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Evolution of a malaria resistance gene in wild

primates
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The ecology, behaviour and genetics of our closest living relatives, the
nonhuman primates, should help us to understand the evolution of
our own lineage. Although a large amount of data has been amassed
on primate ecology and behaviour, much less is known about the
functional and evolutionary genetic aspects of primate biology, espe-
cially in wild primates. As a result, even in well-studied populations
in which nongenetic factors that influence adaptively important
characteristics have been identified, we have almost no understand-
ing of the underlying genetic basis for such traits. Here, we report on
the functional consequences of genetic variation at the malaria-
related FY (DARC) gene in a well-studied population of yellow
baboons (Papio cynocephalus) living in Amboseli National Park in
Kenya. FY codes for a chemokine receptor normally expressed on the
erythrocyte surface that is the known entry point for the malarial
parasite Plasmodium vivax'>. We identified variation in the cis-
regulatory region of the baboon FY gene that was associated with
phenotypic variation in susceptibility to Hepatocystis, a malaria-like
pathogen that is common in baboons*’. Genetic variation in this
region also influenced gene expression in vivo in wild individuals, a
result we confirmed using in vitro reporter gene assays. The patterns
of genetic variation in and around this locus were also suggestive of
non-neutral evolution, raising the possibility that the evolution of the
FY cis-regulatory region in baboons has exhibited both mechanistic
and selective parallels with the homologous region in humans®?.
Together, our results represent the first reported association and
functional characterization linking genetic variation and a complex
trait in a natural population of nonhuman primates.

In humans, a transition from the wild-type T variant to a C variant
at a single polymorphic site in the FY cis-regulatory region causally
abolishes all expression of this gene in erythrocytic precursors. As a
result, C homozygotes at this site are strongly protected from infec-
tion by P. vivax’, and a lower level of protection is also conferred on
C/T heterozygotes'®'". The C variant has apparently arisen indepen-
dently at least twice in geographically distinct human populations (in
Africa and in Papua New Guinea™'"'), and has been driven to high
frequencies on at least two haplotypic backgrounds within Africa®.
Additionally, the pattern of variation in the cis-regulatory region as a
whole strongly indicates a historical pattern of natural selection in
different populations around the world, probably as the product of
directional selection in some populations (for example, local positive
selection), and a complex mix of selection and demographic history
in others®®. The unusual evolutionary history of this locus led us to
investigate the pattern of genetic variation in its baboon homologue,
and to explore the possibility that it might also explain phenotypic
variation in parasite infection in a wild primate population, the well-
studied baboon population of the Amboseli basin in East Africa' .
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Baboons are not generally infected by Plasmodium in the wild, but
are vulnerable to infection by several closely related haematoprotozo-
ans*’ including Hepatocystis kochi, a blood parasite nested within the
paraphyletic Plasmodium genus'®. Hepatocystis parasites do not pro-
duce the cyclical fever spikes typical of malaria in humans, but do
produce anaemia and visible merocyst formation, followed by scarring
on the liver®.

We tested for the presence of Hepatocystis parasites by screening
DNA samples extracted from baboon blood for 190 individuals in the
Amboseli baboon population. We found a high incidence of
Hepatocystis infection in the Amboseli population (61.9%), although
rates of infection varied substantially between different social groups
and over time, possibly because of differences in home range and
hence exposure to the vector, a biting midge'e.

In 174 of 190 baboons that we screened for Hepatocystis, we also
sequenced the region of baboon DNA homologous to the annotated
human FY cis-regulatory region. We identified six single nucleotide
polymorphisms (SNPs) in the baboon FY cis-regulatory region (Fig. 1
and Supplementary Fig. 1; the malaria-associated SNP documented in
humans was invariant in the baboons). Hepatocystis infection was sig-
nificantly associated with an A/G variable site in the FY cis-regulatory
region, in a model that took social group (a significant source of vari-
ance in infection) and genetic background into account. The risk of
infection decreased as the number of G alleles an individual carried
increased (P<0.012, n = 174; Fig. 2).

