotyping on fibroblasts 
cultured from the same individual, which confirmed that our reference had a 
homozygous karyotype with a centromeric fission in chromosome 7 (Fig. 2c and 
Extended Data Fig. 3), resulting in two new acrocentric chromosomes that we refer 
to as 7a and 7b and a full karyotype of 2n = 44. We tested for the presence of this 
centric fission in additional captive and wild geladas from zoos, northern Ethiopia 
(Simien Mountains) and central Ethiopia (Guassa). We counted chromosomes 
for zoo and northern Ethiopian geladas using karyotyping (with or without 
chromosome banding), taking advantage of the availability of live cells either 
through the Frozen Zoo® (San Diego Zoo Wildlife Alliance) or through samples 
collected by our project.

For wild central Ethiopian geladas, for which live cells were not available, we 
tested for the presence of a chromosomal fission by generating and analysing Hi-C 
data from ethanol-fixed tissue samples. We generated Hi-C libraries using the 
Proximo Hi-C animal kit (Phase Genomics) following manufacturer instructions 
and sequenced them on the Illumina iSeq platform. We then ran the 3D-DNA 
pipeline v.170123 (ref. 19) separately from each Hi-C library using our reference 
gelada chromosomal scaffolds as input. Resulting contact maps were then 
assessed for the presence/absence of contacts between 7a and 7b, both visually 
(Extended Data Fig. 3c) and by permutation. For permutations, we simulated 
the null distribution of interchromosomal contacts (contacts between distinct 
chromosomes excluding chromosome 7) by dividing the reference genome into 
10 million bp windows, then randomly sampling windows without replacement 
until the combined sizes added up to the lengths of 7a and 7b, respectively. We 
then determined the frequency of Hi-C contacts between windows assigned 
to these simulated ‘chromosomes’. In all cases, we determined significant 
over-representation of contacts between arms of chromosome 7 relative to our 
simulated null distributions, thus rejecting the hypothesis that chromosome 7 is 
exclusively fissioned (2n = 44). Because the relative proportion of contacts between 
7a and 7b surpassed estimates generated from baboon Hi-C data, we also rejected 
the possibility of a heterozygous karyotype (2n = 43), as baboons—along with all 
nongelada papionins—are not known to exhibit a fissioned chromosome 7.

Haemoglobin–oxygen (Hb–O2) affinity. To identify unique amino acid 
substitutions in geladas, we used amino acid sequences for the haemoglobin alpha 
(HBA) and beta (HBB) subunits from our reference assembly and aligned them 
to corresponding sequences obtained from the UniProtKB database (Fig. 4a and 
Supplementary Table 7). We aligned amino acid sequences using Clustal Omega 
v.1.2.4 (ref. 104) and visualized the resulting alignment using Mesquite105 (Fig. 4a).

After discovering unique substitutions in the gelada HBA, we confirmed that 
these substitutions were fixed in geladas by extracting coding sequence regions for 
the gelada HBA protein (RefSeq ID XP_025230451.1) from a population VCF file 
including 70 gelada individuals (see population resequencing methods below). We 
found no variants across all coding sequences, indicating that proteins sampled 
from any individual are representative of gelada HBA.

We quantified Hb–O2 affinity using total haemoglobin purified from 
haemolysates of one individual each of gelada, hamadryas baboon, Guinea baboon, 
anubis baboon and human (Supplementary Table 8) using previously described 
methods106. Briefly, proteins were purified by anion-exchange fast performance 
liquid chromatography, removing endogenous organic phosphates and yielding 
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stripped samples. Using purified Hb solutions (0.4 mM haem), we measured O2 
equilibrium curves in the absence (stripped) or presence of allosteric effectors 
0.1 M KCl and 2,3-diphosphoglycerate (DPG; at twofold molar excess). Reactions 
were run at 37 °C in 0.1 M HEPES buffer with 0.5 mM EDTA. P50 values were 
measured at three different pH levels: ~7.2, ~7.4 and ~7.7. A linear least-squares 
regression comparing pH and log P50 was computed and the resulting equations 
were used to correct P50 values to pH 7.4 for each of the gelada, baboon (three 
species combined) and human datasets.

We predicted that gelada haemoglobins would display increased oxygen affinity 
compared to those of baboons and humans. To test these predictions, we used two 
approaches. First, we plotted predicted P50 values at pH 7.4 for each taxon with error 
bars ± the standard errors of the estimates (s.e.e.) from the respective regression 
models (after exponentiation to reverse the log scales for each). We then assessed 
the resulting error bars for overlap, with overlap indicating no statistical difference 
in predicted P50 (Fig. 4b). Second, we calculated the differences in gelada versus 
baboon and gelada versus human predicted log P50 at pH 7.4 as well as the standard 
errors of the differences, then performed one-sided t-tests using the equations 
specified by Rees and Henry107 (case assuming homogeneity of variance; equations 
(3)–(6) in ref. 107) to test the alternative hypotheses that gelada log P50 < baboon log 
P50 and gelada log P50 < human log P50. We performed these comparisons for both 
the stripped condition and the condition in the presence of allosteric effectors.

