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In the last 300 thousand years, the genus Chlorocebus expanded from equa-
torial Africa into the southernmost latitudes of the continent, where colder
climate was a probable driver of natural selection. We investigated popu-
lation-level genetic variation in the mitochondrial uncoupling protein 1
(UCP1) gene region—implicated in non-shivering thermogenesis (NST)—
in 73 wild savannah monkeys from three taxa representing this southern
expansion (Chlorocebus pygerythrus hilgerti, Chlorocebus cynosuros and Chloro-
cebus pygerythrus pygerythrus) ranging from Kenya to South Africa. We
found 17 single nucleotide polymorphisms with extended haplotype homo-
zygosity consistent with positive selective sweeps, 10 of which show no
significant linkage disequilibrium with each other. Phylogenetic generalized
least-squares modelling 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 is demonstrated by a relatively isolated
population in the southern coastal belt of South Africa. We suggest that
sunbathing behaviours common to savannah monkeys, in combination
with the strength of solar irradiance, may mediate adaptations to thermal
stress via NST among savannah monkeys. The variants we discovered all
lie in non-coding regions, some with previously documented regulatory
functions, calling for further validation and research.

1. Background

Cold environments pose a physiological challenge for homeothermic

endotherms, which must find ways to conserve or produce heat to maintain

. o ) bodily functions. Severe or long-term exposure to cold temperatures can
Electronic supplementary material is available result in hypothermia or death, but there are also less obvious costs to warm-
online at https://doi.org/10.6084/m9figshare. blooded species inhabiting cold environments. Even while surviving, energy
6169761. allocated for successfully maintaining body temperature may diminish the
energy available for other physiological needs, like reproduction [1]. Long-
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term cold exposure may also slow the rate of biochemical
reactions such as the production of hormones and enzymes
[2], which mediate many aspects such as reproduction and
pregnancy, growth and development, even behaviour, poten-
tially indirectly affecting fitness. Among endotherms, and
mammals in particular, extreme cold has been an evolution-
ary problem that has resulted in several adaptive solutions.
These range from heat- and energy-conserving phenomena
like hibernation and torpor [3,4], shifts in circulation [5],
and shifts in body size and proportions (e.g. Bergmann's
and Allen’s rules) [6,7], to physiological phenomena that gen-
erate heat to offset losses in body temperature such as
shivering [8] and non-shivering thermogenesis (NST).

NST is a short-term, heat generating phenotype mediated
by brown adipose tissue (BAT). Brown adipocytes are metabo-
lically active fat cells, the metabolism of which is driven by the
expression of the uncoupling protein 1 (UCP1) gene (which
codes for the protein UCP1, or thermogenin) [9]. Thermoge-
nin, a membrane protein, disrupts the electron transport
chain at the inner mitochondrial membrane, effectively inhibit-
ing adenosine triphosphate (ATP) synthesis and resulting in
the production of heat [9]. 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 by-product of the metabolic breakdown of FAs. Although
other genes may play a role in regulating NST in muscle tissue
[10,11], UCP1 has been shown to be critical for NST in BAT,
highlighting its adaptive significance [12].

Cold-induced heat production via UCP1-mediated NST is
believed to have played a critical role in the evolution and
expansion of eutherian mammals [13]. The phylogenetic his-
tory of the mammalian UCPI gene shows that variants
increasing NST function were evolutionarily favoured
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 mamma-
lian lineages have thrived while having lost the trait [14].
Even among different mammals that rely on BAT for NST,
the ways in which they are used to physiologically offset
cold may differ—in sympatric populations of bank voles (Cle-
thrionomys glareolus) and wood mice (Apodemus flavicollis,
Apodemus sylvaticus) in Germany, for example, each species
showed distinctive changes in body mass and BAT depot
mass even though increases in NST-based thermogenic
capacity were similar, suggesting that BAT activation may
be used as just one part of taxonomically distinct physiologi-
cal strategies to counter cold [15]. These differing strategies
are certainly, in part, evolutionary in nature, but may also
be owing to changes in gene expression mediated by devel-
opmental/epigenetic effects from cold exposure during
critical periods during ontogeny [16,17]. Among primates—
most notably in humans—NST is hypothesized to have
been a critically important adaptation to climatic variation.
Adaptations to cold climates, including NST, probably con-
tributed to the successful migration out of Africa by early
humans [18] and the eventual colonization of more extreme
cold environments in circumpolar regions [17,19]. Among

