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Abstract 

The genus Chlorocebus is widely distributed throughout sub-Saharan Africa, and in the last 300 

thousand years expanded from equatorial Africa into the southernmost latitudes of the continent. In these 

new environments, colder climate was a likely driver of natural selection. We investigated population-

level genetic variation in the mitochondrial uncoupling protein 1 (UCP1) gene region – implicated in non-

shivering thermogenesis within brown/beige adipocytes – in 73 wild savanna monkeys from three taxa 

representing this southern expansion (C. pygerythrus hilgerti, C. cynosuros, C. p. pygerythrus) ranging 

from Kenya to South Africa. We found 17 SNPs with extended haplotype homozygosity consistent with 

positive selective sweeps, 10 of which show no significant LD with each other. Phylogenetic generalized 

least squares modeling with ecological covariates suggest that most derived allele frequencies are 

significantly associated with solar irradiance and winter precipitation, rather than overall low 

temperatures. This selection and association with irradiance appears to be driven by a population isolate 

in the southern coastal belt of South Africa. We suggest that sunbathing behaviors common to savanna 

monkeys, in combination with strength of solar irradiance, may mediate adaptations to thermal stress via 

non-shivering thermogenesis among savanna monkeys. The variants we discovered all lie in non-coding 
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regions, some with previously documented regulatory functions, calling for further validation and 

research. 
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Background 

Cold environments pose a physiological challenge for homeothermic endotherms, which must 

find ways to conserve or produce heat, to maintain bodily functions. Severe or long-term exposure to cold 

temperatures can result in hypothermia or death, but there are also less obvious costs to warm-blooded 

species inhabiting cold environments. Even while surviving, energy allocated for successfully 

maintaining body temperature may diminish the energy available for other physiological needs, like 

reproduction (Bronson, 1985). Long term cold exposure may also slow the rate of biochemical reactions 

such as the production of hormones and enzymes (D’Amico et al., 2002), potentially indirectly affecting 

fitness, for example by mediating aspects of reproduction and pregnancy, growth and development, even 

behavior. Among endotherms, and mammals in particular, extreme cold has been an evolutionary 

problem that has resulted in several adaptive solutions, ranging from hibernation and torpor (Hochachka 

and Guppy 1987; Davenport, 1992), to shifts in body size and proportions meant to retain body heat (e.g., 

Bergmann’s and Allen’s Rules, Meiri & Dayan, 2003; Tilkens et al., 2007). However, there also exist 

shorter-term physiological responses that generate heat to offset losses in body temperature, such as 

shivering (Hohtola, 2004), shifts in circulation (Solonin and Katsyuba, 2003), and non-shivering 

thermogenesis.  

Non-shivering thermogenesis (NST) is a short-term, heat generating phenotype mediated by 

brown adipose tissue (BAT). Brown adipocytes are metabolically active fat cells, the metabolism of 

which are driven by the expression of the UCP1 gene (which codes for the protein UCP1, or 

thermogenin) (Cannon & Nedergaard, 2004). Thermogenin, a membrane protein, disrupts the electron 

transport chain at the inner mitochondrial membrane, effectively inhibiting adenosine triphosphate (ATP) 

synthesis and resulting in the production of heat (Cannon & Nedergaard, 2004). More specifically, UCP1 

proteins embedded in the mitochondrial membrane interact with free fatty-acids (FA) in the 

intermembrane space, resulting in an increase in the ability of UCP1 to transport hydrogen ions across the 

mitochondrial membrane. The presence of FA in the intermembrane space disrupts the activity of ATP 

synthase directing more ions to UCP1 proteins in order to reach the mitochondrial matrix. Heat is 

produced as hydrogen ions pass through the uncoupling protein into the matrix, primarily as a byproduct 

of the metabolic breakdown of FAs. Although other genes may play a role in regulating NST in muscle 
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tissue (Nowack et al., 2017; Nowack et al., 2019), UCP1 has been shown to be critical for NST in brown 

adipose tissue, highlighting its adaptive significance (Golozoubova et al., 2006).  

Cold-induced heat production via UCP1-mediated NST is believed to have played a critical role 

in the evolution and expansion of eutherian mammals (Hughes et al., 2009). The phylogenetic history of 

the mammalian UCP1 gene shows that variants increasing NST function were evolutionarily favored 

among small-bodied mammals, and in larger mammals these variants may protect neonates, but NST is 

far from a universal solution to offsetting the cold, and several mammalian lineages have thrived while 

having lost the trait (Gaudry et al., 2018). Among primates - most notably in humans - NST appears to 

have been a critically important adaptation to climatic variation. Adaptations to cold climates, including 

NST, likely contributed to the successful migration out of Africa by early humans (Sazini et al., 2014) and 

the eventual colonization of more extreme cold environments in northern Eurasia (van Marken 

Lichtenbelt et al., 2009). Among humans, genotype variants of the UCP1 gene have a significant impact 

on the degree of NST in the brown adipose tissue of healthy subjects (Nishimura et al., 2017). Although 

the evolution of UCP1 thermoregulatory function in mammals and beyond has been the focus of previous 

studies (D’Amico et al., 2002; Mozo et al., 2005; Klingenspor et al., 2008; Hughes et al., 2009; 

Nishimura et al., 2017), we have a limited understanding of the selective pressures that have shaped this 

gene in the primate order.  

