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Abstract

Recent microsatellite studies of two African buffalo (Syncerus caffer) populations in South Africa indicated a high genetic load
due to genome-wide high-frequency occurrence of deleterious alleles. These alleles have a negative effect on two male traits:
body condition and bovine tuberculosis resistance. Here, we study the occurrence of these male-deleterious alleles throughout
most of the buffalo’s range using previously published microsatellite data (2-17 microsatellite loci genotyped on 1676 animals
from 34 localities). We uncovered a continent-wide frequency cline of microsatellite alleles associated with male-deleterious
traits, with frequencies decreasing from 25 °S to 5 °N (adjusted R2 = 0.87). Further, there was a continent-wide presence
of linkage disequilibrium (LD) between male-deleterious-trait-associated alleles at five linked locus pairs (interlocus distance:
0.5-28 Megabase). The fraction of positive interlocus associations among these locus pairs was 0.65 (95% CI: 0.52-0.77; expected
fraction with free recombination: 0.5), indicating that many male-deleterious alleles co-occur in haplotypes. We argue that the
allele-frequency cline and LD likely result from genome-wide balancing selection of male-deleterious alleles with equilibrium allele
and haplotype frequencies determined by the activity of a sex-chromosomal gene-drive system, the latter which was indicated in
earlier studies and seemingly originated in southern Africa. The selection pressures involved must be high to prevent destruction
of the allele-frequency cline and haplotypes by LD decay. Since most buffalo populations are stable, our results indicate that
natural mammal populations can withstand a high genetic load. Nevertheless, we expect that a high genetic load makes many

buffalo populations relatively sensitive to environmental stresses.
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Introduction

Several microsatellite studies on African buffalo (Syncerus caffe r) from Kruger National Park (KNP) and
Hluhluwe-iMfolozi Park (HiP), South Africa, have identified deleterious alleles with a negative effect on
male body condition and resistance to bovine tuberculosis (BTB) (van Hooft et al., 2018; van Hooft, Getz,
Greyling, & Bastos, 2019; van Hooft et al., 2014). Two types of microsatellites were observed: one type con-
taining alleles associated with negative phenotypic effects in both sexes (deleterious-effect—DE—associated
loci and alleles), and one type containing alleles associated with negative phenotypic effects in males but
positive phenotypic effects in females (sexually-antagonistic-effect—SAE—associated loci and alleles). The-
se microsatellite alleles are probably linked to male-deleterious alleles (from hereon, DE, SAE and male-



deleterious-trait-associated alleles will refer to microsatellite alleles and male-deleterious alleles to alleles at
protein-coding genes). The male-deleterious alleles probably occur genome-wide at high frequencies in both
populations and seem to be of large effect considering the notable frequency differences between year-cohorts
and between unhealthy (BTB-positive and low body condition) and healthy (BTB-negative and high body
condition) males.

Male-deleterious alleles seemed to have high frequencies and be under positive selection in KNP despite the
negative phenotypic effects (van Hooft et al., 2014). Positive selection has been attributed to a sex-ratio
meiotic gene-drive system (van Hooft et al., 2018; van Hooft et al., 2019; van Hooft et al., 2014; van Hooft
et al., 2010). It was hypothesized that poor health (due to low body condition and BTB infection) in males
suppresses sex-ratio distortion genes in this gene-drive system, which when active results in reduced fertility.
As a consequence, any allele that has a negative effect on male health may have a positive effect on male
relative fertility and thereby be under positive selection if the net fitness effect on health and fertility across
both sexes is positive. However, in contrast to positive selection of male-deleterious alleles in KNP, selection
of male-deleterious alleles appears to be negative in HiP, which is situated just 280 km further south, resulting
in relatively low male-deleterious allele frequencies compared to KNP (van Hooft et al., 2019). This negative
selection has been attributed to incompleteness of the gene-drive system, as discussed elsewhere (van Hooft
et al., 2018; van Hooft et al., 2019).