humans, genotype variants of the UCP1 gene have a signifi-
cant impact on the degree of NST in the BAT of healthy
subjects [20]. A recent human study showed that young
adults from an indigenous Siberian population had greater
BAT thermogenic activity compared to participants from
the midwestern USA [21], suggesting the potential for
regional evolution leading to human population differences
in BAT functionality. Unfortunately, outside of rodent and
human studies little research has been done comparing BAT
physiology or its underlying genetic variation. Although
the evolution of UCP1 thermoregulatory function in mam-
mals and beyond has been the focus of previous studies
[2,13,20,22,23], we have a limited understanding of the selec-
tive pressures that have shaped this gene in the primate
order.

Savannah monkeys (Chlorocebus spp.) are an excellent
wild primate model in which to study thermoregulatory
adaptations. The genus probably originated in equatorial cen-
tral Africa [24] and, with the exception of the rainforest
dwelling dryas monkey (Chlorocebus dryas) [25] and Bale
monkey (Chlorocebus djamdjamensis) [26], are largely restricted
to savannah environments. Genomic evidence suggests that,
in the past approximately 200-500 thousand years (ky),
savannah monkeys expanded from eastern equatorial Africa
into the Southern Hemisphere [24,25,27]. Vervet monkeys
(Chlorocebus  pygerythrus, sensu lato) [28] represent this
southern expansion, with extant populations ranging from
Ethiopia through South Africa along the Indian Ocean
coast. South African vervets (Chlorocebus pygerythrus pygery-
thrus), in particular, have presented an interesting case
study for cold adaptation as they regularly experience sub-
zero temperatures at the southern extremes of their range
[29,30]. Within this range, vervets also occupy habitats at a
variety of elevations, ranging from sea level to altitudes
over 2000 m a.s.l. [31], 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
[32]. Furthermore, their wide geographical and ecological
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 UCPI
gene region for signs of selection in three closely related
taxa of savannah monkey, at various times all subsumed
into the species Chlorocebus pygerythrus, representing what
we refer to as the ‘southern expansion’ of the genus into tem-
perate latitudes. We hypothesized that as vervet monkeys
expanded their geographical range into parts of southern
Africa, exposure to colder temperatures would have favoured
UCP1 variants that promote NST. Given their wide geo-
graphical 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, func-
tionally relevant regions of the UCPI gene region—
including, potentially, in cis-acting regulatory regions—of
populations sampled from higher latitudes more generally,
and in geographical regions where climatic conditions are
coldest, either generally (owing to high elevations) or
during particularly cold seasons in more temperate latitudes.
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Figure 1. Population differentiation in the southern expansion of savannah monkeys in the UCPT gene region, including (a) population relationships based on the whole-
genome phylogeny of savannah monkeys, with pie charts indicating substructuring in the UCPT 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 (FS North); olive
green = Free State South (FS 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) Discriminant analyses of principal com-
ponents results for the UCPT gene region; and (c) Fs; heatmap for the UCPT gene region comparing defined populations in the southern expansion. (Online version in colour.)

2. Methods
(a) Study populations

Data for this project were generated by the International Vervet
Research Consortium (IVRC) from a sample of 163 savannah
monkeys (Chlorocebus spp.) from six closely related taxa, cap-
tured as part of a larger sampling effort in 11 countries across
Africa and the Caribbean, with particularly extensive sampling
in South Africa [27,28,33]. We focused on 73 individuals from
three vervet taxa: Chlorocebus pygerythrus hilgerti, Chlorocebus
cynosuros and Chlorocebus pygerythrus pygerythrus (figure 1a; elec-
tronic supplementary material, table S1). In this paper, we adhere
roughly to taxonomic distinctions made by Groves [34], 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 [27,35], 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 [36]). A taxonomic revision may
be in order for the genus [37], 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).

(b) Sequence data

Whole-genome sequences with median coverage of 4.4x, ranging
from 1.8x to 44.8x, of the genus Chlorocebus were previously gen-
erated by collaborators at the McDonnell Genome Institute at
Washington University in St Louis [27], aligned to the Chloroce-
bus sabaeus reference genome (ChlSabl.1) [24], and analysed in
this study using a publicly available variant call format (VCF)
file generated at the Gregor Mendel Institute [27]. We used
taBIx [38] in HTSlib v. 1.10.2 and vcrroors [39] to isolate an

approximately 28 kb gene region around UCP1 (ChlSabl.1 pos-
itions 7 : 87492 195-87 502 665 on the reverse strand), including
10 kb upstream and downstream of the coding region itself to
capture potential cis-regulatory regions. With the exception of
the whole-genome phylogeny, all subsequent analyses in this
study focus on this approximately 28 kb gene region around
UcCP1.

