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Katharine A. Owers1,2,†, Per Sjödin1,†, Carina M. Schlebusch1,
Pontus Skoglund1, Himla Soodyall3 and Mattias Jakobsson1,4

1Department of Organismal Biology, Evolutionary Biology Centre, Uppsala University, Norbyvägen 18C,
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Genetic analyses can provide information about human evolutionary history

that cannot always be gleaned from other sources. We evaluated evidence of

selective pressure due to introduced infectious diseases in the genomes of

two indigenous southern African San groups—the ‡Khomani who had

abundant contact with other people migrating into the region and the

more isolated Juj’hoansi. We used a dual approach to test for increased

selection on immune genes compared with the rest of the genome in these

groups. First, we calculated summary values of statistics that measure geno-

mic signatures of adaptation to contrast selection signatures in immune

genes and all genes. Second, we located regions of the genome with extreme

values of three selection statistics and examined these regions for enrichment

of immune genes. We found stronger and more abundant signals of selection

in immune genes in the ‡Khomani than in the Juj’hoansi. We confirm this

finding within each population to avoid effects of different demographic his-

tories of the two populations. We identified eight immune genes that have

potentially been targets of strong selection in the ‡Khomani, whereas in

the Juj’hoansi, no immune genes were found in the genomic regions with

the strongest signals of selection. We suggest that the more abundant signa-

tures of selection at immune genes in the ‡Khomani could be explained by

their more frequent contact with immigrant groups, which likely led to

increased exposure and adaptation to introduced infectious diseases.
1. Background
Infectious diseases have impacted human populations throughout history. While

studies of contemporary diseases benefit from modern methods which allow

rapid collection and dissemination of information about the diseases’ effects on

populations, studying diseases in the past is more challenging. Some historical

disease events, such as the plague that struck Europe in the fourteenth century,

are relatively well understood, but in other cases little or conflicting information

is available about the diseases and their impacts. One such event is the series of

epidemics caused by colonization of the Americas by Europeans. By some

accounts, disease killed more than 90% of the native population and caused

widespread social disruption, but other reports suggest smaller impacts (see

varying estimates of population mortality rates in Dobyns [1] and Crosby [2]).

Despite uncertainty about the disease-related effects of European coloniza-

tion of the Americas, that interaction has been studied much more extensively

than have the migrations into Africa, in particular southern Africa. In fact, Eur-

opeans were not the first immigrant group to settle in southern Africa. There is
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Figure 1. Sampling locations of the Juj’hoansi (red), a population with a
history of isolation, and the ‡Khomani (blue), a population with abundant
contact with Khoekhoe pastoralists, Bantu-speaking farmers, and European
colonists. (Online version in colour.)
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evidence for at least two earlier within-Africa population

movements. One may be associated with the introduction

of pastoralism to southern Africa around 2 000 years ago

[3–7]. Admixture studies find a small fraction of east African

pastoralist ancestry in southern African pastoralist Khoekhoe

populations, indicating that the cultural practice of pastoral-

ism may have been transported to southern Africa by a

relatively small number of east African individuals who

assimilated into the local populations [3,8]. Despite the low

number of immigrants participating in this migration, the

introduction of pastoralism likely resulted in a large increase

in disease burden, particularly zoonotic disease. A later

migration of Bantu-speaking farmers from west and central

Africa (e.g. [9]) arrived in the south around 1 200 years ago

[10]. This migration was a larger-scale movement of people

and resulted in the many Bantu-speaking groups found in

southern Africa today (e.g. [8,9,11]). This later migration

that involved many individuals and the new cultural practice

of farming is likely to be a better candidate for a large-scale

effect on disease burden. While many of the aboriginal

southern African San populations remained mobile hunter–

gatherers, they may have been exposed to diseases associated

with sedentary or herding lifestyles through interactions with

immigrant groups and local groups that adopted those

modes of subsistence.

More recently, European colonists began arriving in

southern Africa around 1650. They first settled close to the

southern coast where they primarily came into contact with

indigenous groups living close to the African south coast

(Khoekhoe herders and Tuu-speaking San groups, most prob-

ably ancestral to, e.g. ‡Khomani and Karretjie groups). This

interaction resulted in disease epidemics, including several

documented smallpox epidemics in the 1700s that killed up to

90% of the Cape Khoekhoe groups [12]. However, while some

effects of diseases introduced during European colonization

are better understood than those due to earlier within-Africa

movements, questions remain even about that period.