It is unlikely that the male-deleterious alleles are restricted to just KNP and HiP. Positive selection and
movement of individuals (both diffusive and migratory) may have spread these alleles, together with the
linked (hitchhiking) DE and SAE microsatellite alleles, across a large part of southern Africa (van Hooft et
al., 2018). Their range possibly extends as far as East Africa, considering the high DE allele frequencies in
this region (average frequency Kruger: 0.69, average frequency East Africa: 0.47) (van Hooft et al., 2014).
The interplay between migration (gene flow) and selection may have resulted in allele-frequency clines, which
would be a strong indicator of selection acting across a wide geographic range (Charlesworth & Charlesworth,
2010; May, Endler, & McMurtrie, 1975; Slatkin, 1973). Such clines have previously been observed in KNP,
not only for the DE and SAE alleles but also for a Y-chromosomal haplotype hypothesized to be linked
to a suppressor gene from the gene-drive system (van Hooft et al., 2014). Further, multilocus selection of
male-deleterious alleles at short chromosomal distances may have resulted in linkage disequilibrium (LD) due
to increased frequencies of haplotypes consisting of multiple male-deleterious alleles (relative to haplotype
frequencies expected under linkage equilibrium) (Hastings, 1984). This may be particularly so if sex-specific
selection results in admixture LD due to different allele frequencies in male and female gametes (Ijbeda,
Haig, & Patten, 2011). Such differences have earlier been hypothesized in KNP for both DE and SAE alleles
based on genetic data from male and female calves (van Hooft et al., 2018). In combination with a selection
gradient, multilocus sex-specific selection may have resulted in an LD cline with highest LD where selection
is strongest. A wide distribution of male-deleterious alleles may have substantial management implications,
because it suggests that many African buffalo populations experience a high genetic load (reduction in
relative fitness due to genetic factors) and thereby may be relatively sensitive to environmental stresses.

In this study, we analysed previously published microsatellite data from 1676 African buffalo from 34 localities
across the African continent (Figure 1). We addressed the following four questions. 1) Do DE and SAE alleles
occur throughout the range of African buffalo? 2) Do the spatial distributions of alleles constitute allele-
frequency clines? 3) Can allele-frequency clines, if present, be attributed to selection? 4) Did selection result
in an additional LD cline?

Materials and methods
Localities and microsatellites

We analysed 1676 animals from 34 localities throughout the buffalo’s range (Figure 1 and Table 1). These
localities span approximately 37 degrees of latitude (+ 4500 km from Bénoué NP in Cameroon to HiP in
South Africa) and 27 degrees of longitude (+ 3000 km from Lopé NP in Gabon to Tsavo NP in Kenya).
Samples from Bénoué NP and Lopé NP (separated by + 1000 km) in central Africa and from Mana Pools



NP and Nyakasanga (separated by + 55 km) in southern Africa were pooled because of small sample size.
Intermediate coordinates, weighted by sample size, were used for these pooled samples.

We used previously published genotype data of the following seventeen microsatellites: BM0719 , BM1824
BM3517 ,BM3205 , BM4028 , CSSM019 , DIK020 ,ETH010 , ETH225 , ILSTS026 , INRAOO6,INRA128 ,
SPS115 , TGLA057 , TGLA0159 ,TGLA227 and TGLA263 (Epps et al., 2013; Ernest et al., 2012; Greyling
et al., 2008; Heller, Lorenzen, Okello, Masembe, & Siegismund, 2008; Smitz et al., 2014; van Hooft et al.,
2018; van Hooft et al., 2019; van Hooft et al., 2014; van Hooft, Groen, & Prins, 2000). Data for all seventeen
microsatellites were only available for KNP and HiP (microsatellite set A in Table 2). Five smaller subsets,
consisting of 2-11 microsatellites, were available for the other populations (microsatellite set B-F in Table
2). Raw microsatellite data from microsatellite sets D and F are provided in earlier publications (Epps et al.,
2013; Smitz et al., 2014), while those from the remaining sets are available from the Dryad Digital Repository
(van Hooft et al., 2020).

Allele size standardization

Genotype data from different studies obtained with the aforementioned six microsatellite sets were combined
after standardizing allele sizes using the Genalex add-in for Excel (version 6.503) (Peakall & Smouse, 2006;
Peakall & Smouse, 2012). Standardization was necessary, because allele size estimates have been observed to
differ up to 7 bp among platforms (LaHood, Moran, Olsen, Grant, & Park, 2002). In our case they differed
up to 11 bp (microsatellite set B relative to set A:BMS8517 : 8 bp, INRA00G : 11 bp, [?]5 bp in the remaining
cases). For various populations, two microsatellite sets were available (sets A-D in Tables 1 and 2), which
permitted standardization by shifting allele sizes by a constant amount in one of the two sets. With two
microsatellites sets (sets E and F in Tables 1 and 2) standardization was only possible in comparison with
another microsatellite set applied to another population. The size shift we used was the one that resulted
in the highest Pearson correlation in allele frequencies and lowest F' g1 between two sets. Given large
enough sample sizes, their values are expected to be close to 1 and 0, respectively. Generally, the obtained
Pearson correlations were >0.8 and the F' g1 values <0.01. Using the standardized data to regress pairwise
multilocus F' gt values on geographic distance explained 78% of the genetic variation among populations in
East and southern Africa (Figure S1), thereby providing further support for the accuracy of the allele size
standardization. A detailed description of the allele size standardization is given in Text S1.