We also investigated whether FY cis-regulatory variation in
baboons causally influences gene expression, as the C/T variant does
in humans. We collected 101 samples of RNA-preserved blood from
adults in six baboon social groups between 2004 and 2008, and used
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Figure 1| Schematic of the baboon FY gene (not to scale). Boxed regions
are regions of the gene present in mature messenger RNA (open boxes are
untranslated regions; black boxes are protein coding sequence). Grey lines
indicate untranscribed regions. The bent arrow indicates the start of
transcription. The downward arrows show two baboon SNPs used as
markers for the pyrosequencing assays. The vertical black bars mark cis-
regulatory SNPs in baboons, with the Hepatocystis-associated SNP labelled
A/G and the allelic-imbalance-associated SNP labelled C/T. The dashed
vertical bar marks the location of the functional SNP known in humans. The
dashed horizontal lines provide relative distances and/or sizes of features.
Thelocation of the (CA),, microsatellite used in the F;; analyses is also shown
upstream.
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Figure 2 | Genotype at the FY cis-regulatory A/G SNP is associated with
Hepatocystis infection. The proportion of uninfected individuals is shown
in grey, and the proportion of infected individuals is shown in white.

a, Results for the entire sample set (n = 174; P < 0.012); b, results only for
members of the six groups with high prevalence (>75%) of Hepatocystis
infection (n = 111; P <0.004). Numbers below each genotype show the
number of individuals for the given genotype.

these samples to measure allele-specific expression at the FY locus
using pyrosequencing. Specifically, we investigated whether the level
of FY expression driven by one cis-regulatory FY allele differed from
the level of FY expression driven by the other cis-regulatory FY allele,
within the same individual. Because allele-specific expression com-
pares the relative amounts of gene expression within individuals, it
controls for effects on gene expression operating in trans, such as
those produced by genetic background or by environmental main
effects'”'. If the two alleles within an individual drive expression
differently (allelic imbalance), that individual is likely to harbour a
functional cis-regulatory variant that influences gene expression.

We measured allele-specific expression in 38 individuals (all the
individuals among the 101 RNA-sampled baboons that were hetero-
zygous at a transcribed pyrosequencing assay SNP: see Fig. 1).
Average log, fold-change differences in expression between alleles
within heterozygous individuals ranged from —0.002 (no difference
between alleles) to 2.13 (substantial difference between alleles). This
suggested that one or more common functional cis-regulatory var-
iants influenced expression of the baboon FY gene in the Amboseli
population. We predicted that if a cis-regulatory variant contributes
to variation in gene expression, then individuals heterozygous at the
cis-regulatory site would show significantly higher levels of allelic
imbalance than individuals homozygous for the same variant.

Genotypes at four of the six SNPs in the baboon FY cis-regulatory
region were sufficiently variable to test for an association with allelic
imbalance. Genotype at the SNP closest to the start of transcription, a
C/T transition, was significantly associated with allelic imbalance in
the predicted direction: heterozygotes exhibited higher levels of allelic
imbalance than homozygotes (P < 0.002, n = 38; Fig. 3). However,
this site explained only 22.0% of the overall variance in the allelic
imbalance samples, after taking into account year of sampling.
These results suggested that this C/T SNP functionally influences gene
expression of the FY gene within the baboon population, but that
additional cis-regulatory variants probably also play a part.