(c) Whole-genome phylogeny

We used SNPRELATE [40] v. 1.24.0 to generate FASTA alignments
from the VCF file, and phangorn [41] v. 2.5.5, phytools [42]
v. 0.6-99 and geiger [43] v. 2.0.6.4 to construct a neighbour-
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.

(d) Population structure in the uncoupling protein 1
gene region

We used discriminant analyses of principal components (DAPC)
in adegenet [44,45] v. 2.1.2 and calculated the Fixation Index
(Fst) using hierfstat [46] v. 0.04-22 to model population structure
for the approximately 28 kb region around UCP1. To statistically
validate the patterns noted, we ran analyses of molecular var-
iance (AMOVA) in poppr [47] v. 2.8.6. In both DAPC and Fsr
analyses we used sample population as a grouping variable,
while in AMOVA we used population nested within taxon. In
the Fsr analysis, we used the Nei87 setting [48], to assess
genetic distance between populations. We also ran principal
component and admixture analysis using LEA [49] v. 3.0.0,
using the snmf function with standard settings to visualize
entropy criterion values to define K levels of population
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differentiation. To model isolation by distance in the UCPI gene
region, we assessed the correlation between genetic and geo-
graphical distance matrices in our sample using Mantel tests
implemented in vegan [50] v. 2.5-6, using the Pearson method.
We constructed our genetic distance matrix in poppr, also
using Nei’s [51] method, and our geographical distance matrix
from GPS points associated with trapping locations (electronic
supplementary material, table S1) using raster [52] v. 3.4-5.

(e) Assessing selection in the uncoupling protein 1

gene region
We calculated Hardy-Weinberg equilibrium (HWE) values in the
UCP1 gene region with pegas [53] v. 0.12 to identify candidate loci
potentially experiencing selective forces, both within the whole
southern expansion and in local populations. We assessed linkage
disequilibrium (LD) in the gene region with gpart [54] v. 1.6.0,
using standard BigLD settings and the 7* method (to avoid the “ceil-
ing effect’ common to using D’ in small samples [55]). Single
nucleotide polymorphisms (SNPs) considered to be in LD with
each other (r*>0.85) were subsumed into a single representative
locus for downstream analyses. We calculated site-frequency spec-
trum statistics for the whole-gene region including Tajima’s D, and
Fu and Li’s D* and F* (PorGENOME [56] v. 2.7.5; pegas v. 0.12), as
well as a sliding window Tajima’s D in vcrrooLs 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
UCP1 gene region and for selected UCP1 loci, respectively, we
inferred the ancestral allele sequence for our sample population
using the program est-sks [57] v. 2.03 using Kimura’s mutation
model. We chose the rhesus macaque reference (Macaca mulatta;
BCM Mmul_8.0.1/rheMac8) as our single outgroup, which we
downloaded using biomaRt [58,59] v. 2.44.4. We aligned it to
the vervet reference genome (Chlorocebus sabaeus; Chlorocebus_
sabeus 1.1/chlSab2) using rMSA [60] v. 0.99.0 and MAFFT [61]
v. 7.467 using standard settings, and trimmed the macaque refer-
ence to the vervet extent visually in JaLView [62] v. 2.11.1.3.
Ancestral alleles were assigned to the major vervet allele when
the probability assigned by Est-srs 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 Macaca and Chlorocebus references if it matched
the population allele; when there was no concordance between
the two outgroups (1=7), we chose the Chlorocebus reference
allele. We used rehh [63] v. 3.0.1 to estimate iHS and EHH
using standard settings, but with a frequency bin of 0.15 to cal-
culate iHS. We used a significance threshold of 2 for absolute
iHS values [64] 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.

(f) 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 temp-
erature of the wet season, among other ecological covariates, for
each population for the 30 year period from 1970 to 2000 from
the WorldClim2 [65] online database. We also collected data on
mean annual solar irradiance (measured in MJ m ™2 d™") for these
points from the 10 year period from 2005 to 2015, originally gener-
ated by the NASA Langley Research Center (LaRC) POWER
Project funded through the NASA Earth Science/Applied
Science Program, using nasapower [66] v. 3.0.1. We standardized

all covariates using z-scores, and then used the package n

PERFOMANCEANALYTICS [67] v. 2.0.4 to reduce strongly correlated cov-
ariates. Correlations of standardized covariates, and the
distributions of the final ecological covariate chosen for each popu-
lation can be seen in the electronic supplementary material, figure S1.