Studies of both the within-Africa and European

migrations are hindered by the lack of pre-arrival indigenous

population records, which makes it impossible to estimate the

impacts of introduced diseases using traditional measures of

mortality and morbidity. Genetic analyses, however, offer

another account of population history and enable us to find

signatures of past events that we could not otherwise

measure. Episodes of natural selection, as would occur

during epidemics of introduced infectious diseases, are

expected to leave signatures in the genome [13] such as

extended lengths of haplotype homozygosity (measured

with long-range haplotype scores such as iHS [14] and XP-

EHH [15]), differentiation between populations (e.g. FST),

and change along a specific lineage in a three-way population

differentiation comparison (the population branch statistic,

PBS [16]). These different statistics would capture signals of

natural selection at different time points, from very recent

(perhaps a couple of hundred years) to far back in time

(beyond human emergence) [13].

We compared genome-wide population-genetic data for sig-

nals of disease-related selection in the ‡Khomani and the

Juj’hoansi peoples of southern Africa. The indigenous peoples

of southern Africa are the San people (hunter–gatherers) and

the closely related Khoekhoe people (pastoralists) who belong

to a common branch of the human lineage that diverged more

than 100 000 years ago from all other modern humans, thus
representing the earliest diversification event among modern

humans [8,17,18]. The ‡Khomani is a San group that historically

resided in the southern Kalahari region of southern Africa while

the Juj’hoansi, another San group, historically resided in the

northwestern part of southern Africa (figure 1). These two popu-

lations are estimated to share common ancestry 35 000 years ago

[8]. Their different geographical locations have resulted in dispa-

rate levels of contact with outside groups entering southern

Africa within the last 2 000 years. The Juj’hoansi population

has been isolated throughout its history and has had low levels

of contact and gene flow with outside groups, whereas the ‡Kho-

mani population has experienced much more contact and gene

flow with both immigrants practising farming and the local

indigenous groups that adopted pastoralism [3,8,19,20].

We used two methods to compare signals of selection

in these populations. Since any statistic designed to detect

selection will also—at least to some extent—be affected by

demography (such as bottlenecks, admixture, and expan-

sions), we first explicitly contrasted summary statistic

values of genetic tests for selection in immune genes versus

all genes in the two populations. As demography affects gen-

etic variation at all (autosomal) genes in a population equally,

this approach allowed us to control for possible biases due to

demography. Next, we examined regions of the genome that

were in the top fraction for three selection statistics (iHS, PBS,

and FST) for enrichment of immune genes. We combined

three summary statistics to reduce the number of false

positives [21]. This dual approach allowed us to examine sig-

nals of selection on immune genes throughout the genome as

well as in regions with the strongest indicators of selection,

resulting in a fuller understanding of infectious disease-related

selection than using a single method.
2. Results
(a) Signals of selection in immune genes versus

all genes
We first tested whether there was a difference in selection sig-

nals in the full set of immune SNPs compared to the full set of

(non-immune) genic SNPs (using a Student’s t-test and/or a

Mann–Whitney U-test), and whether such a difference varied

http://rspb.royalsocietypublishing.org/
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Figure 2. iHS results (a) quantile-quantile (qq) plot for SNPs in immune genes (x-axis) versus SNPs in all genes ( y-axis) in the Juj’hoansi (mean jiHSj ¼ 0.791
among 13 126 SNPs in immune genes and mean jiHSj ¼ 0.778 among 415 266 SNPs in other genes, p ¼ 0.0263 based on Mann – Whitney U-test), (b) distribution
of jiHSj at SNPs in immune genes (red) and at SNPs in all genes (black) in the Juj’hoansi, (c) qq plot for SNPs in immune genes (x-axis) versus SNPs in all genes
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between the Juj’hoansi and the ‡Khomani. Using a weighted

block jackknife approach, we examined to what extent a

signal among SNPs was due to a few genomic regions with

tightly linked SNPs (see below). The full list of genes (80

922 genes) overlapped with 642 560 SNPs in our dataset.