Analysis of blood haemoglobin concentrations. We compared venous blood 
haemoglobin concentrations from this study (n = 92, mean elevation ~3,250 m) to 
corresponding measurements in zoo geladas (n = 42, mean elevation ~100 m)40 and 
captive hamadryas baboons (n = 1,023, mean elevation ~50 m)41. As the reference 
zoo gelada data do not differentiate sexes, we performed all comparisons with 
both sexes grouped together. We tested for differences of means between (1) wild 
geladas versus zoo geladas and (2) wild geladas versus captive hamadryas baboons 
using Welch’s t-test with the means, standard deviations and sample sizes of each 
population as input.

To validate our decision to analyse both sexes together, we replicated all 
findings when (1) comparing each sex from the wild to geladas of unknown sex 
from zoos and (2) comparing each sex from the wild to the corresponding sex 
in captive hamadryas baboons (Extended Data Fig. 8). As the direction of our 
findings did not change with any of these analyses, it is unlikely that our findings 
could be affected by sex differences in haemoglobin concentrations.

For visual comparison, we plotted the means and standard deviations for 
haemoglobin concentration values from the Simien Mountains and zoo gelada 
reference values together with data from a meta-analysis of human populations 
across altitudes108. To facilitate comparison, we excluded haemoglobin 
concentration values from infants and juveniles and combined values between 
adult males and females of each human population at each reported altitude. 
As haemoglobin values were provided across 1 km ranges, we assigned a single 
elevation value as the midpoint of each 1 km range (we assigned 5,500 m for values 
in the category >5,000 m). We highlight differences in altitude-based haemoglobin 
concentrations among populations by fitting separate regression lines for (1) 
Tibetans and Sherpa and (2) all other human populations (Fig. 4c).

Analysis of chest circumference. We analysed relative chest circumference in 
geladas by controlling for either body mass, waist circumference or both (Fig. 4d). 
We combined gelada measurement data with decades of baboon measurement 
data collected by two authors (J.E.P.-C. and C.J.J.). We restricted our analysis 
to adults >6 years of age, estimated either from dentition47 or calculated from 
known birth dates, and removed baboons of mixed species ancestry. After 
filtering, our comparison consisted of n = 78 geladas and n = 482 baboons. We 
tested for significantly larger lung volumes in geladas by running linear models 
with chest circumference as the dependent variable and sex, genus (Papio versus 
Theropithecus) and an interaction term between genus and species as covariates to 
take into account the nested nature of species within genera. Additionally, in each 
of three linear models, we included (1) body mass, (2) waist circumference or (3) 
both body mass and waist circumference as additional covariates to control for 
aspects of body size. For all models, we adjusted P values for one-sided hypothesis 
testing using the t distribution.

Orthologue determination. We compared protein and gene sequences from 
the gelada genome to a dataset of 39 additional (40 total) mammalian genomes 
(Extended Data Fig. 4 and Supplementary Table 2) obtained from NCBI and 
Ensembl. Homologous relationships were determined using two approaches. In 
the first approach, we used a de novo orthology inference approach implemented 
in OrthoFinder55 to assign proteins to orthogroups, which we then used to identify 
single-copy orthologous sequences and coding sequences under positive selection. 
In the second approach, we used the hidden Markov model approach implemented 
in HMMER3 (ref. 109) to assign proteins to curated phylogenetically based gene 
families in the TreeFam9 database56,57, which we then used to identify expansions 
and contractions of gene families.

We used OrthoFinder to identify candidate single-copy orthologues, using 
the longest translation form of each gene as inputs. We defined single-copy 
orthogroups as orthogroups for which the number of assigned genes in any taxon 

was either 0 or 1. This definition takes into account the possibility that genes 
are missing in some of the analysed genomes due to incomplete assembly or 
annotation, resulting in 0 copies.

While the longest translation forms of each gene are useful for homologue 
determination as they maximize the amount of sequence information, they are 
not necessarily optimal for alignment as they tend to introduce nonshared exons 
leading to a greater number of misaligned positions. To address this problem, 
we used the protein alignment optimizer heuristic implemented in the software 
PALO110 to select optimal isoforms for the analysis. Rather than selecting the 
longest isoform, PALO selects isoforms that are most similar in length. Because 
the PALO algorithm is combinatorial by nature, the computational burden 
increases exponentially with the number of possible length combinations to test 
and the software imposes an internal limit of 100 million length combinations. For 
orthogroups surpassing this threshold, we thus implemented a stepwise strategy in 
which we rank-ordered taxa according to their number of unique protein lengths, 
then ran PALO in the largest possible group of taxa for which the product of their 
protein counts did not exceed 100 million. After selecting one protein length per 
taxon for this group, we repeated the procedure as necessary until all species could 
be run. When multiple isoforms shared the optimum length selected by PALO for a 
given taxon, we selected one at random.

We used HMMER3 (ref. 109) to assign proteins to gene families in the TreeFam9 
database. The longest translation forms of each gene were used as inputs and the 
gene family with the highest bit score was assigned to each gene.