Male-deleterious-trait associations

Alleles at the seventeen microsatellite loci (dataset A) have previously been shown to be significantly as-
sociated with two deleterious traits in male buffalo from southern KNP (i.e., south of the Olifants River):
1) low body condition and 2) BTB infection (van Hooft et al., 2018; van Hooft et al., 2014). BTB was
present only in southern KNP at the time of sampling, except for three BTB-positive individuals in the
north. Here we considered all microsatellite alleles from southern KNP, after excluding rare alleles (observed
<15 times), as being potentially associated with male-deleterious traits when they had a higher frequency
among low-body-condition, BTB-positive males than among high-body-condition, BTB-negative males. The
sample sizes of these two male groups were similar, N = 35 and N = 39 respectively. As argued in an earlier
study, comparison of allele frequencies between the two male groups probably constitutes a reliable indicator
of association strength with male-deleterious traits (van Hooft et al., 2019). In contrast to that study, we
did not make a further distinction among alleles according to their association with female-beneficial traits.
Thus, as discussed elsewhere (van Hooft et al., 2019), we assumed two alleles per coding gene with the
aforementioned sexually-antagonistic trait associations due to linkage with a second coding gene.

As in earlier studies, we made a distinction between two groups of microsatellites based on whether their
alleles showed highest frequency in low or high body-condition individuals from southern KNP (van Hooft
et al., 2018; van Hooft et al., 2019; van Hooft et al., 2014). From our first group of eight microsatellites
(BM3517 , BM4028 ,ETH010 , ETH225 , INRA00G , INRA128 ,TGLA227 and TGLA263 ) we identified
eight high-frequency alleles, one at each locus (frequency > 0.63 in all eight cases), that were associated with
low body condition in both sexes and thus likely linked to sex-independent deleterious alleles (van Hooft



et al., 2014). As in earlier studies, we refer to this group as the deleterious-effect-associated loci (DE loci)
(van Hooft et al., 2018; van Hooft et al., 2019; van Hooft et al., 2014). From our second group of nine
microsatellites (BM0719 , BM1824 , BM3205 ,CSSM019 , DIK020 , ILSTS026 , SPS115 ,TGLA057 and
TGLA159 ) we identified a number of alleles (36 out of 53, excluding rare alleles with frequency <0.05) that
showed sexually antagonistic associations. They were either associated with low body condition in males
and high body condition in females (19 alleles) or vice versa (17 alleles). Alleles of this second group are
assumed to be linked to haplotypes consisting of closely linked male-specific deleterious and female-specific
beneficial alleles (van Hooft et al., 2019; van Hooft et al., 2014). As in earlier studies, we refer to the second
group as the sexually-antagonistic-effect-associated loci (SAE loci) (van Hooft et al., 2018; van Hooft et al.,
2019; van Hooft et al., 2014). The two microsatellite groups are largely independent because only two out of
72 DE-SAE locus pairs (INRA0O6 -ILSTS026 and TGLA057 -INRA128 ) are characterized by an interlocus
distance <29 Megabase (Mb).

Analysis of allele-frequency clines

We conducted three statistical tests for the occurrence of allele-frequency clines, which are explained in detail
in the following paragraphs. First, we estimated the significance of regression of average allele frequency
across loci against latitude. Second, we tested whether we could attribute the regressions (clines) to selection.
Finally, we tested whether selection resulted in increased allele frequencies across the entire latitudinal range.
In these tests, we excluded HiP, because here the male-deleterious alleles have earlier been shown to be under
strong negative selection (van Hooft et al., 2019). In all tests, we pooled the frequencies of male-deleterious-
trait-associated alleles at each locus (Table S1). We refer to the pooled alleles as DE and SAE alleles.
Allele-frequency clines were based on plotting the DE and SAE allele frequencies as a function of latitude.
The results of the three tests were not meaningfully influenced by sample-size weights, potential errors in
allele frequency correction (see next paragraph), or by allele size standardization (Text S2).