The immune gene list (855 genes) contained 33 578 SNPs

(5.2% of the full list). In both the Juj’hoansi and the ‡Kho-

mani, iHS values were significantly greater for immune

genes compared with all genes (figure 2, Juj’hoansi p ¼
0.026; ‡Khomani p ¼5.1 � 1026, Mann–Whitney U-test).

To test whether frequency changes were different between

SNPs in immune genes and SNPs in other genes in the two

populations, we used the PBS statistic that produces a three-

way population topology proportional to differentiation

among groups (we used the Herero, a Bantu-speaking group,

as an outgroup). The length of the Juj’hoansi branch based on

SNPs in immune genes is slightly shorter (mean¼ 0.029) than

the branch based on SNPs in all genes (mean ¼ 0.030,

Mann–Whitney U-test p-value ¼ 0.010). By contrast, the ‡Kho-

mani branch based on SNPs in immune genes is much longer

(mean¼ 0.015) than the branch length based on SNPs in all
genes (mean¼ 0.00017, Mann–Whitney U-test p-value¼

0.0023) indicating stronger selection in immune genes than all

genes in the ‡Khomani (figure 3a,b,e,f ).

In addition to testing whether values are different for SNPs

in immune genes and SNPs in other genes for each population

separately, we tested whether the distribution of the difference

between Juj’hoansi and ‡Khomani was different for SNPs in

immune genes and for SNPs in other genes. By contrasting

FST-based population branch lengths for different categories of

SNPs, we computed the difference between PBS(Juj’hoansi)

and PBS(‡Khomani) (i.e. Branch Length Difference, BLD) for

SNPs in immune genes and SNPs in other genes. These two dis-

tributions were then compared. BLD was significantly smaller

(Mann–Whitney U-test p ¼ 0.0053) among immune SNPs

(mean ¼ 0.027) than among genic SNPs (mean ¼ 0.030)

(figure 3c,d). BLD being smaller among immune SNPs is con-

sistent with a relatively longer ‡Khomani branch at immune

SNPs than at other genic SNPs. That both means are positive

indicates a longer Juj’hoansi branch, probably an effect of a

larger proportion of Bantu-speaking admixture (Bantu-

speaking Herero, used as an outgroup) in ‡Khomani than in

http://rspb.royalsocietypublishing.org/
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Juj’hoansi, consistent with previous observations [8]. Using the

East African Maasai as an outgroup instead of the Herero in the

PBS analysis led to very similar results (data not shown).

The XP-EHH statistic captures differences between pairs of

populations in extended haplotype homozygosity that signals

local adaptation. XP-EHH values were significantly (t-test p ¼
4.7 � 1029) more negative at SNPs located within immune

genes (mean¼ 20.052) compared with SNPs in all genes

(mean ¼ 20.012; figure 4). Negative XP-EHH values for the

Juj’hoansi and ‡Khomani comparison corresponds to longer

haplotypes in ‡Khomani relative to haplotypes in Juj’hoansi,

consistent with relatively stronger selection on immune genes

in ‡Khomani than in Juj’hoansi. To verify that this result is

not due to bias caused by comparing a small set of genes to a

much larger set of genes, we replaced immune SNPs with a

random set of SNPs from the full set of genic SNPs and then

performed the same XP-EHH analysis contrasting Juj’hoansi

and ‡Khomani. We repeated these 100 times and only four of

these were significant at p , 0.05 (close to the expected five

out of 100 under the null model of no difference) with a
minimum p-value of 0.0029 (compared to the observed p-

value of 4.7 � 1029).

To test the effect of populations used for our comparisons,

we also performed the iHS, XP-EHH, PBS, and BLD analyses

using the Karretjie [8], another San population exposed to

migrant populations, in place of the ‡Khomani. Results from

this comparison corroborate the results presented here: the

Juj’hoansi appear to be less affected by selection on immune

genes than the Karretjie (electronic supplementary material,

figures S4–S6).

It is important to point out that we assess significance

using statistical tests that assume independence among

SNPs. A weighted block jackknife analysis to study the

effect of linkage shows that the only statistic that has non-

overlapping 95% CIs between immune and genic SNPs is

jiHSj in ‡Khomani (see the electronic supplementary

material, figure S1), which points to a very distinct difference

between signals of recent selection on immune and genic

SNPs. It also suggests that there are specific regions driving

the signal. To investigate this closer, we identified blocks

http://rspb.royalsocietypublishing.org/
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Table 1. Results of analyses of genomic regions with strong signals of
selection. Values are the number of windows (SNPs) remaining significant
after each step of the filtering process.