Savanna monkeys (Chlorocebus spp.) are an excellent wild primate model in which to study 

thermoregulatory adaptations. The genus likely originated in equatorial central Africa and, with the 

exception of the rainforest dwelling dryas monkey (Chlorocebus dryas; van der Valk et al., 2020) and 

Bale monkey (Chlorocebus djamdjamensis; Mekonnen et al., 2018), are largely restricted to savanna 

environments. Genomic evidence suggests that, in the past ~200-400 ky, savanna monkeys expanded 

from eastern equatorial Africa into the southern hemisphere (Warren et al., 2015; Svardal et al., 2017; van 

der Valk et al., 2020). Vervet monkeys (Chlorocebus pygerythrus, sensu lato; Turner et al., 2019) 

represent this southern expansion, with extant populations ranging from Ethiopia through South Africa 

along the Indian Ocean coast. South African vervets (Chlorocebus pygerythrus pygerythrus), in 

particular, have presented an interesting case study for cold adaptation as they regularly experience 

subzero temperatures at the southern extremes of their range (Danzy et al., 2012; McFarland et al., 2014). 

Within this range, vervets also occupy habitats at a variety of elevations, ranging from sea level to 

altitudes over 2,000 masl (Turner et al., 2018), with the higher elevations further exacerbating cold 

temperatures. Like our own species, vervet monkeys have successfully balanced adaptations to cold with 

the thermoregulatory demands of living in open savannahs, which can also reach very high temperatures 

(Lubbe et al., 2014). Furthermore, their relatively close phylogenetic relationship with Homo sapiens and 
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wide geographic range make vervets a compelling model system for studying the evolutionary 

significance of NST in humans and primates more broadly. 

To test this idea, we investigated variation in the UCP1 gene region for signs of selection in three 

closely related taxa of savanna monkey, at various times all subsumed into the species Chlorocebus 

pygerythrus, representing what we refer to as the “southern expansion” of the genus into temperate 

latitudes. We chose vervet monkeys as our study species specifically because of their ability to inhabit 

environments that are uncharacteristically cold for most non-human primates, as well as their wide 

latitudinal, altitudinal, and climatic range. We hypothesized that as vervet monkeys expanded their 

geographic range into parts of southern Africa, exposure to colder temperatures would have favored 

UCP1 variants which promote NST. Given their wide geographic distribution, we predicted generally 

strong differentiation within the gene region between populations sampled from areas geographically 

distant from one another, consistent with isolation by distance. However, we also predicted evidence of 

positive selection in restricted, functionally relevant regions of the UCP1 gene region — including, 

potentially, in cis-acting regulatory regions — of populations sampled from higher latitudes more 

generally, and in geographic regions where climatic conditions are coldest, either generally (due to high 

elevations) or during particularly cold seasons in more temperate latitudes.  

 

Methods 

Study Populations 

Data for this project were generated by the International Vervet Research Consortium from a 

sample of 163 savanna monkeys (Chlorocebus spp.) from 6 closely related taxa, captured as part of a 

larger sampling effort in 11 countries across Africa and the Caribbean, with particularly extensive 

sampling in South Africa (Jasinska et al., 2013; Svardal et al., 2017; Turner et al., 2019). We focused on 

73 individuals from 3 vervet taxa: Chlorocebus pygerythrus hilgerti, Chlorocebus cynosuros, and 

Chlorocebus pygerythrus pygerythrus (Figure 1A; Supplemental Table 1). In this paper we adhere 

roughly to taxonomic distinctions made by Groves (2001), although recent nuclear and mitochondrial 

genomic evidence both suggest a relatively deep division suggesting a species-level distinction between 

C. p. hilgerti and C. p. pygerythrus (Svardal et al., 2017; Dolotovskaya et al., 2017), while evidence of 

gene flow between these two taxa and C. cynosuros suggest that the latter is nested within the larger C. 

pygerythrus clade (as first proposed by Dandelot, 1959). A taxonomic revision may be in order for the 

genus (Svardal et al., 2017), but is not within the scope of this paper. Each taxon was further subdivided 

into distinct populations, when possible, based on inferences from the whole-genome phylogeny (see 

below).  

Sequence Data 
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Whole genome sequences were previously generated by collaborators at the McDonnell Genome 

Institute at Washington University in St. Louis (Warren et al., 2015; Svardal et al., 2017), and analyzed in 

this study using a publicly available variant call format (VCF) file generated at the Gregor Mendel 

Institute (Svardal et al., 2017). We used tabix (Li, 2011) in HTSlib v1.10.2 and vcftools (Danecek et al., 

2011) to isolate a ~28 kb gene region around UCP1 (ChlSab1.1 positions 7:87,492,195-87,502,665), 

including 10 kb upstream and downstream of the coding region itself to capture potential cis-regulatory 

regions.  

Whole-Genome Phylogeny 

 We used SNPRelate v. 1.24.0 (Zheng et al., 2012) to generate FASTA alignments from the VCF 

file, and phangorn (v2.5.5; Schliep, 2011), phytools (v0.6-99; Revell, 2012), and geiger (v2.0.6.4; Pennell 

et al., 2014) to construct a neighbor-joining tree with a Jukes-Cantor mutation model representing whole-

genome phylogenetic relationships for all 163 individuals in our original sample. We pruned this 

phylogeny to drop tips not represented in the study population sample. 