We next investigated the A/G SNP in the FY cis-regulatory region
that we had associated with Hepatocystis infection risk. Of the 38
individuals for whom we measured allele-specific expression, 37 were
heterozygous for this A/G SNP. Hence, we could not compare allelic
imbalance levels between heterozygotes and homozygotes at this site.
We therefore tested this variant for possible functional effects using
an in vitro approach in cell culture. We also used this framework to
test further whether the C/T variant that was associated with allelic
imbalance causally influenced FY expression. For each of these two
regulatory SNPs (A/G and C/T), we built two plasmid constructs
consisting of the FY cis-regulatory region linked to the firefly lucifer-
ase gene, such that the two constructs differed only at the variable site.
We then tested the ability of these constructs to drive gene expression
in a human erythroleukaemic (HEL) cell line. For the C/T SNP, the T
allele construct drove significantly higher levels of expression than
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Figure 3 | Allelic imbalance is associated with FY cis-regulatory genotype.
Height of the bars shows the mean for each genotypic class (heterozygotes:
0.329 = 0.116 s.e.m.; homozygotes: —0.285 = 0.086 s.e.m.). The y axis gives
the residuals of log,-transformed allelic imbalance on year of sampling

(n = 38). Heterozygotes at the C/T SNP exhibit high values of allelic
imbalance relative to homozygotes at the C/T SNP after controlling for the
effect of year of sampling. High values indicate that the two alleles of the FY
gene are transcribed at different levels within individuals, and suggest a
functional cis-regulatory role for this SNP.

the alternative C allele construct (P << 0.0001; Fig. 4a). Similarly, for
the A/G SNP, the G allele construct drove significantly higher levels of
expression than the alternative A allele construct (P<<0.0001;
Fig. 4b). These results suggest that both SNPs have the capacity to
drive differential expression of the FY gene. In the case of the C/T
SNP, for which both in vivo and in vitro analyses were possible, the T
allele was associated with higher levels of expression in both experi-
ments. Unlike the human case, in which one regulatory SNP results in
null expression, all the baboon haplotypes we tested drove robust
expression of the gene.

Together, these data indicate that the FY cis-regulatory region is
associated with parasite infection in a wild population of baboons,
and that functional sequence variants within this region causally
influence the level of expression of the FY gene. As in humans, vari-
ation in gene expression at the FY locus may therefore be important
in parasite susceptibility, either through altering the direct access of
Hepatocystis to baboon erythrocytes or, as has recently been demon-
strated in humans, by altering a more general property of the
immune system, such as relative white blood cell counts™.

a b
® 25 25
o
% 2.0 2.0
S©
E‘% 1.5 1.5
O =
‘EQ 1.0 1.0
ks
o 0.5 H 0.5 I-'-I ﬂ
g 0 \@ N x> \d Q 0 N NG o Xd Q
NZ N \fb * g N \,Q’ A.
< Of(} Q\\o K {(/@Q O,I} ?fb Q@ S {(/&Q
&K <
@)
Construct

Figure 4 | FY cis-regulatory variation drives differential expression in vitro.
a, The C/T SNP identified through the allelic imbalance measurements.

b, The A/G SNP that associates with Hepatocystis infection drives differential
gene expression compared to the alternative allele of the same SNP in cell
culture. Values on the y axis give the relative ratio of firefly luciferase
luminescence to a control renilla luciferase reporter. Human constructs
from a normal-expressing individual (haplotype from the CEPH/Utah
HapMap panel) and a null-expressing individual (Luhya) and an empty
vector are shown for comparison. Error bars show s.e.m. for each construct.

389

©2009 Macmillan Publishers Limited. All rights reserved



LETTERS

These results suggest that the genetic basis of phenotypic variation
in different primate species can exhibit a remarkable degree of
parallelism. In this case, not only are these similarities present on
the molecular level or on the level of trait association, as shown by
previous work*>*', but they also extend to the mechanism that links
molecular and phenotypic variation (which is probably gene expres-
sion). Given these parallelisms, baboons, like humans, may also
exhibit evidence of non-neutral evolution at the FY cis-regulatory
region. We detected an increased level of population differentiation
among East African baboon populations around FY, by comparing a
FY-linked microsatellite with 35 neutral microsatellites (Fy = 0.31,
P<0.029; range of Fy, for the neutral markers was 0.008-0.346; Fy
is a metric describing genetic divergence between populations based
on allele frequency differences at variable sites; Supplementary Fig. 3).
We also detected a higher value for the Tajima’s D statistic (D = 1.26)
in this region relative to nine of nine other resequenced putative cis-
regulatory regions in the Amboseli population and 11 of 12 rese-
quenced transcribed regions (range of D for all other loci was —1.60
to 2.12). The only locus with a higher value of D, a transcribed portion
of the gene MSRI, exhibited an even more extreme value than that
identified for the MHC DQAI promoter in baboons*?, which is known
to evolve under strong trans-specific balancing selection™.