Juj’hoansi ‡Khomani

iHS windows with unique

selection and immune gene(s)

0 7

windows with high-FST SNPs — 5 (21)

windows with high-PBS SNPs — 4 (8)
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(of 5 Mbp) that were driving the difference between the

immune and genic SNPs for each statistic (see Material

and methods). The results are shown in the electronic

supplementary material, table S1.

(b) Genomic regions with strong indications of selection
according to multiple tests

In addition to examining differences in summary values of

selection statistics at immune and all genes, we also identified

genomic regions with the strongest signals of selection, as indi-

cated by high values of three separate selection statistics, and

evaluated these regions for enrichment of immune genes. We

first selected the 10 most significant iHS windows in each popu-

lation and compared these windows with the same genomic

location in the other population. We visually examined the 20

pairs of windows to determine whether there was evidence of

selection also in the other population. Of the top 10 iHS win-

dows in the Juj’hoansi, six showed evidence of selection in

the ‡Khomani as well, indicating that most of the genome-

regions with the strong selection affect both groups. Of these

four windows with Juj’hoansi-specific evidence of selection,

two contained no genes and the other two contained no

immune genes. Because we were searching for regions with

high values for all three summary statistics that contained

immune genes, and no iHS windows in the Juj’hoansi passed

the iHS selection step, none were considered further in our

analysis (table 1). By contrast, nine of the top 10 iHS windows

in the ‡Khomani showed evidence of selection unique to that

population. Of these nine windows, seven contained genes

with immune function and were considered for FST analysis.

We used a 99th percentile FST cut-off of 0.238 (mean

FST¼ 0.0184) to determine extremely differentiated Juj’hoansi–

‡Khomani SNPs. Of the seven regions in the ‡Khomani

selected during the iHS step, five contained SNPs with FST

values above this cut-off. The number of significant SNPs

ranged from one to 11 per window (21 in total).

We then calculated PBS values for the 21 SNPs selected

via the combined iHS and FST steps. Because all of the regions

being examined were chosen due to selection in the ‡Kho-

mani, we focused on SNPs for which the ‡Khomani (not

the Juj’hoansi or Herero) had the long branch (a cut-off of

2.5 times the second-longest branch). This resulted in four
windows containing eight SNPs that showed strong evidence

of selection and differentiation due to adaptation along the

‡Khomani lineage. Varying the iHS, FST, and PBS cut-offs

did not qualitatively change our results (table 2).

Three of the four regions selected by this three-test

process contain SNPs with distinct signs of selection along

the ‡Khomani branch in close proximity to immune genes

(table 3). SNPs in the fourth region were 600 kb away from

the nearest immune gene (HSPD1). Owing to the distance,

this region was excluded from further analyses. The eight

immune genes in the three retained regions were two

members of the Fc-receptor-like cluster (FCRL4 and FCRL5),

located on chromosome 1 around 157.5 Mb (electronic sup-

plementary material, figure S7a); the Butyrophilin family

(BTN2A1, 2A2, 3A1, 3A2, and 3A3, located in the extended

MHC on chromosome 6, around 26.4 Mb (electronic sup-

plementary material, figure S7b); and PRSS16, also in the

extended MHC region on chromosome 6 around 27.5 Mb

(electronic supplementary material, figure S7c).
3. Discussion
(a) Different levels of contact and exposure to diseases

may explain deviant selection at immune genes
The indigenous populations of southern Africa experienced

different levels of interactions and exposure to groups

migrating into the region based on their historical locations.

Their past demographic histories coupled with varying

http://rspb.royalsocietypublishing.org/


Table 2. Analyses of genomic regions with strong signals of selection. The numbers in the tables indicate the number of all (left) and immune (right) genes
within 100 kb of SNPs that were in the top fractions of all three summary statistics for the given combination of top fraction cut-off values.

total genes, 10 iHS windows immune genes, 10 iHS windows

FST FST

Juj’hoansi 1% 0.50% 0.10% 1% 0.50% 0.10%

2.5 5 5 0 2.5 1 1 0

PBS 5 5 5 0 PBS 5 1 1 0

10 5 5 0 10 1 1 0

‡Khomani 1% 0.50% 0.10% 1% 0.50% 0.10%

2.5 48 36 1 2.5 13 7 0

PBS 5 39 33 1 PBS 5 8 6 0

10 34 32 1 10 7 5 0

Table 3. SNPs in the top fraction of all three summary statistics (at
standard cut-offs) and nearby immune genes.