In the first test (regression of average allele frequency against latitude), we corrected the average allele
frequencies across microsatellites to account for the fact that populations were analysed with different mi-
crosatellite subsets using KNP frequencies as a standard for this correction. Specifically, we first calculated
the correction factor for the i ™ population in terms of the relative frequencies of the alleles found in popu-

lationi compared with the full microsatellite set of 17 alleles found in both the northern (NK) and southern
NK SK
(SK) Kruger populations. If we use the notation f andf to represent the average frequencies of the
K

S
17 alleles found in northern and southern KNP andf; andf, to represent the averages in northern and
southern KNP over only those alleles found in population ¢ (some subset of the 17 alleles found in KNP),

cor obs
then our corrected average frequencyf; for populationi , in terms of the observed average frequency f,

of the subset of alleles in population i is given by:

cor obs NK SK NK SK
foo =fi (F +F )/ +fi H)QA)
This correction assumes a similar frequency ratio in all populations. The ratios were estimated for all loci
combined, and for DE and SAE loci separately. The frequency correction had only a minor effect as the
ratios varied by no more than a factor of 1.1 (range: 0.92-1.09), except for the Caprivi Strip population for
which data from only two loci were available.

The large variation in number of genotyped individuals and number of genotyped loci between populations
resulted in significant heteroskedasticity in our regression models (modified Breusch-Pagan test, Text S3)
(Wooldridge, 2013). Correction for heteroskedasticity is possible by weighing each population by the number
of genotyped individuals multiplied by the average number of genotyped loci per individual, because the
standard deviations of the error terms are expected to scale linearly with the square-root of ‘within-group
sample size’. However, we took a slightly different approach by weighing the regressions (of average allele
frequency across loci against latitude) by the sum of the square-roots of the number of genotyped individuals
per population (i.e., by >/, /g1, whereg; is the number of genotyped individuals at locus [ , withl =
1,...,17). This is more appropriate here instead of the square-root of the sums because it gives more weight



to the number of genotyped loci rather than to the number of genotyped individuals. In this way, relatively
low weight was given to the Caprivi Strip population despite its large sample size (two genotyped loci,
134 genotyped individuals). Also, we weighted by square-root per locus, because the adjusted R 2 values
were strongly positively biased by the relatively large sample sizes of the two KNP subpopulations. Besides
significance in the Breusch-Pagan test, the effect of heteroskedasticity was also evident from the increased
adjusted R 2 values relative to the unweighted regressions. The regressions were conducted with SPSS 23.

As a control, we also estimated the allele-frequency clines of the remaining alleles from southern KNP
observed [?7]15 times that were not associated with male-deleterious traits, again after pooling frequencies
of individual alleles. We based these control clines on the alleles that were closest in size (number of
short tandem repeats) to the non-pooled male-deleterious-trait associated alleles. Further, where possible,
we selected the same number of non-pooled alleles per locus as with the male-deleterious-trait-associated
alleles (Table S1). Ounly at three loci was the number of selected remaining control alleles smaller than
the comparison alleles (BM3517 and TGLA227 : one instead of two alleles; BM1824 : two instead of four
alleles).

In constructing the allele-frequency clines, we used an updated definition of DE and SAE alleles according
to a recent genetic study in HiP (i.e., pooling all alleles with a relatively high frequency in BTB-positive
males with low body condition) (van Hooft et al., 2019), rather than the one applied for the allele-frequency
clines in KNP (van Hooft et al., 2014). Also with the new definition, a significant cline was observed in
KNP for DE and SAE alleles combined and for DE alleles specifically, but not for SAE alleles (DE loci:
adjustedR 2 = 0.23, P — 0.0042; SAE loci: adjusted R 2 = 0.04, P — 0.15; all loci: adjusted R ? = 0.23,
P = 0.0040; frequency against latitude, weighted by square-root of number of sampled individuals per herd;
Figures S2 and S3). However, the Spearman correlation between average SAE allele frequency and latitude,
when weighted by square-root of sample size, was close to significance (p = -0.36, P = 0.054).