(g) Modelling allele frequency by ecological covariates
We wused phylogenetic generalized least-squares (PGLS)
regression, implemented in the package nlme [68] v. 3.1-150, to
model variation in derived allele frequency of each target locus
by geoclimatic variables including insolation/solar irradiation,
annual mean temperature, minimum temperature of the coldest
month, winter precipitation, and mean winter temperature. We
incorporated our phylogenomic tree into our models using a
Brownian correlation structure to account for average genetic dis-
tance across populations. We then used an information theoretic
approach [69] to assess ecological covariate inclusion for each
locus putatively experiencing selection, using the lowest Akaike
information criterion modified for small sample sizes to select
the appropriate model.

3. Results

(a) Whole-genome phylogeny and isolation by distance
The maximum-likelihood phylogeny we constructed accords
with previously published assessments of these taxa
([24,27]; electronic supplementary material, figure S2), 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 [27]. 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 centre 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 two individuals
sampled in Botswana (VBOA1003 and VBOA1005) and taxo-
nomically 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 geographical
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 Bots-
wana samples from Chobe; we included the latter groups
with those sampled in Livingstone as a population
(Zambia-Chobe) owing to similarities in climate and to
retain sufficient sample size for downstream modelling
(figure 1a; electronic supplementary material, figure S2).

(b) Population structure
DAPC indicates clear genetic differentiation in the UCPI gene
region among our study populations. Again in concordance
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Figure 2. UCPT gene region highlighting candidate SNPs undergoing putative positive selective sweeps and LD blocks. Gene region includes UCPT (positions 87 502 665
to 87 492 195, on the reverse strand) and 10 kilobases upstream and downstream. Thin black lines indicate SNPs located in the gene region, and those labelled above
the gene diagram are SNPs undergoing putative positive selective sweeps (table 1 for details). In the gene diagram, magenta rectangles represent 5’ upstream enhan-
cers and the basal promoter region, orange rectangles represent UTRs, blue rectangles represent exons and yellow rectangles represent introns. Coloured rectangles
below the gene diagram represent LD blocks ( positions available in the electronic supplementary material, table S4), with associated block numbers noted in circles. The
LD heatmap below highlights the large LD block (09) encompassing the enhancers, promoter, 3’ UTR and exon 1. (Online version in colour.)

with previous work on the whole genome [24,27], we see
relatively high genetic similarity in the UCP1 gene region
between C. cynosuros and C. p. hilgerti (presumably
owing to more recent or extensive introgression), with
C. p. pygerythrus showing a relative lack of shared variation
with the other taxa in this gene region. Chlorocebus pygery-
thrus pygerythrus also showed the widest range of variation
in the gene region (figure 1b), to the extent that the South
African southern coastal belt populations (Eastern Cape
and KZN) appear distinct from C. p. hilgerti/cynosuros.
AMOVA results confirm this pattern, showing significant
variation between taxa (13.8%, d.f.=2, p<0.05) and also
between populations within taxa (12.6%, d.f.=4, p<0.01)
(electronic supplementary material, table S2 and figure S3),
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. Fsy results are identical to those from DAPC, showing
relatively high Fsr between the southern coastal belt popu-
lation and all others, with the exception of relatively high
similarity between KZN and Free State North (Fsp=0.064)
(figure 1c; electronic supplementary material, table S3).
Entropy criterion values from the principal component
and admixture analyses strongly suggest isolation by distance

across the southern expansion, with a population differen-
tiation of K=10 clusters (electronic supplementary material,
figure S4). The gradual geographical pattern of genetic differ-
entiation and generally low taxon- or population-specific
substructure in genetic clusters also suggest isolation by dis-
tance, 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; electronic
supplementary material, figure S5). Mantel tests of Nei’s gen-
etic distance between individual vervets compared to
geographical distances between sample collection points
show a strong positive correlation between genetic and geo-
graphical distances, again suggesting isolation by distance
(Mantel’s r=0.44, p =0.001).