SNP name SNP location

immune
gene(s)
within
100 kb

‡Khomani kgp15319500 Chr1:157436510 FCRL4

‡Khomani kgp9250245 Chr1:157460150 FCRL5,

FCRL4

‡Khomani kgp1160934 Chr1:157485720 FCRL5,

FCRL4

‡Khomani rs1412676 Chr1:157539317 FCRL5,

FCRL4

‡Khomani kgp9844954 Chr6:26380608 BTN3A2,

BTN3A3,

BTN3A1,

BTN2A2,

BTN2A1

‡Khomani rs13194491 Chr6:27037080 PRSS16

‡Khomani kgp1961233 Chr6:27172761 PRSS16
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degrees of interactions with external groups and concomitant

exposure to their unfamiliar diseases, may explain signatures

of selection at immune genes. Here, we have used the

Juj’hoansi as a representative group for a population with

minimal exposure to incoming farmer/herder cultures in

the past 2 000 years and the ‡Khomani as a representative

of an exposed population in the same time period. We find

several lines of genetic evidence in accord with our hypoth-

esis that the ‡Khomani underwent stronger selection on

immune function than did the Juj’hoansi.
(b) Evidence for stronger selection on immune genes
in the ‡Khomani

Using the framework based on extended lengths of haplo-

type homozygosity [14,15], we find that iHS values are
significantly higher for immune genes than for all genes in

both the Juj’hoansi and ‡Khomani (figure 2). This result indi-

cates that the immune system may have been a target of

selection in both populations over a long period of their

history in southern Africa. However, XP-EHH values for

immune gene regions and genic regions show smaller values

at SNPs in immune genes in the Juj’hoansi and ‡Khomani

(figure 4), indicating that while selection on the immune

system may have occurred in both populations, it has likely

to have had a stronger effect in the ‡Khomani.

The divergent selection pressure between the populations

is further demonstrated by PBS and BLD analyses. Branch

lengths as estimated by PBS are significantly longer for

immune genes than for all genes in the ‡Khomani, with the

converse true in the Juj’hoansi (figure 3). BLD values are

significantly smaller at immune genes than at all genes

suggesting historically stronger directional selection at

immune genes in the ‡Khomani than in the Juj’hoansi.

While the direction of selection is not indicated by XP-EHH

and BLD for the comparison of immune genes versus all

genes (and it could in principle be explained by stronger

directional selection at non-immune genes in Juj’hoansi

than in ‡Khomani), the iHS and PBS analyses show that it

is immune genes that adapted faster.

The large difference in power between the framework

based on extended lengths of haplotype homozygosity

(which had much smaller p-values) and the FST-based frame-

work suggests that linkage disequilibrium patterns, rather

than frequency differences, contain most of the information,

perhaps indicating more recent selection (e.g. [15]). A more

careful inspection of the XP-EHH and BLD distributions

(figures 3 and 4) suggests that while the significant result

for BLD is based on a few outliers, the XP-EHH result is

due to a general left-skew of the XP-EHH values. That the

selection tests give different results may also be due to the

fact that they capture different aspects of selection. iHS is

best at detecting recent selective sweeps that have not gone

to fixation [14], while PBS and XP-EHH measure more

ancient events [15,22]. To precisely determine the age of

the selective events that gave rise to the genomic signals is

difficult. The Juj’hoansi and the ‡Khomani diverged around

35 000 years ago [8], which provides an upper limit for the

time of selection. The signals could be a result of selection

during any or all of the three major population movements
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we are aware of, or could be a result of earlier unknown

migration events. Alternatively, the signals could be due to

adaptation to disease exposure in general as a result of

repeated exposure to immigrants and unfamiliar diseases.