Population Structure 

We used discriminant analyses of principal components (DAPCs) in adegenet v.2.1.2 (Jombart, 

2008; Jombart & Ahmed, 2011) and calculated the Fixation Index (FST) using hierfstat v.0.04-22 (Goudet, 

2005) to model population structure. To statistically validate the patterns noted, we ran analyses of 

molecular variance (AMOVA) in poppr v. 2.8.6 (Kanvar et al., 2014). In both DAPC and FST analyses we 

used sample population as a grouping variable, while in AMOVA we used population nested within 

taxon. In the FST analysis we used the Nei87 setting, based on Nei’s (1987) method, to assess genetic 

distance between populations. We also ran principal component and admixture analysis using LEA v. 

3.0.0 (Frichot & François, 2015), using the snmf function with standard settings to visualize entropy 

criterion values to define K levels of population differentiation. To model isolation by distance, we 

assessed the correlation between genetic and geographic distance matrices in our sample using Mantel 

tests implemented in vegan v. 2.5-6, using the Pearson method (Oksanen et al., 2019). We constructed our 

genetic distance matrix in poppr, also using Nei’s method (Nei, 1978), and our geographic distance 

matrix from GPS points associated with trapping locations (Supplemental Table 1) using raster v. 3.4-5 

(Hijmans & van Etten, 2012). 

Assessing Selection 

We calculated Hardy Weinberg Equilibrium (HWE) values with pegas (v. 0.12; Paradis, 2010) to 

identify candidate loci potentially experiencing selective forces, both within the whole southern 

expansion and in local populations. We assessed linkage disequilibrium (LD) with gpart v.1.6.0 (Kim and 

Yoo, 2020), using standard BigLD setting and the r2 method (to avoid the “ceiling effect” common to 

using D’ in small samples; Marroni et al., 2011). SNPs considered to be in LD with each other (r2 > 0.85) 
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were subsumed into a single representative locus for downstream analyses. We calculated site-frequency 

spectrum statistics for the whole gene region including Tajima’s D, and Fu and Li’s D* and F* 

(PopGenome v.2.7.5; Pfeifer et al., 2014, pegas v.0.12; Paradis, 2010), as well as a sliding window 

Tajima’s D in vcftools with a window size of 500 bp, for both the southern expansion and each 

constituent subpopulation in South Africa. We compared UCP1 regional values of Tajima’s D and Fu and 

Li’s D* and F* to those from a sample of 1000 random, non-overlapping regions of equivalent size from 

vervet chromosome 7 to assess relative significance. 

To calculate integrated haplotype scores (iHS) and assess extended haplotype homozygosity 

(EHH) both across the whole gene region and for selected UCP1 loci, respectively, we inferred the 

ancestral allele sequence for our sample population using the program Est-sfs v.2.03 using Kimura’s 

mutation model (Keightley & Jackson, 2018). We chose the rhesus macaque reference (Macaca mulatta; 

BCM Mmul_8.0.1/rheMac8) as our outgroup, which we downloaded using biomaRt v. 2.44.4 (Durnick et 

al., 2009; Durnick et al., 2005). We aligned it to the the vervet reference genome (Chlorocebus sabaeus; 

Chlorocebus_sabeus 1.1/chlSab2) using rMSA v. 0.99.0 (Hahsler & Manguy, 2020) and MAFFT v. 7.467 

(Katoh & Standley, 2013) using standard settings, and trimmed the macaque reference to the vervet extent 

visually in JalView v. 2.11.1.3 (Waterhouse et al., 2009). Ancestral alleles were assigned to the major 

vervet allele when the probability assigned by Est-sfs was above 0.70, and to the minor allele if below 

0.30. When the probability was between these benchmarks, we assigned the ancestral allele to the allele 

shared by the two outgroups if it matched the population allele; when there was no concordance between 

the two outgroups (n = 7), we chose the Chlorocebus reference allele. We used rehh v.3.0.1 (Gautier et 

al., 2017) to estimate iHS and EHH using standard settings, but with a frequency bin of 0.15 to calculate 

iHS. We used a significance threshold of 2 for absolute iHS values (Voight et al., 2006) with a window 

size of 3000 bp and an overlap of 300 bp. We used a significance threshold value of 1.3 for considering 

individual SNPs for inclusion in further analyses. 

Ecological Covariates 

We used GPS coordinates recorded at each trapping location to download altitude, annual mean 

temperature, mean temperature of the coldest month, winter precipitation levels, and mean temperature of 

the wet season, among other ecological covariates, for each population for the 10-year period from 2005-

2010 from the WorldClim2 online database (Fick & Hijmans, 2017). We also collected data on mean 

annual solar irradiance (measured in MJ/m2/day) for these points from the 10-year period from 2005-

2010, originally generated by the NASA Langley Research Center (LaRC) POWER Project funded 

through the NASA Earth Science/Applied Science Program, using nasapower 3.0.1 (Sparks, 2018). We 

standardized all covariates using z-scores, and then used the package PerfomanceAnalytics v. 2.0.4 

(Peterson et al., 2020) to reduce strongly correlated covariates. Correlations of standardized covariates, 
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and the distributions of the final ecological covariate chosen for each population can be seen in 

Supplemental Figure 1. 