In the second test (attribution of allele-frequency clines to selection), we estimated the significance of the
average per-locus Pearson correlation between allele frequency and latitude, with the individual per-locus
correlations weighted by the square-root of the number of genotypes per population. In the third test
(increased allele frequencies across whole latitudinal range), we estimated whether average frequencies per
locus were significantly higher for the DE and SAE alleles than for the control alleles, with the per-locus
frequencies weighted by the square-root of the number of genotypes per population. In both tests, randomized
pooled frequencies were obtained by replacing the non-pooled male-deleterious-trait-associated alleles (as
mentioned before, DE and SAE alleles consisted of pools of male-deleterious-trait-associated alleles) with a
random selection of non-pooled alleles (73 alleles observed [?]15 times in southern KNP, consisting of 33 male-
deleterious-trait-associated alleles and 40 remaining alleles). We estimated significance as the probability
that a random selection of non-pooled alleles resulted in a stronger average Pearson correlation per locus
(Test 2) or a higher average frequency per locus (Test 3) than the male-deleterious-trait-associated alleles.
We applied 100,000 randomizations implemented using Excel 2016.

Analysis of linkage disequilibrium

Four microsatellite pairs showed significant LD in both KNP and HiP (van Hooft et al., 2019; van Hooft et
al., 2014). Three of these occur close on chromosome 1 in cattle and its homologous chromosome in African
buffalo (whole genome sequence data of cattle and contig sequence data of buffalo at NCBI website): BM182/
-CSMMO019 (0.5 Mb in buffalo), CSSM01 9-BM3205 (5.4 Mb), BM1824 -BM3205 (5.9 Mb) (Ihara et al.,
2004). The fourth pair consists of microsatellites ILSTS026 and INRA0O6 , which are probably ~18 Mb
apart on the same chromosome in buffalo. This chromosome corresponds to a fusing of chromosomes 2 and
3 in cattle, with the former harbouring ILSTS026 and the latterINRAQ06 , in both cases 79.5 Mb from the
end of the left-side of their p arms (Text S4) (Gallagher & Womack, 1992; Goudet, 1995, 2001; Thara et al.,
2004; Lane-deGraaf et al., 2015; Liu & Muse, 2005; Weng, Saatchi, Schnabel, Taylor, & Garrick, 2014). Two
additional microsatellite pairs are at close chromosomal distance, although they did not show significant LD
in KNP or HiP:INRA006 -TGLA263 (27.5 Mb in buffalo, chromosome 3 in cattle) and TGLA057 -INRA 128
(28.3 Mb, chromosome 1) (Thara et al., 2004). The chromosomal distances at the aforementioned locus pairs



correspond to recombination rates of 0.6-31%/generation based on a recombination rate of 1.1 ¢cM/Mb at
chromosomes 1 to 3 in cattle (Mouresan et al., 2019; Weng et al., 2014).

In this study, we conducted two statistical tests for LD, with LD estimated per population per locus pair,
assuming two alleles per locus: the DE allele or SAE allele on the one hand and the wild-type allele (the pool
of all original microsatellite alleles not associated with a male-deleterious trait, including the rare alleles) on
the other. In these tests, we did not include the BM182/ -BM3205 pair, because this specific combination
of microsatellites was only genotyped in KNP and HiP and because their LD would not be independent
of theBM1824 -CSMMO019 and CSMMO019 -BMS3205 locus pairs. Thus, the two LD tests were conducted
with the following five locus pairs: BM182/ -CSMM019 (0.5 Mb),CSSM01 9-BM3205 (5.4 Mb), ILSTS026
-INRA006("18 Mb), INRA00O6 -TGLA263 (27.5 Mb) andTGLA057 -INRA128 (28.3 Mb).

We measured LD by the Pearson correlation coefficient for a 2x2 table,r 1,p, for bi-allelic locus pairs. When
the linkage phase is known, r 1p can be derived from the observed and expected haplotype frequencies (x
Zvalue, four possible haplotypes) and the total number of gametes or chromosomes analysed (k ), using
Equation 2 below (Charlesworth & Charlesworth, 2010). A negative sign is added tor ;p when most pairs
of focal alleles are in repulsion. However, when the linkage phase is unknown, as in our case,r ;,p can be
derived from maximum-likelihood estimates of the haplotype frequencies (Schaid, 2004; Weir, 1990). In our
case, positive r p values indicate that most pairs of male-deleterious alleles are in coupling (i.e., DE-DE,
SAE-SAE or DE-SAE).

rLD = \/g (2)