We note that although we contrast the statistics on a

genome-wide scale, the qq-plots suggest that the signals are

driven by relatively few regions. In fact, a more conservative

weighted block jackknife analysis to identify the genomic

regions driving the difference between immune and genic

SNPs (electronic supplementary material, table S1) shows

that the test statistics are generally driven by distinct regions

of the genome. The MHC region, for example, drives jiHSj
signals, but not XP-EHH, PBS, and BLD (electronic sup-

plementary material, table S1). These regions are also

distinct from those identified using stringent cut-offs for the

three-test statistics. This effect may be caused by the fact

that the test statistics are sensitive to selection events of differ-

ent time frames. This observation also suggests that the

difference between the Juj’hoansi and ‡Khomani is not due

to a single event, rather it is the result of a combination of

events (such as the greater exposure of the ‡Khomani to

both Bantu-speaking and European migrants or to other

factors that may have introduced differences prior to their

exposure to more recent immigrant populations).

One potential concern is that not only are the ‡Khomani

more likely to have suffered from a higher disease burden

than the Juj’hoansi, they also have a larger proportion of

genomic material of Bantu-speaker ancestry. Since the farm-

ing Bantu-speaker populations likely also experienced an

increased disease exposure as a consequence of their change

in subsistence mode, it is possible that the difference in selec-

tion signals between San populations at immune genes

compared to all genes merely reflects different levels of

admixture. However, this scenario predicts a stronger

difference between immune genes and all genes in the

Bantu-speaking population compared to the San populations.

We do not find that effect with either iHS (see the electronic

supplementary material, figure S2) or PBS (electronic

supplementary material, figure S3) for the Bantu-speaking

population suggesting that such a scenario does not explain

the difference in disease adaptation between the ‡Khomani

and the Juj’hoansi.

Finally, pathogen load has been shown to be correlated to

climate, specifically to precipitation and temperature [23].

At least for recent climate data, we could not detect any differ-

ence with respect to precipitation and temperature between

the geographical areas of the Juj’hoansi and the ‡Khomani

(electronic supplementary material, table S2). However, to

fully investigate this possibility, climatic data over long time-

scales is required, and such a test would also require a strong

assumption of geographically stable populations.

(c) Immune genes in regions of the genome with
strongest signals of selection

Our second approach, using extreme values of the selection

statistics to locate regions of the genome with strong indi-

cations of selection unique to each population, also indicates

that selection on immune genes has been a stronger force in

the ‡Khomani than the Juj’hoansi. While there were seven

potentially immune SNPs in the ‡Khomani that were highly

significant for all three tests, no SNPs in the Juj’hoansi met

these criteria.
The eight genes located near significant SNPs have a

range of roles in the immune system, some more well defined

than others. PRSS16 on chromosome 6 encodes a thymus-

specific serine protease involved in MHC class II antigen

presentation to T cells during positive selection [24], and it

shows a dramatic signal of selection in ‡Khomani (electronic

supplementary material, figure S7c). Another selected region

on chromosome 6 contains the butyrophilin (BTN) genes,

including BTN2A1, 2A2, 2A3, 3A1, and 3A2 (electronic sup-

plementary material, figure S7b). BTN family members are

structurally similar to B7 co-stimulators and those whose

function has been investigated are inhibitory co-stimulators

with immunosuppressive function [25]. A third region with

extreme signals of selection in the ‡Khomani contains two

members of a family of Fc receptor-like genes, FCRL4 and

FCRL5 (electronic supplementary material, figure S7a) on

chromosome 1. These are B-cell membrane receptor proteins

with both inhibitory and stimulatory signalling subunits [26].

Several of the genes identified as putative targets of selec-

tion have inhibitory functions, but further investigation will

be required to know whether the variants selected in the

‡Khomani lead to up- or downregulation of these genes,

i.e. whether selection favoured increased or decreased

immune response. The type of immune response that

would be beneficial depends on the diseases to which a

population is exposed. While certain diseases are more effi-

ciently fought with an increased immune response, others,

including some influenza pandemics [27,28] and SARS [29],

cause damage via over-activation of the immune system.

The roles of these genes in response to specific infectious

diseases are still unknown. One disease known to have

affected indigenous southern African populations is the

repeated epidemics of smallpox during European coloniza-

tion [12], which had severe impact on the affected

populations. Studies of the vaccinia virus, the closely related

poxvirus from which the smallpox vaccine was derived [30],

have shown that one way poxviruses evade the immune

response is by blocking signalling pathways, particularly

those activating the Toll-like receptor [31,32] and complement

pathways [33,34], two important components of the innate

immune system. Several of the immune system genes ident-

ified in this study are involved in signalling in the adaptive

immune system, which could potentially compensate for

the downregulation of the innate system caused by smallpox.