Modeling Allele Frequency by Ecological Covariates 

We used phylogenetic generalized least squares (PGLS) regression, implemented in the package 

nlme v. 3.1-150 (Pinheiro et al., 2021), to model variation in derived allele frequency of each target locus 

by geoclimatic variables including latitude, elevation, insolation/irradiation, annual mean temperature, 

mean temperature of the coldest month, and mean winter temperature. We incorporated our 

phylogenomic tree into our models using a Brownian correlation structure to account for average genetic 

distance across populations. We then used an information theoretic approach (Burnham & Anderson, 

2002) to assess ecological covariate inclusion for each locus putatively experiencing selection, using the 

lowest Akaike Information Criterion modified for small sample sizes (AICc) to select the appropriate 

model. 

Data Availability 

Raw sequence data are publicly available through the NCBI Sequence Read Archive (SRA) under 

BioProject numbers PRJNA168521, PRJNA168472, PRJNA168520, PRJNA168527 and PRJNA168522. 

The VCF file used in this study is available from the European Variation Archive (EVA) under accession 

PRJEB22988. The data used in this analysis and the associated analytical pipeline are publicly available 

via the Dryad data repository (Schmitt et al., 2022), including instructions for downloading and 

processing all relevant online datasets and code. 

 

Results 

Whole-Genome Phylogeny and Isolation by Distance 

 The maximum likelihood phylogeny we constructed accords with previously published 

assessments of these taxa (Warren et al., 2015; Svardal et al., 2017; Supplemental Figure 2), with C. p. 

hilgerti and C. cynosuros clustering separately from C. p. pygerythrus, presumably reflecting the more 

recent and relatively larger amount of gene flow estimated to have occurred between these two taxa 

(Svardal et al., 2017). The whole-genome phylogeny further suggests that the monkeys sampled in South 

Africa are best represented by two geographically and genetically distinct populations, which can each be 

further divided into two clusters: the Free State (represented by Free State North and Free State South), 

and the southern coastal belt, represented by vervets from KwaZulu-Natal (KZN) and the Eastern Cape 

(Figure 1A). One individual sampled at a rehabilitation center in Limpopo (VSAJ2008) appears to have 

been transplanted from the Free State North population, and so was assigned to that population for 

subsequent analyses. Another rehabilitant (VSAI3005) did not fit easily into any of these populations, 

instead appearing basal to the KZN/Eastern Cape cluster, and so was excluded from further analyses. The 
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two individuals sampled in Botswana (VBOA1003, VBOA1005) and taxonomically assigned to C. p. 

pygerythrus appear to be genomically nested within C. cynosuros, and so we assigned them to that taxon 

for these analyses. We also divided C. cynosuros into two populations based on geographic and genetic 

distance. One clade from Kafue National Park in Zambia (Zambia Kafue) is nested within a larger clade 

comprised of both the Zambian Lusaka samples and Botswana samples from Chobe; we included the 

latter groups with those sampled in Livingstone as a population (Zambia-Chobe) due to similarities in 

climate and to retain sufficient sample size for downstream modeling (Figure 1A; Supplemental Figure 

2). 

Population Structure 

 DAPC indicates clear genetic differentiation in the UCP1 gene region among our study 

populations. Again in concordance with previous work on the whole genome (Warren et al., 2015; 

Svardal et al., 2017), we see relatively high genetic similarity in the UCP1 gene region between C. 

cynosuros and C. p. hilgerti (presumably due to more recent or extensive introgression), with C. p. 

pygerythrus showing clear divergence. C. p. pygerythrus showed the widest range of variation (Figure 

1B), to the extent that the South African southern coastal belt populations (Eastern Cape and KZN) show 

no overlap with C. p. hilgerti/cynosuros. AMOVA results confirm this pattern, showing significant 

variation between taxa (13.8%, df = 2, p < 0.05) and also between populations within taxa (12.6%, df = 4, 

p < 0.01) in the UCP1 gene region (Supplemental Table 2; Supplemental Figure 3), with C. p. 

pygerythrus appearing to drive the former result and the latter driven by the separation between the Free 

State and southern coastal belt populations within South Africa. FST results are identical to those from 

DAPC, showing relatively high FST between the southern coastal belt population and all others, with the 

exception of relatively high similarity between KZN and Free State North (FST = 0.064) (Figure 1C; 

Supplemental Table 3).  

Entropy criterion values from the principal component and admixture analyses strongly suggest 

isolation by distance across the southern expansion, with a population differentiation of K = 10 clusters 

(Supplemental Figure 4). The gradual geographic pattern of genetic differentiation and generally low 

taxon- or population-specific substructure in genetic clusters also suggest isolation by distance, although 

there are a few patterns of note in keeping with the analyses above, including distinct clusters associated 

with the South African southern coastal belt that are shared with Free State North, and large overlap in 

shared clusters between C. p. hilgerti and C. cynosuros (Figure 1A; Supplemental Figure 5). Mantel tests 

of Nei’s genetic distance between individual vervets compared to geographic distances between sample 

collection points show a strong positive correlation between genetic and geographic distances, again 

suggesting isolation by distance (Mantel’s r = 0.44, p = 0.001). 