Positive selection on protein-coding genes analysis. To identify proteins under 
positive selection, we generated alignments for all single-copy orthologues 
identified by OrthoFinder and using isoforms selected by PALO. We aligned 
amino acid sequences using Clustal Omega v.1.2.4 (ref. 104), then generated codon 
alignments using the pal2nal.pl script from the PhaME toolkit111. We excluded all 
alignments for which (1) fewer than 36 taxa (<90%) had sequences and (2) the 
total alignment was either <120 nucleotides (<40 codons/ amino acids) long or 
<25% the length of the full gelada protein. We then tested for positive selection 
using two dN/dS-based approaches: (1) branch-site models implemented in PAML 
v.4.9 (ref. 51) and (2) gene-wide models implemented in HyPhy112. For our PAML 
analysis, we ran likelihood ratio tests on codon alignments using the ‘M2a’ model 
of positive selection in the program codeml (model = 2, NSsites = 2). For our 
HyPhy analysis, we ran likelihood ratio tests for episodic positive selection using 
BUSTED52. For both analyses, we used a consensus chronogram downloaded from 
TimeTree53,54 including all 40 taxa (Extended Data Fig. 4) as input into our models, 
with missing branches removed as necessary for each alignment. We corrected all P 
values using a Benjamini–Hochberg procedure113 (Supplementary Table 3).

Gene family expansion analysis. We tested for significant gene family size changes 
using our previously described protein assignments to the TreeFam9 (refs. 56,57) 
database. Expansions and contractions were determined using CAFE 4.2 (ref. 58), 
which uses a probabilistic graphical model based on a random birth/death process 
to calculate the probability of transitions (λ) in gene family size from parent to 
child nodes in a phylogenetic tree. For this analysis, we allowed the program to 
estimate the most likely value of λ (6.09 × 10–4) and used a consensus chronogram 
from TimeTree53,54 (Extended Data Fig. 4) as input. We used Viterbi P values from 
CAFE to assess branch-specific patterns of expansion or contraction. Because 
branch-specific Viterbi P values indicate rapid evolution but not necessarily 
expansion, we defined expanded gene families as those that were both larger 
in T. gelada relative to the most recent common ancestor and significant at a 
false discovery rate (FDR) threshold of 20%. Gene families that thus exhibited 
significant expansion were interpreted as putative targets of selection in geladas 
(Extended Data Fig. 5 and Supplementary Table 5).

Gene Ontology enrichment analyses. We performed Gene Ontology (GO)114,115 
enrichment analyses to identify biological processes that are differentially 
associated with signatures of positive selection and gene family expansion.

For our protein positive selection analysis, we downloaded GO annotations 
associated with all ENSEMBL genes in our analysis, obtained using biomaRt116. 
For each orthogroup, we then assigned the combined, nonredundant set of GO 
terms and filtered to include only terms in the biological process ontology. We 
then tested for enrichment of low P values using one-sided threshold-independent 
Kolmogorov–Smirnov (KS) tests implemented using topGO117, which corrects 
for the correlated nature of the GO graph network. We implemented tests in 
topGO using the ‘weight01’ algorithm, excluding GO terms with fewer than ten 
associated genes. We report enriched biological processes that passed a threshold 
(FDR-adjusted P < 0.1) using both our PAML and BUSTED P values analysed 
separately (Supplementary Table 4).

For our gene family expansions analysis, we annotated gene families in 
the TreeFam9 database57 on the basis of provided mappings of gene families 
to accessioned proteins in the UniprotKB database118. We used the Uniprot 
accessions to assign proteins to ENSEMBL genes using biomaRt116, then linked 
the combined, nonredundant set of GO terms associated with genes from the 
human (GRCh38) genome to each TreeFam9 family. We tested for enrichment of 
low P values using KS tests with identical settings and filters to those used in our 
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protein positive selection analysis. We used branch-specific P values for the gelada 
branch from CAFE as input. Because P values from CAFE are nondirectional and 
ranged from 0 to 0.5, however, we first rank-ordered P values according to the 
strength of evidence for expansion by subtracting the P values from 1 whenever 
the gene family contracted in size in the gelada branch (fewer genes in the gelada 
branch compared to the ancestral gelada–baboon node). We considered all 
biological processes with an FDR-adjusted P < 0.1 to be significantly enriched 
(Supplementary Table 6).

Gelada accelerated region analysis. We used an accelerated region approach 
modelled on that of Pollard et al.83 on genome-wide alignment blocks to identify 
regions encountering accelerated evolution in the gelada lineage, which we refer to 
as GARs.

We first obtained whole-genome alignment blocks for the ‘57 mammals 
EPO’ dataset from ENSEMBL119 (release 101), which includes Tgel 1.0 and 
56 additional mammalian genomes in multiple alignment format (MAF). We 
subsetted alignment blocks to include only terminal branches (excluding ancestral 
sequences), then preprocessed MAF files using mafTools120 to remove duplicate 
species (mafDuplicateFilter), set human (Homo sapiens) as the reference species 
(mafRowOrderer), index all blocks to the positive strand on the reference 
(mafStrander) and to sort blocks by position (mafSorter). We subsetted blocks to 
include only gelada and the species trio of human/mouse/rat, then performed local 
realignment within MAF blocks using MAFFT121,122 to correct misalignments. We 
next used MafFilter123,124 to define and extract conserved alignment blocks that met 
the following criteria within the human/mouse/rat species trio: (1) a block length 
of ≥50 bp, (2) gaps in no more than 10% of positions within a 50 bp window and 
(3) variable sites (including gaps) in no more than 10% of positions within a 50 bp 
window. We used these criteria because they were within the range of effective 
parameters evaluated by Pollard et al.83 but maximized the number of genomic 
regions available for downstream analyses. We retained blocks encompassing the 
most inclusive set of coordinate positions that passed these criteria.