A recent study identified two recently emerged alleles in the

‡Khomani that also affect signalling, indicating this may have

been a common target of selection [35]. This study also impli-

cates a very high diversity at the KIR2DL1 gene (a gene that

interacts HLA-C in the major histocompatibility complex) in

‡Khomani with some variants originating in this population

and subsequently transmitted to neighbouring populations.

None of the statistics that we employ suggests selection (or

population-specific selection) at this locus however (data

not shown). As functional analyses of more immune system

genes become available, it may be possible to make more

definitive links between genes apparently under selection

and their roles in various diseases, both those known to

have affected the indigenous populations, such as smallpox

and influenza during European colonization, as well as

unknown diseases that may have affected the populations

during the earlier migrations.

It is possible that the genetic variants under selection in the

immune genes in ‡Khomani were introduced via admixture
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(i.e. adaptive introgression) from Bantu-speaking populations,

such as the Herero. There is clear evidence of genetic material

from Bantu-speaking populations in the ‡Khomani (e.g. [8]).

Although we cannot rule out adaptive introgression for single

immune regions, we note that (i) the differentiation (FST)

between the ‡Khomani and the Herero is very similar for

immune genes and other genes (0.0538 versus 0.0528, p .

0.05, t-test) and (ii) contrasting the frequency of the immune

SNPs likely to be under selection (table 3) across worldwide

populations (electronic supplementary material, figure S8),

suggest that the frequency changes have occurred specifically

in ‡Khomani (six of seven SNPs showed substantial change,

in contrast to one for the Juj’hoansi and none for the Herero).

We hypothesize that the majority adaptive immune gene-

variants in ‡Khomani are endogenous. However, regardless

of the origin (introgressed or not) of these variants, they are

under stronger selection in the ‡Khomani than in the Juj’hoansi.

It is important to note that many genes not associated

with immune response are likely to have experienced differ-

ent selective pressures in the ‡Khomani and the Juj’hoansi.

This would decrease our power to detect a difference between

immune and all genes even if there are population-specific

differences in selection pressure on the immune system.

Additionally, the simultaneous use of three stringent criteria

for candidate regions of selection in our second approach

potentially omits true signals of selection and differentiation

(but is important for avoiding false-positive results). That we

find signals of differential selection at immune genes in the

‡Khomani compared to the Juj’hoansi using two conservative

approaches increases our confidence in the results.
4. Conclusion
Our results indicate that selective pressure on immune genes

has been strong for indigenous southern African populations,

but also that it was a considerably stronger force in the ‡Kho-

mani than the more isolated Juj’hoansi. The regions with the

strongest signals of selection in the Juj’hoansi contained no

immune genes while there were at least eight immune genes

in the regions with the strongest signals of selection in the

‡Khomani, supporting the theory of less selective pressure

on Juj’hoansi immune system genes. Our findings suggest

that rapid adaptation of immune function can result from

contact with external groups and their unfamiliar diseases.
5. Material and methods
(a) Study populations and SNP data preparation
We used 2 286 795 high-quality filtered SNPs typed by the Illu-

mina Omni 2.5M SNP array ([8], data available at [36]). Related

and exceptionally admixed individuals were removed from the

analysis, resulting in sample sizes of 17 Juj’hoansi individuals

and 17 ‡Khomani individuals (for further details of sampling

and processing of the data, see [8]). Sampling locations for the

Juj’hoansi and ‡Khomani are indicated in figure 1.

(b) Summary statistics for immune genes and all genes
We first compared summary statistics for SNPs in immune

system genes and SNPs in all genes to examine differences in

selection between the two in each population. We created a list

of SNPs in all genes using the hg19 gene list (http://genome.

ucsc.edu/cgi-bin/hgTables?command=start). We assembled the
start and end positions of each gene and combined any overlap-

ping intervals. SNPs in the resulting intervals were selected from

the full SNP dataset, yielding the list of all genic SNPs. Defining a

set of immune genes is not straightforward as the immune

system is complicated and involved in many interactions. We

examined several lists of immune genes and chose the Immu-

nome Database [37,38], because its clear inclusion/exclusion

criteria define a core immune gene set. Genes included in the

Immunome must have a specifically immune function, or if a

part of another system, pathway, or interaction, the gene must

have a clear role in immune processes [37]. This allowed us to

detect selection on immune function while avoiding potential

confounding effects of selection on non-immune roles of genes

with broader functions. Of the 893 genes in the Immunome, 38

were either on sex chromosomes or only on certain haplotypes

of autosomes and so were excluded from the analysis, resulting

in a list of 855 immune genes. SNPs in these genes were selected

from the full SNP dataset, yielding the list of immune SNPs.