Linkage Disequilibrium 
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 We identified 14 linkage blocks in the UCP1 gene region (Figure 2; Supplemental Figure 6; 

Supplemental Table 4), including a large block (B-09) encompassing both known 5’ enhancer regions, the 

basal promoter region, the associated CpG island, the 5’ UTR, Exon 1, and most of Intron 1-2 of UCP1. 

We also found clear linkage between several loci of interest (see below), and used LD to reduce the 

number of loci assessed for selection to 10 unlinked loci of interest (Supplemental Figure 7). 

Assessing Selection 

Site-frequency spectrum statistics indicate no significant deviations from neutrality in the UCP1 

gene region, as a whole, in the southern expansion. Tajima's D was overall positive (DTajima = 0.70), 

although in C. p. pygerythrus alone it was more strongly if not significantly positive (DTajima = 1.23). The 

only local population showing even a slightly negative, albeit insignificant, Tajima’s D was the Eastern 

Cape (DTajima = -0.021). Assessments of each statistic for 1000 random, non-overlapping regions of vervet 

chromosome 7 suggest that Fu and Li’s D* and F* are both within the normal range of values across the 

chromosome. Tajima’s D, however, is markedly positive compared to the rest of the chromosome (p = 

0.060), again suggesting an excess of polymorphisms in the UCP1 region. A sliding window assessment 

of Tajima’s D in the southern expansion indicates several regions with a strong excess of polymorphisms, 

including a 1000 bp window (7:87497500-87498500, DTajima = 2.04/2.33) in the 3’ UTR, a 500 bp 

window (7:87503000-87503500, DTajima = 2.04) in Intron 2-3, and a 500 bp sequence in the 5’ upstream 

region (7:87508500-87509000, DTajima = 2.84) (Supplemental Table 6a). Given we are discussing more 

localized selection processes, we also assessed individual populations in South Africa and found the same 

marked excess of polymorphisms, particularly upstream of the enhancer regions in Free State North 

(7:87507000-87509500; Supplemental Table 6b), and including the promotor and enhancer regions in 

Free State South (7:87501500-87509500; Supplemental Table 6c). This was less marked in the southern 

coastal belt populations (Supplemental Table 6d-e), particularly in Eastern Cape where the entire gene 

region showed negative Tajima’s D (Supplemental Table 6d), although only one 500 bp segment in the 5’ 

upstream region neared the significance threshold (7:87511000-87511500, DTajima = -2.00).  

 Seventeen SNPs met our threshold for consideration (piHS > 1.3) based on integrated haplotype 

score (iHS) in the southern expansion (Supplemental Table 7), with the most compelling evidence for 

selection appearing in the upstream region of the gene (Supplemental Figure 8). Of these loci, several 

showed compelling evidence suggesting positive selective sweeps based on visual inspections of extended 

haplotype homozygosity (Figure 3; Supplemental Figure 9). Several of these SNPs also failed to meet the 

expectations of Hardy Weinberg Equilibrium in the larger southern expansion or among local populations 

(p < 0.05) (Table 1).  

Modeling Genotype by Ecological Covariates 
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 We targeted ten SNPs for PGLS analysis based on iHS/EHH and cumulative evidence of 

selection (Table 1). Upon inspection of correlations between potential ecological covariates, we reduced 

them to include only normalized values for annual mean temperature (bio1), minimum temperature of the 

coldest month (bio6), mean temperature of the wet season (bio8), winter precipitation levels (bio19) and 

mean annual solar irradiance (insol). Using our model reduction approach, we found several 

environmental variables to be significantly associated with derived alleles at UCP1 loci showing potential 

for having undergone recent selection, including mean annual solar irradiance, winter precipitation levels, 

and the minimum temperature of the coldest month (Table 1; Figure 3; Supplemental Figure 10).  

 

Discussion 

We hypothesized that the UCP1 gene would have undergone selection in relation to the 

expansion of Chlorocebus into more temperate geographic areas where temperatures regularly fall below 

freezing in the winter months, reflecting selection on NST as a way of offsetting these colder 

temperatures. This gene region generally shows differentiation consistent with both phylogenetic and 

geographic distance, and much of the variation therein is consistent with isolation by distance; however, 

there is clear divergence in excess of isolation by distance in South African C. p. pygerythrus populations 

when compared to the rest of the genus (Figure 1).  

This divergence in South Africa is particularly marked in the coastal belt south and east of the 

Drakensberg mountains, represented in this study by populations sampled in KwaZulu-Natal and the 

Eastern Cape. These populations show high FST relative to all other populations, share relatively unique 

haplotypes to the exclusion of most other populations, and show similar patterns of variation relative to 

ecogeographic variables (Figure 1; Figure 3), while also showing the strongest evidence for positive 

selective sweeps (see below). Strong differentiation of these populations from the rest of the South 

African vervets has been noted previously in subspecies taxonomy (which differentiated them as 

Chlorocebus pygerythrus cloeti; Groves, 2001), studies of SIVagm differentiation within South African 

vervets (Ma et al., 2013), and studies of mtDNA haplotypes (Turner et al., 2016). Turner et al. (2016) 

suggest that the Tugela River in the northeast and limited dispersal abilities across the Nama Karoo in the 

southwest have resulted in this coastal belt being a population isolate, potentially subject to strong drift. 