We estimated r 1,p with Genalex, following Weir’s method (Weir, 1990). Genalex provides three estimates ofr
LD: 1) 7 Lp based on estimated frequencies of double heterozygotes in coupling assuming Hardy-Weinberg
equilibrium, 2) r 1p based on estimated frequencies of double heterozygotes in repulsion assuming Hardy-
Weinberg equilibrium, 3) r 1,p based on estimated frequencies of both types of double heterozygotes without
assuming Hardy-Weinberg equilibrium. The first two estimates should be identical, but the maximum-
likelihood procedure may result in deviations, especially with small sample sizes. We used ther ;p estimates
that assume HWE (i.e., estimates 1 and 2). We only included cases where estimates 1 and 2 were identical
and of the same sign as estimate 3 (67 out of 78 cases), except for two cases where estimates 1 and 2 were
of opposite sign but very close to zero (|7 p| =0.0002) while estimate 3 was zero. For these two cases we
assumedr 1,p=0.

We pooled the samples from the neighbouring populations in Mana Pools NP-Nyakasanga (~55 km distance)
and in Limpopo NP-Manguana (7200 km distance) to increase sample size, after checking that in the latter
case this pooling, considering the large geographic distance, did not bias estimates ofr 1,p (paired sample ¢
-test on 30 locus pairs, comparing weighted average r p of the two separate populations with r p of the
pooled population: pooled population: average r ,p = -0.010, two separation populations: average r 1p
= 0.002; P = 0.52; Pearson r = 0.91). It was not possible to estimate r 1p for all populations and locus
pairs because of small sample sizes. However, in some cases we were able to get an estimate of r 1p by
a leave-one-out approach (CSMM019 -BM3205 in Queen Elizabeth NP (both sectors) and Amboseli NP,
BM1824 -CSMM019 in Limpopo NP-Manguana, INRA006 -TGLA263 in Mana Pools NP-Nyakasanga).
Hereby, we calculated average r p for all possible population samples with one individual excluded, with
multiple estimates per population always being of the same sign. We excluded HiP because of earlier observed
negative selection (van Hooft et al., 2019), the two central African populations because of small sample size,
and the admixed population from Save Valley Conservancy because admixing may bias LD estimates (Pfaff
et al., 2001).

In the first LD test, we hypothesized that pairs of male-deleterious-trait-associated alleles (i.e.; DE-DE, SAE-
SAE and DE-SAE allele pairs) are coupled more often than expected with random association, resulting in
positive r p values. We conducted a y 2 test to determine whether the total fraction of locus pairs (across
loci and across populations) with a positive r p value significantly deviated from 0.5, considering that
positive and negative r ppvalues are equally likely in the absence of selection (Slatkin, 2008). LD estimates



of the two closest linked locus pairs,BM1824 -CSMM019 and CSMMO019 -BM3205 , for populations that are
part of a larger metapopulation may not be independent of each other. To err on the conservative side, we
used the average r pp value per metapopulation across both locus pairs (KNP was the only metapopulation
in which both locus pairs were analysed). With respect to these locus pairs, the following four groups of
populations were considered to be part a metapopulation: 1) northern KNP - southern KNP, 2) Malilangwe
Wildlife Res. - Gonarezhou NP - Sengwe Safari Area - Crooks Corner, 3) Victoria Falls NP - Chobe NP -
Okavango Delta, 4) Amboseli NP - Tsavo NP, 5) Queen Elizabeth NP Mw - Queen Elizabeth NP Is. We
assumed independence ofr 1 estimates for the other three physically linked locus pairs, even when part
of the same metapopulation, because of their relatively large interlocus distances. For these locus pairs,
the expected recombination rate (720-31% per generation) likely exceeds the migration rate between nearby
populations.

As a control, we estimated the total fraction of locus pairs with positive r ypacross all populations for: 1)
the five closely linked locus pairs with genotypes randomized per locus per population, and 2) locus pairs
with interlocus distance >45 Mb (seven locus pairs) or that occur on different chromosomes (116 locus
pairs). Both fractions are expected to be close to 0.5 (free recombination). In the first control we conducted
30 randomizations of the total dataset, resulting in 1541 randomizedr p values. The r 1,p values in the
second control were estimated with GDA, instead of Genalex, because it can better handle large data sets
with missing data (Labate, 2000). At the five closely linked locus pairs, Genalex and GDA always provided
identical estimates.