Interestingly, a sliding window analysis showed that the peak
values of D corresponded well with the Hepatocystis and allelic-
imbalance-associated SNPs (Supplementary Fig. 3). Given that rates
of Hepatocystis infection appear to vary across different populations
(30% in the Masai Mara Reserve, Kenya, n=10; 90% in Mikumi
National Park, Tanzania, n = 20; see Supplementary Tables 1 and 2),
these results suggest that the baboon FY cis-regulatory region may be
subject to a complex selective history similar to the case described in
humans”* in which differing levels of pathogen pressure across
populations are associated with high levels of population differenti-
ation around the FY gene, and varying signatures of selection within
populations.

In spite of the parallels that we have documented for baboon and
human FY, the functional variants we have identified in baboons are
not homologous to the known functional variant in humans, which
reveals that phenotypic variation in different primate species may
show similar, but not precisely convergent, patterns of evolution.
Indeed, while in humans the FY-malaria relationship is Mendelian,
both FY expression and infection by Hepatocystis in baboons are
clearly complex traits: even individuals homozygous for the
Hepatocystis ‘resistance’ variant (the G allele at the A/G SNP) suffer
from parasitism, albeit at a lower rate (52.2% of GG homozygotes
were infected, versus 67.9% of AA homozygotes, across all study
groups: see Fig. 2 and Supplementary Fig. 2). Additionally, the in
vitro cell culture experiments suggest that the G allele of this variant
actually drives higher expression of FY than the alternative A allele,
even though the G allele is associated with a lower risk of Hepatocystis
infection. The relationship between FY gene expression and
Hepatocystis in baboons is therefore clearly different from that in
humans, perhaps owing to balancing the cost of infection by other
blood parasites, some of which are not known to co-occur with, and
might be excluded by, Hepatocystis**. Alternatively, while the in vitro
data on the A/G variant strongly suggest that this site has the capacity
to influence FY gene expression, the direction and magnitude of its
effects may differ in its natural cellular context.

This possibility is supported by the differences in magnitude of the
effect of the C/T cis-regulatory variant in the in vitro transfection
assays and the in vivo allelic imbalance measurements. In vivo gene
expression measurements are complicated by variation in genetic
background and in the environment, both of which can modify func-
tional cis-regulatory effects”?. Indeed, our results show that even
baboons that are homozygotes at the C/T site sometimes exhibit allelic
imbalance in FY expression, suggesting that other, unidentified func-
tional cis-regulatory variants are also segregating in the population. In
contrast, in the in vitro comparisons, only a single cis-regulatory site
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differed between the experimental constructs, thus controlling for
both environment and genetic backgrounds. Using both approaches
in tandem can be synergistic: while in vitro experiments can help pin
down specific functional sites, in vivo results demonstrate that these
effects are relevant to the biology of individuals in the wild.

Thus, although identifying the genetic basis for phenotypic vari-
ation in wild primates poses substantial challenges, we present this
study as a model to motivate additional evolutionary genetic research
on natural primate populations. This work is essential if we hope to
integrate an evolutionary and functional genetic perspective into the
rich tradition of organismal research on these species. Our results
demonstrate that patterns of variation in nonhuman primates can
provide unique insights into the influence of ecological and environ-
mental factors on genetic and trait variation in humans. Integrative
research on nonhuman primates should also help us develop a better
understanding of the evolution of our own species.