We filtered all alignment blocks by the criteria described above using AlnFilter 
and EntropyFilter from the MafFilter software package124. Notably, both of these 
algorithms are designed to identify and remove sites failing filters across sliding 
windows. Blocks are then normally split to remove sites failing filters within 
any window and trimmed blocks containing residual coordinates are returned 
as output. Because our pipeline instead required identifying and retaining sites 
passing filters, we modified and recompiled the source code of MafFilter and 
its Bio++ dependencies125,126 to direct windows failing filters to the output and 
windows passing filters to the ‘trash’. In so doing, we took advantage of a feature 
of MafFilter by which windows failing filters are optionally redirected to a ‘trash’ 
MAF file, with adjacent coordinate sites merged into contiguous blocks for perusal. 
By directing coordinates passing filters to the ‘trash’ and by using the resulting 
blocks as inputs for the remainder of the pipeline, we were able to induce the 
desired behaviour from the software.

After identifying sites passing filters, we extracted their coordinates 
using MafFilter OutputCoordinates and used the resulting file to extract the 
corresponding positions from the MAF blocks containing all species using 
maf_parse from the PHAST software package127. We then repeated local alignment 
of MAF blocks using MAFFT and indexed blocks to the gelada reference genome 
using mafRowOrderer and mafStrander from mafTools to create the final MAF 
blocks. A total of 60,345 blocks passing filters were included in our analysis.

We tested for acceleration within blocks using the CONS model described by 
Pollard et al.83 and the phylogenetic tree included with the ENSEMBL ‘57 mammals 
EPO’ dataset. The CONS model fits a general time-reversible model (REV) on 
aligned sequences using phyloFit from the PHAST v.1.5 software package127. 
Acceleration is assessed by a likelihood ratio test (LRT), comparing a phylogenetic 
model in which branches are scaled across the tree in equal proportions and a 
model in which the foreground branch (gelada) is scaled separately from the 
remainder of the tree. The LRT statistic is the log ratio of the likelihood of the 
latter (alternate) model to the former (null) model multiplied by 2. We calculated 
significance from the LRT statistic using the chi-squared distribution.

To assess the distribution of acceleration scores within blocks, we also ran 
phyloP from the PHAST v.1.5 package, which tests for acceleration or conservation 
at the nucleotide level. We ran phyloP for all 60,345 blocks in our analysis with the 
same phylogenetic model (REV) and phylogenetic tree, with the P value reporting 
mode set to ‘CONACC’ to distinguish between signals of conservation and 
acceleration. We then extracted genomic positions and CONACC P values from 
the phyloP output files.

We defined GARs as blocks for which FDR-adjusted P < 0.2 from the CONS 
model. A total of 29 blocks passed this threshold (Extended Data Fig. 6 and 
Supplementary Table 9), which we classified as either exonic, intronic or intergenic 
on the basis of overlap with annotated regions in the ENSEMBL GFF3 file. To 
identify biological processes associated with these blocks, we matched all 60,345 
blocks passing filters to their nearest genes using GenomicRanges128 in R, then 
downloaded all associated GO biological processes to genes using biomaRt116. To 
identify candidate regulatory elements, we also matched blocks with overlapping 
ChromHMM chromatin state annotations (15-state model, 127 epigenomes) 
obtained from the Roadmap Consortium129. We focused on eight states that 

show putatively regulatory hallmarks (enrichment of ChIP-seq binding sites and 
enrichment of DNase peaks): active transcription start site (TSS), flanking active 
TSS, transcribed at genes 5′ and 3′, genic enhancers, enhancers, bivalent/poised 
TSS, flanking bivalent/poised TSS and bivalent enhancer.

For two pairs of GARs (GAR26–GAR27 and GAR28–GAR29) that were 
nearest to the same genes, we estimated linkage disequilibrium between each GAR 
within each pair. To perform this analysis, we used whole-genome gelada variant 
data (described below) and calculated r2 between sites using VCFtools v.0.1.16 (ref. 
130). We limited our sample to geladas, excluded indels and nonbiallelic SNVs and 
filtered to only sites within the boundaries of each GAR ± 1,000 bp. We calculated 
r2 between all pairs of sites between GARs by setting a minimum distance of 500 kb 
between sites (arguments: --geno-r2 --ld-window-bp-min 500000), then calculated 
mean r2 across all pairs of sites.

Because of the relatively low number of detected GARs (n = 29), we 
tested for enrichment of accelerated scores among biological pathways using 
threshold-independent KS tests. To annotate alignment blocks, we assigned GO 
biological processes on the basis of the nearest genes as previously described. 
To limit spurious matching of functions to blocks, we excluded all blocks 
with a distance >10,000 bp from their nearest gene, resulting in 41,910 blocks 
representing 4,145 genes retained for analysis. We then tested for enrichment 
through topGO117 using the ‘weight01’ algorithm. We excluded GO terms that 
were associated with fewer than ten genes in our analysis and adjusted all P values 
using a Benjamini–Hochberg procedure113 to correct for multiple hypothesis 
testing. We considered all biological processes with an FDR-adjusted P < 0.01 to be 
significantly enriched (Supplementary Table 10).