We calculated four summary statistics for these two sets of

SNPs. We computed the integrated haplotype score (iHS [14], cal-

culated following Pickrell et al. [19]) and the population-specific

branch length (PBS [16]) for the Juj’hoansi and ‡Khomani separ-

ately. The relative iHS (XP-EHH [15]) and the BLD were

calculated between the Juj’hoansi and ‡Khomani. Both PBS and

BLD rely on a rescaling of pairwise FST values according to the

relationship T ¼ 2 ln(1 2 FST). We used Weir & Cockerham [39]

to calculate the pairwise FST values between Juj’hoansi, ‡Kho-

mani, and Herero (a Bantu-speaking population used as the

outgroup, n ¼ 8). No conditioning on SNPs being polymorphic

in any of the populations was performed. The BLD between

Juj’hoansi and ‡Khomani was calculated as T(Juj’hoansi,Herero)

– T(‡Khomani,Herero). Note that BLD between population

‘pop1’ and population ‘pop2’ using ‘pop0’ as the outgroup, by

construction, equals PBS(pop1,pop2,pop0)-PBS(pop2,pop1,-

pop0). For jiHSj, PBS, and BLD, that are not normally

distributed, we used the Mann–Whitney U-test to assess whether

the distribution of the statistics were different for SNPs in

immune genes and SNPs in all genes. For XP-EHH (which closely

follows a normal distribution), we assessed statistical significance

using the Student’s t-test.

To determine what genomic regions were driving the differ-

ence between immune SNPs and genic SNPs, we followed

Busing et al. [40] in performing a weighted block jackknife analy-

sis. We divided the genome into 5 Mbp blocks, removed each

individually, and re-calculated the p-value of the difference

between immune and genic SNPs. We ordered the blocks accord-

ing to how much their removal increased the p-value (lowered

the significance). The dataset was then decimated by removing

first the top block on this list, then the second block, and so

on. For each additional block that was removed, the p-value for

the difference between immune and genic SNPs was calculated.

This was repeated until the difference between the two categories

of SNPs was no longer significant ( p . 0.05). In this way, we

identified the 5 Mb blocks driving the difference between

immune and genic SNPs.

(c) Extracting genomic regions with strong indications
of selection

To select genes with strong signatures of selection, we combined

three summary statistics, examining only genes within 100 kb of

SNPs that had high values for all three. Selected SNPs belonged

to the top 10 iHS windows, top 1% FST values, and had a PBS

branch length ratio above 2.5 (the branch length for a given

SNP was 2.5 times as long in the population of interest as in

the second-longest population). The top iHS windows were

assessed by calculating p-values for non-overlapping 200 kb

windows [19]. Adjacent windows with p-values below 0.01 were

http://genome.ucsc.edu/cgi-bin/hgTables?command=start
http://genome.ucsc.edu/cgi-bin/hgTables?command=start
http://genome.ucsc.edu/cgi-bin/hgTables?command=start
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merged and assigned the lowest p-value among the merged win-

dows. The cut-offs for each test were applied separately to the full

dataset. More stringent cut-offs were also investigated for each

summary statistic to examine the impact of stringency on the

results (table 2). A high value for all three summary statistics indi-

cated that selection had acted on the corresponding genomic

region in only one of the populations due to the differentiation

required to generate significant FSTand PBS values.

SNPs with high values for all three tests were checked for

proximity (+100 kb) to immune genes. Gene functions were

investigated using GeneCards [41,42], the UCSC Genome Brow-

ser [43,44], and literature searches. Genes were considered

immune-related if there was strong evidence for a functional

role in immune processes. As we were interested in selection

due to infectious disease, genes involved strictly in autoimmune

or tumour-related disease were not included.
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