Our results here further suggest that unique patterns of selection could also be a factor in the 

differentiation of UCP1 in these populations, given that the southern coastal belt is as cold as the rest of 

our savanna monkey sample while also showing relatively low levels of solar irradiance (due to being at 

comparatively low elevations). The extent to which migration is constrained between the southern coastal 

belt populations and the rest of C. p. pygerythrus in South Africa is important, particularly given 

theoretical work demonstrating that isolated populations with constrained migration are more likely to see 
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locally beneficial alleles increase in frequency in response to ecological variation (e.g., Yeaman & Otto, 

2011). The apparently high amount of shared variation between the FS North and KwaZulu-Natal 

populations in this gene region (Figure 1) suggest recent/frequent migration, and further calls for greater 

sampling in this area to suss out the relative contributions of drift and selection to these results. 

Both haplotype- and site frequency-based analyses suggest that several SNPs in the UCP1 region 

may have undergone recent selection among savanna monkeys. Many of the SNPs identified in this study 

appear to be in a large linkage block (B-09; Figure 2; Supplemental Figure 6; Supplemental Table 4) 

encompassing the UCP1 basal promoter region and associated CpG island, suggesting that these variants 

may have undergone positive selection related to some regulatory effect influencing UCP1 expression. 

Indeed, SNPs in this upstream region in humans have previously been associated with increased UCP1 

expression, resulting in greater body heat generation when exposed to cold (in particular the A-3826G 

variant, among others; e.g., Rose et al., 2011; Nishimura et al., 2017). Positive Tajima’s D results, 

primarily in the 5’ upstream region among local populations in the Free State, suggest either balancing 

selection or decreases in population size. The only populations where we observe the negative values of 

Tajima’s D associated with positive selective sweeps are in the southern coastal belt, and particularly in 

the Eastern Cape. 

It is important to note that these statistics indicating selection can be influenced by demographic 

parameters that we are unable to account for in this study. For example, site frequency spectrum–based 

statistics like Tajima’s D and Fu & Li’s D* and F* can be strongly influenced by demographic patterns, 

with the genomic signature of population expansions, in particular, mirroring that of positive selective 

sweeps (Weigand & Leese, 2018). Although we generally did not find significant results using these 

statistics in the UCP1 gene region (which is not unusual for recent selection; Sabeti et al., 2002), inferred 

recent increases in effective population sizes in C. p. pygerythrus, and smaller increases in C. cynosuros, 

could interfere with these results (Warren et al., 2015). To suss out the difference between positive 

selection and background selection using these site-frequency spectrum-based methods would require a 

better understanding of, for example, demographic history and recombination rate differences between 

these populations, which is not currently feasible (Stephan, 2010). For the linkage-based methods used 

here, strong bottlenecks and high migration between populations may reduce power to detect positive 

selective sweeps (Weigand & Leese, 2018). Even with the high admixture previously reported among 

these populations (Svardal et al., 2017) we were able to detect positive selective sweeps. These methods 

are also generally not optimal for detecting soft selective sweeps (Weigand & Leese, 2018), although it is 

difficult to infer how much standing ancestral variation in UCP1 may have been available in savanna 

monkeys prior to the southern expansion given the general dearth of annotated whole genomes in closely 

related cercopithecine primates (Hernandez et al., 2020). Finally, linkage-based methods, in particular, 
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perform poorly when populations are hierarchical in structure (Vatsiou et al., 2016; Weigand & Leese, 

2018), which is a concern given the clear hierarchical structure and inferred localized migration and 

introgression patterns in this sample (Svardal et al., 2017). 

PGLS models indicate that the derived allele frequencies of many of these variants are associated 

with geoclimatic variables that indicate selection in relation to cold. Some associations, like increases in 

derived allele frequencies with the minimum temperature of the coldest month (7:87508112) and 

increases (7:87491726, 7:87505287) or decreases (7:87493613) with winter precipitation, suggest that 

these UCP1 variants may be under selection by modifying NST to offset the cold directly (with cold wet 

fur, as in winter rain conditions, being a particularly difficult thermoregulatory challenge; e.g., Cristóbal-

Azkarate et al., 2016). A surprisingly common association was with the strength of mean annual solar 

irradiance, with derived allele frequencies strongly associated with weaker irradiance (i.e., 7:87506414, 

7:87509248). Given that sunbathing has previously been identified as an important behavior for offsetting 

cold temperatures in vervet monkeys (Danzy et al., 2012; Figure 4), we propose that vervet populations 

exposed to relatively low levels of solar radiation - such as those in the low-elevation South African 

southern coastal belt - receive little thermoregulatory benefit from sunbathing behaviors, making adaptive 

changes in NST (via variation in UCP1 function/expression) necessary as a means of increasing 

thermoregulatory resistance to the cold. Loci 7:87506414 (along with linked locus 7:87503019) and 

7:87505287 are particularly compelling as they reside within or near upstream regulatory regions: 

7:87503019 is less than 100 bp upstream of the basal promoter region (Shore et al., 2013), 7:87506414 is 

in the enhancer region identified by Gaudry & Campbell (2017) between the relatively conserved CRE-3 

and RARE-1 motifs, while 7:87505287 lies 5 bp upstream of the conserved enhancer region identified by 

Shore et al. (2013). These three loci may be especially good candidates for functional validation for 

expression-based differences in UCP1 phenotypes in savanna monkeys.  