In the second LD test, we estimated the significance of regression ofr ;p for each population against the
natural logarithm of the variable | =latitude (67 data points) over the range [-24.75°, 3.85°], i.e., we fitted
the parameters a andb in the equation:

rip = aln (l — lo) +b (3)

using a general linear mixed model (GLMM) approach, specifically the 'lme4’ (version 1.1.21), 'lmerTest’
(version 3.1.0) and ’performance’ (version 0.4.4.1) packages in R (Bates, Machler, Bolker, & Walker, 2015;
Kuznetsova, Brockhoff, & Christensen, 2017). We applied log-transformation to account for the obvious non-
linearity in the data, using I o = -27. Locus pair (five levels), population (25 levels, including three singletons)
and metapopulation (57 levels, including 52 singletons) were included as random factors. GLMMs were not
weighted by sample size as this only had a minor effect on parameter estimates (< 0.5% difference). Goodness-
of-fit was estimated with marginal R 2; the proportion of variability explained by the fixed effects (Nakagawa
& Schielzeth, 2013).

Results
Allele-frequency clines

We observed a highly significant allele-frequency cline between 24.9 °S and 4.8 °N for both the DE and SAE
alleles (P <0.0001; DE loci: adjusted R 2 = 0.78, SAE loci: adjustedR ? = 0.77; Figure 2, Table S2). The
two slopes were similar, differing by a factor of only 1.2. Predicted DE allele frequencies decreased from
0.75 (95% CI: 0.72-0.77) at 24.9 °S to 0.46 (95% CI: 0.42-0.51) at 4.8 °N (a decrease of 0.0095 per degree
latitude). Predicted SAE allele frequencies decreased from 0.40 (95% CI: 0.37-0.43) at 24.9 °S to 0.17 (95%
CI: 0.13-0.20) at 4.8 °N (a decrease of 0.0079 per degree latitude). When considered together, the clines were
significantly stronger than clines expected under a random selection of alleles (DE loci: P = 0.081, SAE loci:
P = 0.043, all loci: P = 0.013), which indicates that they cannot be explained by genetic drift. The cline
based on both the DE and SAE alleles explained as much as 87% of the variation (adjustedR 2; Figure 3,
Table S2). Predicted allele frequencies decreased from 0.57 (95% CI: 0.55-0.59) at 24.9 °S to 0.29 (95% CI:
0.27-0.32) at 4.8 °N (a decrease of 0.0091 per degree latitude). No clines were observed for the remaining
alleles, which were not associated with male-deleterious traits (negative adjusted R 2 values). Frequencies of
DE alleles, but not SAE alleles, in East and central Africa were significantly higher than pooled frequencies
based on a random selection of alleles (six DE alleles: multiply the 1-sided P = 0.013 by 2, nine SAE alleles:
1-sided P = 0.70).



The populations from HiP and Nairobi NP deviated from the cline, showing relatively low DE and SAE allele
frequencies that were close to the frequencies of the remaining microsatellite alleles. In HiP 18 out of 20 and
in Nairobi NP 16 out of 20 of the non-pooled male-deleterious-trait-associated alleles at the microsatellites
analysed in both populations showed relatively low frequencies compared to nearby populations (HiP: com-
pared with northern and southern KNP, Nairobi NP: compared with other East African populations; Table
S3). Low frequencies were observed for most non-pooled alleles, which is not expected under genetic drift
(Wilcoxon signed rank exact test; HiP:P = 0.0010; Nairobi NP: P = 0.0083, Holm-Sidék correction based
on 12 possible focal populations: P = 0.095, Table S3). In HiP, low frequencies have earlier been attributed
to negative selection (van Hooft et al., 2019).

LD cline

The total fraction of locus pairs across populations and linked loci with positiver ,p was 0.65 (95% CI:
0.52-0.77), which is higher than expected under random association (LD test 1: N = 55, exact P = 0.030; r
Lp values for all locus pairs and populations are presented in Table S4). The fraction with positiver 1p was
>0.5 at all five linked locus pairs (Sign test: P = 0.063) but was particularly high for interlocus distances
[7]18 Mb (three locus pairs: 0.69, N = 42, exact P = 0.020). Surprisingly, the fraction with positiver ;,p was
also relatively high in East Africa (four locus pairs: 0.69, N = 26, exact P = 0.076). Both among randomized
genotypes at the former five locus pairs and among observed genotypes at the remaining unlinked locus pairs
the total fraction with positive r 1p was very close to the expected value of 0.5 (randomized genotypes:
0.501; 95% CI: 0.476, 0.526; N = 1541, ¥? = 0.006, P = 0.94; remaining loci: 0.484; 95% CI: 0.457, 0.512;
N = 1255, y? = 1.21, P = 0.27; in both cases same subset of populations as with the linked loci, sample
size [7]6, |r Lp| >0.001).