METHODS SUMMARY

We screened for Hepatocystis in 190 baboons, using Hepatocystis mitochondrial
DNA specific primers. We sequenced the region homologous to the human FY
cis-regulatory region in 174 of these baboons. We identified predictors of
Hepatocystis infection in these 174 individuals using a generalized linear mixed
model with a binomial error structure, fitting genotype and an estimate of
genetic background as fixed effects and study group as a random effect.

Allelic imbalance was assessed via pyrosequencing using RNA collected from
the study population, and was measured as the log, transformed ratio of the
expression of one allele versus the other allele, within individuals. We modelled
allelic imbalance using a general linear mixed model and evaluated the signifi-
cance of the genotype effect on allelic imbalance using a permutation test.

We co-transfected human erythroleukaemic cells with experimental con-
structs or a control construct and a normalization construct. A total of 24
measurements were made per construct in three independent experiments.
We compared the measurements for each pair of constructs separately using
general linear mixed models.

For the F; comparison, we genotyped up to 36 polymorphic microsatellite loci
(35 neutral markers plus one located near the FY cis-regulatory region*) in ten
baboons from the Masai Mara Reserve, Kenya, 20 baboons from Mikumi National
Park, Tanzania, and 12 baboons from the Amboseli basin, Kenya (Supplementary
Information). We compared the F;, value for the FY-linked microsatellite locus
with those for the 35 neutral loci. The probability of observing a more extreme
level of genetic differentiation at the FY-linked locus was assessed by fitting a
gamma distribution to the Fj, values for the neutral loci, and calculating the
average value of P based on different parameters of the gamma (weighted by
the probability of each parameter set, given the data). Tajima’s D values were
calculated for samples from Amboseli using DnaSP version 4.9 (ref. 27).

Full Methods and any associated references are available in the online version of
the paper at www.nature.com/nature.
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METHODS

DNA and RNA sampling. Blood samples for DNA extraction and Hepatocystis
screening were collected from 190 Amboseli baboons between 1989 and 2008
(Supplementary Fig. 2)**. DNA was extracted using standard methods. DNA for
some individuals was whole genome amplified (Qiagen Repli-G Kit). Blood
samples for RNA extraction were collected in PaxGene RNA tubes from 101
adult Amboseli baboons darted between 2004 and 2008. RNA was extracted
using the PaxGene RNA Blood kit (Qiagen), and reverse transcribed into com-
plementary DNA (ABI High Capacity cDNA Archive Kit).

Sequencing. We amplified and sequenced the region homologous to the anno-
tated FY cis-regulatory region in humans in 174 individuals and sequenced or
genotyped the two pyrosequencing assay SNPs in 150 individuals. To assess
congruence between the in vitro and in vivo gene expression results for the
C/T SNP, we inferred haplotype phasing using PHASE 2.1.1 (ref. 29).
Hepatocystis screen and association with FY. We screened for Hepatocystis in
all 190 baboons using Hepatocystis mtDNA specific primers, which produced a
band of approximately 251 base pairs on an agarose gel in the presence of
Hepatocystis (Supplementary Methods).

We then fitted the following generalized linear mixed model for 150 individuals,
using a binomial error structure:

5
P(y; = 1| G;j) = logit <BG,-]- + > Diuva+ S+ b+ 8)
u=1

where the logit link function has been used to change the expression in
parentheses into the probability of observing the parasite, given the explanatory
variables. y is Hepatocystis infection status (y = 1 corresponds to infected; y =0
corresponds to uninfected), individuals are indexed by i, and study group is
indexed by j. 8 is a fixed effect of genotype, Gj; v, is the fixed effect of the
projection D, on the uth principal component of population structure; S; is a
random effect of study group; b is the intercept; and ¢ represents model error
(Supplementary Information). Principal-components analysis of population
structure was conducted on data from 47 unlinked loci (33 SNPs and 14 micro-
satellites, Supplementary Table S4). We also included study group as a random
effect because group is a common source of structure in baboons, and infection
rates clearly differed between groups. We evaluated the significance of f3, the SNP
effect, as evidence for association between infection and cis-regulatory variation.
Pyrosequencing. We designed pyrosequencing assays based on two variable
SNPs in the transcribed region of the FY gene. 38 individuals for which cDNA
samples were available were also heterozygous at one or both of these sites. For
each of these individuals, we performed six to eight pyrosequencing reactions
across two plates (mean number of measurements per individual =7.05,
range = 3-8, excluding failed reactions). The resulting values were expressed
as the log, transformed ratio of the expression of transcripts carrying one versus
the other allele at one of the assay SNPs (values based on the alternative assay
SNP were converted on the basis of linkage between the two sites).