In contrast to the negative association between mean annual solar irradiance and derived allele 

frequencies in the 5’ upstream region of UCP1, we note that loci 7:87491756 and 7:87493023 show 

strongly positive associations with irradiance, with these loci showing the southern coastal belt 

populations as outliers. In these cases, our hypothesized pattern for the derived allele appears to be 

inverted in that the signs of selection strongly point towards greater EHH and putative selection in what 

are likely warmer conditions. It may simply be the case that these alleles are simply linked with the actual 

allele of effect, making the direction of association arbitrary. In the case of 7:87491756, the evidence for 

EHH appears relatively weak (Supplemental Figure 9a), and the relationship between the derived allele 

and irradiance seems to be exclusively driven by the southern coastal belt (Supplemental Figure 10a); 

elimination of these outliers would eliminate the association with irradiance, but would also strengthen 

the relationship of derived allele frequencies with winter precipitation, creating a more significantly 
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positive association suggesting selection in C. p. hilgerti populations. In the case of 7:87493023, the 

derived allele appears to be fixed in populations of C. cynosuros and C. p. hilgerti, where it shows strong 

EHH (Supplemental Figures 9b and 10b); given that it eliminates one of the only CpG sites in Intron 5-6, 

it’s possible that the selection is somehow related to methylation potential at this locus and its effects on 

UCP1 expression. It is also possible this is an artifact of selection on other sequence variants in the larger 

linkage block (B-02) in this region of UCP1, which includes the functionally relevant 3’ UTR (Mayr, 

2019). Aside from these potential functional explanations, it is unclear why this pattern is being observed. 

 Although the evidence of selection at certain loci in the UCP1 gene region and the apparent 

relationship between their allele frequencies and geoclimatic variables are compelling, there are many 

ways in which this study could be strengthened to better inform this question. Our sample sizes should be 

adequately informative given past studies on wild non-model organisms (i.e., Nazareno et al., 2017; 

Satkoski Trask et al., 2011); however, increased sampling, particularly across geoclimatic variables and 

within each population (particularly C. cynosuros and C. p. hilgerti) would strengthen our confidence in 

these results. Additionally, although we did not include elevation as a covariate in our PGLS models (due 

to a 95% correlation with irradiance, which we considered to be more biologically meaningful for this 

study than elevation alone), work in mice has suggested that hypoxia may also independently influence 

NST by significantly reducing thermogenic capacity (Beaudry & McClellan., 2010). Given that the 

southern coastal belt populations are the only populations in our sample near sea-level, increased 

variation in elevation in our sample at different latitudes might be necessary to disentangle a potential 

relationship between elevation, irradiance, and NST. Given the archived data available from the 

International Vervet Research Consortium (Jasinska et al., 2013; Turner et al., 2019), this could be 

attainable with the resequencing of already-sampled individuals not included in this dataset. Further 

sampling in areas to increase geoclimatic diversity and in populations that bridge taxonomic and 

geographic gaps in our dataset - such as C. p. pygerythrus in Mozambique and Malawi, C. p. rufoviridis 

in Malawi and Tanzania, and C. p. pygerythrus in central and southern Botswana - could also provide 

greater information on the relative strength of selection and drift in the southern expansion. 

To test explicitly in the wild whether behaviors like sunbathing may be implicated in selection for 

NST-related variants associated with irradiance would require an investigation of such behaviors in 

tandem with thermoregulatory physiology across relevant genotypes. Given previous research, it is likely 

that other behavioral factors beyond sunbathing also mediate the adaptive value of such variants (i.e., 

diet/feeding, dominance status and social integration, McFarland et al., 2014, 2015; sex, body size, 

residency status, social networks: Henzi et al., 2017; body position and microhabitat selection: Gestich et 

al., 2014; clustering and embracing behaviors: Gartlan & Brain, 1968). Incorporating genotype data at key 

loci into already-existing biophysical modeling systems of thermoregulation in wild savanna monkeys 
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(i.e., Mathewson et al., 2020) could be a relatively simple and effective means of testing these 

relationships. 

One important question raised by this study is whether the variants we identified actually have a 

functional effect on the expression of UCP1 and NST. As has been shown in human and mouse models, 

upstream variants of UCP1 may yield significant differences in the thermogenic potential of brown fat, 

making those loci found in upstream enhancer and promotor regions (i.e., 7:87503019, 7:87505287, 

7:87506414) particularly compelling candidates for validation. However, we presently know very little 

regarding how the thermoregulatory function of brown adipose tissue is regulated in non-human primates. 