Whole-genome population resequencing and analysis. Library generation and 
sequencing. DNA was extracted from whole-blood samples or muscle samples 
using the DNeasy Blood & Tissue Kit (QIAGEN), following manufacturer 
recommendations for maximizing yield and quality. Concentration was assessed 
by Qubit 3 (Invitrogen) and 50 ng of DNA were used as input for whole-genome 
sequencing (WGS). Libraries were prepared using the Nextera DNA Library Prep 
protocol (Illumina catalogue no. FC-121-1030). Briefly, DNA was added to a 10 µl 
reaction containing 5 µl of TD buffer and 1 µl of tagment DNA enzyme (TDE1), 
then incubated at 55 °C for 5 min. Tagmentation reactions were cleaned using 
2× concentration of Ampure XP beads (Beckman Coulter), then 10 µl of cleaned 
DNA were added to a 24 µl PCR reaction including 1× NEBNext Q5 master 
mix (New England Biolabs) and 0.42 µM each indexed P5/P7 primers. Libraries 
were amplified using six cycles of PCR and cleaned using 0.65× concentration of 
Ampure XP beads (Beckman Coulter). Libraries were pooled equimolarly and 
sequenced on either the Illumina HiSeq X or NovaSeq 6000 platforms (2 × 151 bp 
sequencing) to a median coverage of 11.54×.

Mapping and genotyping. We mapped reads to either the gelada reference 
genome (Tgel 1.0) or the anubis baboon reference genome (Panubis 1.0)131 using 
the speedseq align v.0.1.2 pipeline132, which includes reference mapping with 
BWA-MEM133, duplicate marking and discordant-read/split-read extraction 
with SAMBLASTER134 and position sorting and BAM file indexing with 
SAMBAMBA135. To mitigate potential mapping biases, we used the dataset mapped 
to Tgel 1.0 for analyses including only geladas and the dataset mapped to Panubis 
1.0 for analyses including both geladas and hamadryas baboons.

We genotyped reads using a pipeline implemented in GATK v.4.1.2.0. We 
genotyped on a per-sample basis using GATK HaplotypeCaller to generate 
GVCF files. We then performed joint genotyping across samples using GATK 
GenotypeGVCFs, after first creating a GenomicsDB workspace using GATK 
GenomicsDBImport. We filtered variants using GATK VariantFiltration 
with the filters ‘QD < 2.0, MQ < 40.0, FS > 60.0, MQRankSum < −12.5, 
ReadPosRankSum < −8.0 and SOR > 3.0’, then extracted sites passing filters using 
BCFtools136,137.

We used the resulting genotypes to recalibrate base quality scores using the 
GATK BaseRecalibrator and ApplyBQSR workflows. We then repeated per-sample 
variant calling, joint genotyping and variant filtration to sequentially improve 
our genotype qualities. We performed a total of two rounds of base quality 
score recalibration bootstrapping in this manner, then repeated our genotyping 
pipeline again to generate final genotypes in VCF format. Our final VCFs included 
48,744,921 variants mapped to Tgel 1.0 (chromosomes 1–21 and X) and 35,615,864 
variants mapped to Panubis 1.0 (chromosomes 1–20, X and Y).

Population structure analysis. Separately from our GATK genotyping pipeline, we 
implemented the genotyping uncertainty models in ANGSD138 and PCAngsd32 to 
analyse population structure. We used BAM files mapped to the gelada genome 
(Tgel 1.0) as input. We then used ANGSD v.0.921 to generate genotype likelihoods 
in beagle format (arguments: -GL 1 -doGlf 2 -doMajorMinor 1 -doMaf 2 -minMaf 
0.05 -SNP_pval 1e-6 -minQ 20 -minMapQ 30 -skipTriallelic 1 -minInd 22 
-doDepth 1 -doCounts 1). We then used PCAngsd v.0.95 to estimate admixture 
proportions (arguments: -admix -admix_alpha 5000).

Determination of geographic provenience. To determine the provenience of the 17 
zoo individuals in our study, we assembled mitochondrial DNA sequences from 
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WGS reads for all individuals in our dataset and aligned them to the mitochondrial 
DNA dataset of Zinner et al.139, which consists of cytochrome b + hypervariable 
region I (HVI) D-loop sequences from wild geladas across their natural 
distribution. We assembled complete mitochondrial sequences using GetOrganelle 
v.1.7.5 (ref. 140), which uses Bowtie2 (ref. 141), BLAST142 and SPAdes143 to assemble 
circular genomes de novo from WGS data. To reduce computational burden, 
we limited our input to 2 million read pairs (~600 Mb) per individual randomly 
sampled using seqtk v.1.3 (ref. 144) and incorporated a reference mitochondrial 
genome assembly (GenBank accession FJ785426.1)145 as an input seed sequence. 
We then extracted the cytochrome b + HVI region for each sample by aligning to 
Zinner et al.139 sequences using EMBOSS water v.6.6.0 (ref. 146).