(¢) Linkage disequilibrium

We identified 14 linkage blocks in the UCPI gene region
(figure 2; electronic supplementary material, figure S6 and
table S4), including a large block (09) encompassing both
known 5 enhancer regions, the basal promoter region, the
associated CpG island, the 5 untranslated region (UTR),
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imadiation with derived allele frequencies among savannah 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 colours are the same as indicated in figure 1.
Similar figures for the remaining candidate SNPs are available in the electronic supplementary material, figures S9 and S10. (Online version in colour.)

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 (electronic supplementary material,
figure S7).

(d) Assessing selection

Site-frequency spectrum statistics indicate no significant devi-
ations from neutrality in the UCPI gene region, as a whole,
in the southern expansion. Tajima’s D was overall positive
(Drajima = 0.70), although in C. p. pygerythrus alone it was
more strongly if not significantly positive (Drajima = 1.23). The
only local population showing even a slightly negative,
albeit insignificant Tajima’s D was the Eastern Cape (Drajima-
=—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 1000bp
window (7 : 87497 500-87 498 500, Drajima =2.04/2.33) in the
3’ UTR, a 500 bp window (7 : 87 503 000-87 503 500, Drrajima =
2.04) in intron 2-3 and a 500 bp sequence in the 5 upstream
region (7 : 87 508 500-87 509 000, Drajima = 2.84) (electronic sup-
plementary material, table S6a). 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 enhan-
cer regions in Free State North (7:87507 000-87 509 500;
electronic supplementary material, table S6b), and including

the promotor and enhancer regions in Free State South (7:
87501 500-87 509 500; electronic supplementary material,
table S6¢). This was less marked in the southern coastal belt
populations (electronic supplementary material, table S6d-e),
particularly in Eastern Cape where the entire gene region
showed negative Tajima’s D (electronic supplementary
material, table S6d), although only one 500bp segment in
the 5 upstream region neared the significance threshold
(7:87 511 000-87 511 500, Drajima = —2.00).

Seventeen SNPs met our threshold for consideration
(pins>1.3) based on iHS in the southern expansion (elec-
tronic supplementary material, table S7), with the most
compelling evidence for selection appearing in the upstream
region of the gene (electronic supplementary material, figure
S8). Of these loci, several showed compelling evidence for
positive selective sweeps based on visual inspections of
EHH (figure 3; electronic supplementary material, figure
59). Several of these SNPs also failed to meet the expectations
of HWE in the larger southern expansion or among local
populations (p <0.05) (table 1).

(e) Modelling genotype by ecological covariates

We targeted 10 SNPs for PGLS analysis based on iHS/EHH
and cumulative evidence of selection (table 1). Upon inspec-
tion of correlations between potential ecological covariates,
we reduced them to include only normalized values for
annual mean temperature (biol), minimum temperature of
the coldest month (bio6), mean temperature of the wet
season (bio8), winter precipitation levels (biol9) and mean
annual solar irradiance (insol). Using our model reduction
approach, we found several environmental variables to be sig-
nificantly associated with derived alleles at LICP1 loci showing
potential for having undergone recent selection, including
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Table 1. Targeted SNPs in the UCPT 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 southem expansion

(SE) populations. Significance levels for Hardy—Weinberg equilibrium (HWE) are indicated with asterisks (* p < 0.05; ** p < 0.01; *** p < 0.001). Further details for each analysis/result are available in the electronic supplementary material.)
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expression. Indeed, SNPs in this upstream region in humans
have previously been associated with increased UCPI
expression, resulting in greater body heat generation when
exposed to cold (in particular, the A-3826G variant, among
others [20,73]). 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 selec-
tion 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 [74]. Although we
generally did not find significant results using these statistics
in the UCP1 gene region (which is not unusual for recent selec-
tion [75]), inferred recent increases in effective population sizes
in C. p. pygerythrus, and smaller increases in C. cynosuros, could
interfere with these results [24]. To discover 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 [76]. For the linkage-based
methods used here, strong bottlenecks and high migration
between populations may reduce power to detect positive
selective sweeps [74]. Even with the high admixture pre-
viously reported among these populations [27], we were able
to detect positive selective sweeps. These methods are also
generally not optimal for detecting soft selective sweeps [74],
although it is difficult to infer how much standing ancestral
variation in UCP1 may have been available in savannah mon-
keys prior to the southern expansion given the general dearth
of annotated whole genomes in closely related cercopithecine
primates [77]. Finally, linkage-based methods, in particular,
perform poorly when populations are hierarchical in structure
[74,78], which is a concern given the clear hierarchical structure
and inferred localized migration and introgression patterns in
this sample [27].