Quantifying changes in vervet UCP1 expression associated with the variants identified here, either 

through adipose biopsy in captive individuals or through assessing relative UCP1 expression in 

biobanked samples that have the variants in question (such as those collected by the IVRC; Jasinska et al., 

2013; Turner et al., 2019), would help us to better characterize and study this critically important adaptive 

mammalian feature. Such studies of localized adaptive change in UCP1 expression may inform how our 

hominin ancestors managed to rapidly expand their geographical range beyond equatorial Africa, as well 

as how contemporary non-human primates may endure the thermoregulatory challenges of our changing 

global climate. 
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Figure and Table Captions 

 

Figure 1 Population differentiation in the southern expansion of savanna monkeys in the UCP1 gene 

region, including A) population relationships based on the whole-genome phylogeny of savanna 

monkeys,  with pie charts indicating substructuring in the UCP1 gene region in which purple clusters are 

primarily found in C. p. hilgerti, pink in C. cynosuros (darker pink = Zambia-Kafue; lighter pink = 

Zambia-Chobe), and shades of green in C. p. pygerythrus (dark green = Free State North; olive green = 

Free State South; light sea green = KwaZulu-Natal; dark sea green = Eastern Cape), with the map 

showing collection locations from southern and eastern Africa (South Africa, the more darkly shaded 

region, denotes regional boundaries, all others are national boundaries); B) DAPC results for the UCP1 

gene region; and C) FST heatmap for the UCP1 gene region comparing defined populations in the 

southern expansion. 

 

Figure 2 UCP1 gene region highlighting candidate SNPs undergoing putative positive selective sweeps 

and LD heatblocks. Gene region includes UCP1 (Positions 87,502,665 to 87,492,195, on the reverse 
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strand) and 10 kilobases upstream and downstream. Thin black lines indicate SNPs located in the gene 

region, and those labeled above the gene diagram are SNPs undergoing putative positive selective sweeps 

(see Table 1 for details). In the gene diagram, magenta blocks represent 5’ upstream enhancers and the 

basal promoter region, orange blocks represent UTRs, blue blocks represent exons, and yellow blocks 

represent introns. The LD heatmap highlights the large LD block (B-09) encompassing the enhancers, 

promoter, 3’ UTR, and exon 1. 

 

Figure 3 Examples of extended haplotype homozygosity (EHH) and ecological correlations with derived 

allele frequencies for A) 7:87493023 and b) 7:87506414 showing i) extended haplotype homozygosity 

around the candidate SNP, ii) bifurcation patterns around the candidate SNP, and iii) association of mean 

annual solar irradiation with derived allele frequencies among savanna monkey populations. In EHH 

diagrams, haplotypes around the ancestral allele are indicated in blue, and around the derived allele in 

yellow. For the plots of association between irradiance and population derived allele frequencies, 

population colors are the same as indicated in Figure 1. Similar figures for the remaining candidate SNPs 

are available in Supplemental Figures 9 and 10. 

 

Figure 4 Sunbathing vervet monkeys (Chlorocebus pygerythrus pygerythrus) in Soetdoring Nature 

Reserve, Free State, South Africa. This photo was previously published by Danzy et al. (2012) and is 

reproduced with permission from African Primates. 

 

Table 1 Targeted SNPs in the UCP1 gene region in the southern expansion and their associated indicators 

of selection. Tajima's D values are from a 500 bp sliding window analysis conducted on either the South 

African (ZA) or southern expansion (SE) populations. Further details for each analysis/result are available 

in Supplemental Materials.          
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Table 1 Targeted SNPs in the UCP1 gene region in the southern expansion and their associated indicators of selection. Tajima's D values are from a 500 bp sliding 
window analysis conducted on either the South African (ZA) or southern expansion (SE) populations. Further details for each analysis/result are available in 
Supplemental Materials. 
 

SNP Position Polymorphism Location Block ZA SE ZA SE iHS Best Model Sig. Covariate(s) β p-value r p-value Outliers

Winter Precipitation 0.521 0.018

Irradiance 0.607 0.011

2 7:87493023 6-304G>A Intron 5-6 B-02 1.79 1.00 * *** 1.29 1 + Irradiance Irradiance 0.310 0.011 0.920 0.003 EC/KZN

3 7:87493613 6-895C>T Intron 5-6 B-03 0.45 -0.51 - - 1.34 1 + Winter Precip. Winter Precipitation -0.262 0.024 0.831 0.021

4 7:87494157 5+743C>T Intron 5-6 B-03 1.25 -0.24 - - 1.85 Null - - - - -

5 7:87499382 2+2137T>C Intron 2-3 B-06 -1.41 -1.37 - . 1.57 Null - - - - -

6 7:87505287 -2622C>A 5' Enhancer B-09 1.47 0.95 - - 1.72 1 + Winter Precip. Winter Precipitation 0.162 0.073 0.796 0.032

7 7:87506414 -3749A>T 5' Enhancer B-09 1.39 0.91 - - 2.84 1 + Irradiance Irradiance -0.150 0.031 0.812 0.026 EC/KZN

8 7:87507536 -4871T>C 5' Upstream B-10 -0.07 1.06 - *** 1.84 Null - - - - -

9 7:87508112 -5447C>G 5' Upstream B-11 1.40 1.56 - - 2.00 1 + Min. Temp. Coldest Month Min. Temp. Coldest Month 0.125 0.000 0.731 0.062

10 7:87509248 -6583C>A 5' Upstream B-14 2.66 1.02 - . 2.72 1 + Irradiance Irradiance -0.094 0.000 0.982 0.000 EC/KZN

- * 1.28 1 + Winter Precip. + Irradiance 0.934 0.0031 7:87491726 3' Downstream B-02 0.57 0.78 EC/KZN

Tajiima's D HWE

*469C>T

Signigicant Ecological Covariates
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