We combined all new gelada cytochrome b + HVI sequences (Supplementary 
Table 1) with 61 gelada haplotypes from Zinner et al.139, one sequence from a 
hamadryas baboon in our dataset (FIL001) and one sequence from a rhesus 
macaque (GenBank accession NC_005943.1)147. We then aligned all nonredundant 
haplotypes using Clustal Omega v.1.2.4 (ref. 104). To infer a phylogenetic tree, we 
ran IQ-TREE v.2.1.2 (ref. 148) with two partitions, protein-coding (1–1,134) and 
noncoding (1,135–1,737) sequences and set the rhesus macaque sequence as the 
outgroup. We used the ModelFinder option149 within IQ-TREE to select the best 
nucleotide substitution models according to the Bayesian Information Criterion 
(HKY + F + G4 and HKY + F + I + G4 for protein-coding and noncoding partitions, 
respectively) and ran 10,000 ultrafast bootstrap replicates (Extended Data Fig. 2).

Demographic history. We estimated demographic histories using MSMC2 
v.2.1.2 (refs. 150,151) (Fig. 3a). We used per-sample VCFs, described earlier and 
generated a mask file to exclude sites with excessively low or high coverage. We 
used Mosdepth152 to calculate mean sample coverage and to generate a BED file 
per-sample marking sites with sequencing depth above a minimum of 50% mean 
coverage and below a maximum of 250% mean coverage. We then merged VCF 
files and mask files using the generate_multihetsep.py script and ran MSMC2 
using the resulting file as input. We set 11.67 yr as the average generation time, 
which we derived by calculating the average maternal age at birth from the SMGRP 
longitudinal life history database and 0.5 × 10−8 as the mutation rate (μ), which is 
derived from estimates in anubis baboons153. For plotting, we excluded samples 
with <10× mean coverage.

Analysis of heterozygosity and runs of homozygosity. We calculated average 
heterozygosity and identified runs of homozygosity for 90 individuals from the 
central and northern gelada populations, a captive gelada group and a population 
of hamadryas baboons (Papio hamadryas) from Filoha, Ethiopia (Fig. 3b). We 
used variants called from data mapped to the anubis baboon reference genome 
(Panubis 1.0)131. Heterozygosity was calculated as per-site average in 100 kb 
windows with a 10 kb slide across all autosomes in the Panubis 1.0 reference for 
each individual. Windows were generated with BEDtools makewindows v.2.29.2 
(ref. 154) and number and per cent callable sites within each window were identified 
with BEDtools intersect v.1.10.2 (ref. 154). A window was considered part of a run 
of homozygosity if its average heterozygosity was <0.0002. We identified runs of 
adjacent windows with Ho <0.0002 with the rle function in R v.3.6.0 (ref. 155) and 
calculated the number of callable bases contained within runs of homozygosity 
<1 Mb, 1–3 Mb and >3 Mb in length.

Reporting Summary. Further information on research design is available in the 
Nature Research Reporting Summary linked to this article.

Data availability
All genomic data, including the Tgel 1.0 assembly (GenBank accession number 
GCA_003255815.1) and short-read sequencing data, are available through NCBI 
repositories and are linked to BioProject accession number PRJNA470999. Gelada 
haematological and morphological data are available on Dryad (https://doi.
org/10.5061/dryad.fbg79cnvq). All requests for biological material from the Simien 
Mountains used for this manuscript will be considered and granted depending 
on availability. For other biological materials, requests should be made to the 
contributors of those materials, which are specified in the manuscript.

Code availability
All code written for this project is available on GitHub (https://github.com/
smacklab/gelada-genome).
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Extended Data Fig. 1 | Gelada reference assembly quality and synteny. (A) The gelada reference assembly (Tgel 1.0) compared to closely related papionin 
assemblies in assembly size (top) and contig N50 (bottom). (B) Synteny links between the anubis baboon (Panu 3.0) and gelada (Tgel 1.0) assemblies 
reveal strong collinearity between genomes. (C) BUSCO analysis of the gelada reference assembly reveals a relatively intact and complete assembly.
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Extended Data Fig. 2 | Provenience of captive gelada samples. Maximum likelihood phylogenetic tree from the cytochrome b + hypervariable region 
I (HVI) D-loop mitochondrial region informs on the geographic origin of geladas in zoos. Individuals in our study were assigned either to gelada 
haplotypes determined by Zinner et al139. (h01–h61) or to new haplotypes determined in the current study (labelled in italics; Supplementary Table 1). 
Gelada individuals sampled from the wild were exclusively assigned to clades matching their geographic origin (northern or central). Zoo individuals 
were assigned to the central clade with the exception of a single haplotype shared by two zoo individuals, which was assigned to the northern clade. The 
two zoo individuals both have heterozygous (2n = 43) karyotypes and elevated fractions of northern genome-wide ancestry, indicating that they likely 
descended from a northern individual. A rhesus macaque reference sequence (GenBank accession NC_005943.1) was used to root the tree and is not 
shown. Bootstrap support values are shown for major nodes.
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Extended Data Fig. 3 | Karyotyping and a unique centric fission in gelada chromosome 7. (A) Full karyotype of our female reference individual (DIX). (B) 
Example G-banded chromosome spread with 44 counted chromosomes. (C) Analysis of Hi-C libraries allows for determination of the presence/absence 
of a centric fission in chromosome 7 without the need for live cells, which are difficult to obtain from wild populations. Two wild central gelada individuals 
showed abundant contacts between the two arms of chromosome 7, indicating an intact chromosome and providing the first provenienced sampling to 
our knowledge of central gelada karyotypes.
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Extended Data Fig. 4 | Genome assemblies included in positive selection and gene family expansions analyses. Chronogram was obtained from 
TimeTree53,54.
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Extended Data Fig. 5 | Gene family size changes in the gelada genome. (A) Gene family expansions and contractions across the catarrhine tree. Here, 
expansion and contraction estimates are from CAFE and do not use the more stringent statistical thresholds used for downstream analyses. (B) Example 
of a significantly expanded gene family containing CENPF, which is found with five copies in geladas. (C) Example of a significantly expanded gene family 
containing SART1, which is found with four copies in geladas. Proteins are grouped using a neighbour-joining tree.
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Extended Data Fig. 6 | Robust signals of acceleration across GARs. Per-base acceleration scores estimated with PhyloP reveal the distribution of elevated 
signals of acceleration across GARs. Some GARs (for example, GAR16 and GAR17) show signals of acceleration that are highly localized while other GARs 
(for example, GAR5, GAR14, and GAR25) show numerous changes that are more uniform across larger regions.
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Extended Data Fig. 7 | Synteny blocks and chromosomal rearrangements in the gelada reference assembly. Ideogram generated using the alignment-free 
method implemented in SMASH reveals synteny blocks as well as chromosomal rearrangements between gelada (‘G’, Tgel 1.0) and anubis baboon (‘B’, 
Panu 3.0) genomes.
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Extended Data Fig. 8 | Comparisons of haemoglobin concentrations split by sex. While gelada haemoglobin concentrations from zoos were only available 
with sexes unspecified, haemoglobin concentrations collected from the Simien Mountains (>3,000 metres above sea level) from each sex were not 
elevated, and in fact had lower mean values, than reference zoo gelada ranges of unknown sex40. The mean values from female and male high-altitude 
geladas were additionally lower, respectively, than those from female and male captive hamadryas baboons41. These results indicate that the observation 
that gelada haemoglobin concentrations are not elevated at high altitude is robust to sex differences in phenotype. Error bars represent the mean ± s.d.
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For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.
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The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement

A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly
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Only common tests should be described solely by name; describe more complex techniques in the Methods section.
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A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons
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For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted 
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Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated
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Software and code
Policy information about availability of computer code

Data collection The data in this manuscript consist of biological samples, morphometric measurements, hematological values, and raw/processed forms of 
next-generation sequencing genetic data. We did not use any software to collect biological samples or morphometric measurements. 
Hematological values were measured using the internal software of the AimStrip 78200 digital hemoglobin meter. Next-generation 
sequencing data were all generated on Illumina platforms, demultiplexed, and converted into fastq reads using the standard Illumina 
bcl2fastq2 pipelines (v 2.20 or similar, slight differences possible depending on sequencing facility used).

Data analysis Data analysis was performed using custom pipelines in a Unix environment. The majority of analyses were conducted on the high-
performance computing environments of the University of Washington ("mox"; 7.7.1908) and Arizona State University ("Agave"; CentOS 
7.9.2009). Key software used included Supernova v2.0.1 (for 10x linked-read assembly), 3D-DNA v170123 (for Hi-C scaffolding), BUSCO v4.0.6 
(for genome stats), OrthoFinder v2.3.3 and HMMER 3.0 (for orthology determination), PAML v4.9 and HyPhy v2.5.9 (for positive selection 
analysis), CAFE 4.2 (for gene family expansion analysis), maffilter v1.3.1 (for processing multiple alignments in MAF format), PHAST v1.5 (for 
acceleration evolution analysis). Other statistical analyses were performed using custom code written in R v4.0.2. Software and version 
numbers are documented in the methods whenever applicable. All scripts written for this project are available upon request.

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and 
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.
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Data
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All manuscripts must include a data availability statement. This statement should provide the following information, where applicable: 
- Accession codes, unique identifiers, or web links for publicly available datasets 
- A description of any restrictions on data availability 
- For clinical datasets or third party data, please ensure that the statement adheres to our policy 

 

All genomic data, including the Tgel 1.0 assembly (GenBank accession number GCA_003255815.1) and short-read sequencing data, are available through National 
Center for Biotechnology Information (NCBI) repositories and are linked to BioProject accession number PRJNA470999. Gelada hematological and morphological 
data are available on Dryad (https://doi.org/10.5061/dryad.fbg79cnvq). 
 
All requests for biological material from the Simien Mountains used for this manuscript will be considered and granted depending on availability. For other 
biological materials, requests should be made to the contributors of those materials, which are specified in the manuscript.
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Ecological, evolutionary & environmental sciences study design
All studies must disclose on these points even when the disclosure is negative.

Study description This study describes insights into physiology and genomics of geladas based on data collected from wild and zoo-based individuals. 
The data include a new reference assembly of the gelada genome from a wild individual, which is compared to other publicly 
available mammalian genomes. The data also include hematological and morphometric data, which are compared to known values 
from zoo geladas or from baboons. For population genomic analyses, samples with known geographic origin are compared to one 
another and to a population of baboons genotyped for this study.

Research sample The research sample consists of wild geladas sampled as part of capture-and-release efforts in the Simien Mountains, wild geladas 
opportunistically sampled from naturally deceased individuals in the Guassa Plateau, zoo-based geladas who were biobanked as part 
of the San Diego Wildlife Alliance's Frozen Zoo, and wild hamadryas baboons (Papio hamadryas) who were sampled as part of 
capture-and-release efforts near Filoha, Ethiopia. All known metadata on these samples are provided in the supplementary materials.