We identified an effect of one of the upstream cis-regulatory sites by modelling
variation in allelic imbalance using the following general linear mixed model:

where y is allelic imbalance, indexed by individual i and year of sampling j; f is a
fixed effect of homozygous or heterozygous genotype, Gij; Y;is a random effect of
year of sampling (2006, 2007 or 2008; one individual was sampled in 2005 and
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grouped with the 2006 samples); b is the intercept; and € is the model error. We
assessed the significance of 5 using a permutation test: all measurements for an
individual were grouped as a block and permuted 1,000 times over individual
identity. We assigned a P value to the original SNP parameter estimate by rank-
ing it among the corresponding estimates for the permuted data sets. The esti-
mate of variance explained by the C/T site is based on modelling the residuals of
allelic imbalance on year of sampling, using the C/T site alone.

Three pairs of individuals in the allelic imbalance analysis were related at

r= 0.5; removing any set of three individuals so that no individuals were closely
related did not qualitatively change our results (see also Supplementary
Methods).
Transfection assays. Human erythroleukaemic cells (HEL 92.1.7) were main-
tained using the ATCC protocol. The wells of 24-well cell culture plates were
seeded with 2 X 10° cells in 500 pul media, transfected, incubated for 48 h, and
lysed. Cells were co-transfected with experimental constructs or empty firefly
luciferase vector as control (pGL4.10; 180 ng per well) and the CMV Renilla
normalization construct (pGL4.75, 20 ng per well; Promega) using Fugene 6
(Roche). Expression levels were measured with a dual-luciferase reporter assay
(DLR1000 assay kit, Promega) and reported as relative ratios of luminescence
(firefly:Renilla). Eight replicate wells were transfected for each experimental and
control vector within an assay, with the assay repeated three times (1 = 24 total
measurements per construct).

We compared the measurements for each pair of constructs (A versus G for
the Hepatocystis-associated SNP and C versus T for the SNP associated with
allelic imbalance) separately using the following model:

yijk=ﬁCj+Ek+ b+e¢

where y is the relative ratio of luminescence for replicate i of construct j in
experiment k; 8 is a fixed effect of construct, Cj Ey is a random effect of experi-
ment; b is the intercept; and ¢ is model error.

Signature of selection. For comparison of the F; values, we genotyped up to 36
polymorphic microsatellite loci in ten baboons from the Masai Mara Reserve,
Kenya; 20 baboons from Mikumi National Park, Tanzania; and 12 baboons from
Amboseli National Park (Supplementary Information). One locus is a polymorphic
microsatellite located ~3.7 kb upstream of the sequenced FY cis-regulatory region™;
the other 35 loci reside in putatively neutral sites dispersed around the baboon
genome'>"”. We calculated F; values for each of these loci independently using
Arlequin 3.1 (ref. 30), and compared the F;; value for the FY-linked microsatellite
locus with the F; values for the 35 neutral loci (Supplementary Figs 3, 4 and
Supplementary Methods). For comparison of Tajima’s D, we resequenced 21 other
regions in and around genes in the same or a subset of the individuals resequenced
at the FY cis-regulatory region (Supplementary Fig. 3 and Supplementary Table 5).
We calculated Tajima’s D for all loci using the program DnaSP version 4.9 (ref. 27),
assuming no recombination.
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