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 (7:87 508
112) and increases (7 :87 491 726, 7 : 87 505 287) or decreases
(7:87493 613) 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 thermoregula-
tory challenge [79]). 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
behaviour for offsetting cold temperatures in vervet monkeys
[29] (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 behaviours,

making adaptive changes in NST (via variation in UCPI
function/expression) necessary as a means of increasing ther-
moregulatory resistance to the cold. Loci 7: 87506 414 (along
with linked locus 7: 87503 019) and 7 : 87 505 287 are particu-
larly compelling as they reside within or near upstream
regulatory regions: 7:87 503 019 is less than 100 bp upstream
of the basal promoter region [80], 7:87506414 is in the
enhancer region identified by Gaudry & Campbell [81]
between the relatively conserved CRE-3 and RARE-1
motifs, while 7:87505287 lies 5bp upstream of the con-
served enhancer region identified by Shore et al. [82]. These
three loci may be especially good candidates for functional
validation of expression-based differences in UCP1-associated
phenotypes in savannah monkeys.

In contrast to the negative association between mean
annual solar irradiance and derived allele frequencies in the
5" upstream region of UCPI (i.e. 7:87506414, figure 3biii;
7:87509248, electronic supplementary material, figure
S10g), we note that loci 7: 87491756 (electronic supplemen-
tary material, figure S10a) and 7:87493023 (figure 3aiii)
show strongly positive associations with irradiance, with
each of these loci showing the southern coastal belt popu-
lations 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 probably 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 7:87 491756, the evi-
dence for EHH appears relatively weak (electronic
supplementary material, figure S9a), and the relationship
between the derived allele and irradiance seems to be
exclusively driven by the southern coastal belt (electronic
supplementary material, figure S10a); 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 signifi-
cantly positive association suggesting selection in C. p. hilgerti
populations. In the case of 7:87493 023, the derived allele
appears to be fixed in populations of C. cynosuros and
C. p. hilgerti, where it shows strong EHH (electronic sup-
plementary material, figures S9b and S10b); given that it
eliminates one of the only CpG sites in intron 5-6, it is poss-
ible 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 artefact of selection on other
sequence variants in the larger linkage block (02) in this
region of UCP1, which includes the functionally relevant 3’
UTR [83]. 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 compel-
ling, 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 [84,85]; 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 (owing to a 95% corre-
lation with irradiance, which we considered to be more
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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. [29] and is reproduced with permission from African Primates. (Online version in colour.)

biologically meaningful for this study than elevation alone;
electronic supplementary material, figure S1b), work in
mice has suggested that hypoxia may also independently
influence NST by significantly reducing thermogenic capacity
[86]. Given that the southern coastal belt populations are the
only populations in our sample near sea-level, increased vari-
ation 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 avail-
able from the IVRC [28,33], 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 geo-
graphical 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 Bots-
wana—could also provide greater information on the relative
strength of selection and drift in the southern expansion.

To test explicitly in the wild whether behaviours like
sunbathing may be implicated in selection for NST-related var-
iants associated with irradiance would require an investigation
of such behaviours in tandem with thermoregulatory physi-
ology—including an assessment of BAT depots—across
relevant genotypes and ecologies. BAT physiology and func-
tionality may be complicated by competing thermoregulatory
demands, such as those associated with reproductive condition
and growth [87,88]. Given previous research, it is also likely
that developmental exposures [16] and other behavioural fac-
tors beyond sunbathing also mediate the adaptive value of
such variants (i.e. diet/feeding, dominance status and social
integration [30,89]; sex, body size, residency status, social net-
works [90]; body position and microhabitat selection [91];
clustering and embracing behaviours [92]). Incorporating geno-
type data at key loci into already-existing biophysical
modelling systems of thermoregulation in wild savannah mon-
keys [93] 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, 7:87 505287, 7:87
506 414) particularly compelling candidates for validation.
However, we presently know very little regarding how the
thermoregulatory function of BAT is regulated in non-
human primates. Quantifying changes in vervet UCPI
expression associated with the variants identified here,
either through adipose biopsy in captive and wild individ-
uals or through assessing relative UCPI expression in
biobanked samples that have the variants in question (such
as those collected by the IVRC [28,33]), would help us to
better characterize and study this critically important adap-
tive mammalian feature. Such studies of localized adaptive
change in UCPI1 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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