Sampling strategy As is typical for field studies, our sample was opportunistically assembled. The majority of samples were collected from the Simien 
Mountains as part of our project's annual capture-and-release campaigns that begin in 2017. We incorporated all possible samples 
that were available from these campaigns, the limits of which were set each year by the Ethiopian Wildlife Conservation Authority, 
the relevant regulatory body in Ethiopia. We also incorporated all suitable high-quality tissue samples that were opportunistically 
collected from geladas elsewhere in Ethiopia (a much more limited sample). Through collaborators, we also had access to samples 
biobanked from past capture-and-release campaigns from Ethiopian hamadryas baboons, as well as all suitable gelada samples 
biobanked from zoos by the San Diego Wildlife Alliance.

Data collection The primary data for this project were recorded by the Simien Mountains Gelada Research Project and include morphometrics, 
hematological measurements (e.g., Hb concentrations), and genomic data from geladas of the Simien Mountains, Ethiopia. Samples 
sourced from other localities were collected by collaborators (Guassa Plateau: Guassa Gelada Project, Zoos: San Diego Wildlife 
Alliance and the Wildlife Conservation Society, Filoha: Jane Phillilps-Conroy and Clifford Jolly). All data collection procedures are 
detailed in the Methods of the manuscript.

Timing and spatial scale Wild geladas were sampled from between 2017-2020, thus representing a single snapshot of gelada genomic diversity in line with 
the aims of this study. The spatial scale ranged from the Simien Mountains National Park to the Guassa Plateau, encompassing two of 
three major populations of geladas. The third population, near Arsi, Ethiopia, was not possible to sample due to its small range and 
relative inaccessibility.

Data exclusions We did not exclude data from any analyses, apart from analysis-specific filtering of samples or genes, all of which are detailed in the 
methods.

Reproducibility Many of our analyses could justifiably be performed in many ways. Where feasible, we report parallel analyses using multiple 
algorithms/statistical tests or combinations of covariates. As with most field studies, we did not have independent samples with 
which to perform replication experiments.

Randomization This study was not a randomized experiment. As samples from the field are generally limited, we incorporated as many samples as 
possible into all analyses. For our morphometric analysis of lung sizes, we included sex and body mass as covariates in order to 
control for known sex differences, allometry, and age-associated variation in the data. Age- and sex-differences for other analyses 
were either not biologically relevant (e.g., for genomic analyses of autosomal DNA) or dwarfed by signal between species or between 
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altitudes (e.g, Hb-O2 affinity analyses, hematological comparisons).

Blinding We did not perform blinding throughout this study.

Did the study involve field work? Yes No

Field work, collection and transport
Field conditions Field conditions are described in the manuscript.

Location Locations and elevations are described in Supplementary Table 1 of this manuscript.

Access & import/export All research was conducted with permission of the Ethiopian Wildlife and Conservation Authority (EWCA) following all laws and 
guidelines in Ethiopia. Samples were exported and imported with all required export documentation under relevant CITES regulations 
from the Ethiopian Wildlife Conservation Authority and import documentation the United State Centers for Disease Control and 
Prevention (CDC) and Fish and Wildlife Service (FWS).

Disturbance Animals were sedated by remote projectile darts. We did not dart dominant "leader" males, as darting these individuals could 
precipitate attempted "takeovers" by other males. We used a drug combination (ketamine/medetomidine) that has been shown to 
minimize recovery time, enabling us to return individuals to their social groups as soon as possible.

Reporting for specific materials, systems and methods
We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material, 
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response. 

Materials & experimental systems
n/a Involved in the study

Antibodies

Eukaryotic cell lines

Palaeontology and archaeology

Animals and other organisms

Human research participants

Clinical data

Dual use research of concern

Methods
n/a Involved in the study

ChIP-seq

Flow cytometry

MRI-based neuroimaging

Eukaryotic cell lines
Policy information about cell lines

Cell line source(s) All reported cell lines in the manuscript were derived from tissue punches (ear or nose) and expected to be mainly fibroblast 
cells.

Authentication Cell lines were not authenticated as our primary uses (karyotyping or Hi-C scaffolding) did not require authentication.

Mycoplasma contamination We did not test for Mycoplasma contamination.

Commonly misidentified lines
(See ICLAC register)

n/a

Animals and other organisms
Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research

Laboratory animals This study did not involve laboratory animals.

Wild animals All information on wild animals immobilized is provided in Supplementary Table 1. Details on capture-and-release procedures are 
provided in the Methods. No animals were killed for this study.

Field-collected samples Field-collected samples consist of blood and cryopreserved tissue samples. Blood was flash-frozen in liquid nitrogen and shipped in 
liquid nitrogen vapor until permanently stored at -80°C. Live cryopreserved samples were slow-frozen (in media with 10% DMSO)  
first in styrofoam at -20°C, then transferred to liquid nitrogen and shipped/stored in liquid nitrogen vapor until use.

Ethics oversight Animal procedures were conducted with approval by the Institutional Animal Care and Use Committees (IACUCs) of the University of 
Washington (protocol 4416-01) and Arizona State University (20-1754R). This research conformed to the American Society of 
Primatologists/International Primatological Society Code of Best Practices for Field Primatology.
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