There was a non-significant logarithmic relationship betweenr 1p and latitude (LD test 2: Eq. 3; a = -0.055,
b =0.189, P = 0.26, marginal R 2 = 0.032; Figure 4, Table S5). When considered together, the two LD tests
were significant (Z -transform test: P = 0.020). The decreasing trend inr p with latitude could largely
be attributed to the two closest linked locus pairs; BM1824 -CSMM019 and CSMMO019 -BM3205 (Eq. 3;
a = -0.214, b = 0.595, P = 0.014, marginal R 2 = 0.36; other three locus pairs: a = -0.0006, b = 0.056,
P= 0.99; Figure 4, Table S5). Predicted r ppdecreased from 0.45 at 25 °S to -0.13 at 4 °N. Similarly to
the allele-frequency clines, the LD cline did not extent beyond 25 °S, with a relatively strong drop of r 1p
in HiP, being non-significant here despite high sample size (r p = -0.055, N = 418, P = 0.26), relative to
KNP (r ,p = 0.32-0.34, N = 155-328, P <0.00002). Significant positiver 1,p after Bonferroni correction was
observed for both locus pairs in the four most southern populations; northern KNP, southern KNP, Limpopo
NP and Manguana (P <0.00012; Bonferroni-corrected oo = 0.00073; Table S4). The two highestr 1,p values
at any locus pair were observed in the same metapopulation; Limpopo NP-Manguana (BM182/ -CSMM019
;7 p = 0.93, P = 0.00012;INRA006 -TGLA263 : r 1,p = 0.68,P = 0.017; Table S4).

Discussion

We observed a continent-wide allele-frequency cline with decreasing frequencies in a northerly direction
for both the DE and SAE loci; two groups of microsatellites that are largely independent of one another
(interlocus distance <29 Mb at only two out of 72 DE-SAE locus pairs). We could attribute these clines
to selection (DE loci: P= 0.083, SAE loci: P = 0.043, all loci: P = 0.013). Further, we observed an LD
cline at the two most closely linked locus pairs (P = 0.014, other three physically linked locus pairs:P =
0.99), with decreasing interlocus associations between male-deleterious-trait-associated alleles in a northerly
direction. Most of the interlocus associations at the five physically linked locus pairs were positive (P =
0.030). Continent-wide positive LD in combination with an LD cline (combined P = 0.020) is indicative of
genome-wide selection resulting in increased frequencies of deleterious-allele haplotypes (relative to linkage
equilibrium). Relatively high DE allele frequencies and near-significant positive LD in East Africa indicate
that the male-deleterious alleles are active across the whole latitudinal range. Apparently, there is continent-
wide and genome-wide selection for male-deleterious traits with selection strength decreasing from south to
north. The only exceptions are the populations in HiP and Nairobi NP, where male-deleterious alleles appear
to be under negative selection. According to Figure 2, these two populations seem to have lost many (if not



most in Nairobi NP) of their male-deleterious alleles. The selection pressures in East and southern Africa
must be high to prevent destruction of the allele-frequency clines and haplotypes by LD decay. These results
provide strong support for earlier reported observations of genome-wide selection in KNP and HiP (van
Hooft et al., 2018; van Hooft et al., 2019; van Hooft et al., 2014).

Common explanations for allele-frequency clines due to selection assume the advance of a favourable mutation
(in our case male-deleterious alleles), an environmental gradient, or a combination of the two (Charlesworth
& Charlesworth, 2010; de Jong, Collins, Beldade, Brakefield, & Zwaan, 2013). The advance of a favourable
mutation assumes South Africa as the place of origin of the male-deleterious alleles. However, we consider
it unlikely that all male-deleterious alleles originated in a relatively small area. The presence of a linear
environmental gradient seems an unlikely explanation considering the wide range of habitats and climates
in the sampled region that overall are non-linearly distributed. To our knowledge, there is no linear disease
gradient in this region either. Further, the advance of a favourable mutation, an environmental gradient or
a disease gradient would not explain the high frequencies of the male-deleterious alleles, particularly those
also deleterious to females (linked to the DE alleles), which normally are under negative selection (Henn,
Botigue, Bustamante, Clark, & Gravel, 2015). It is also implausible that the allele-frequency clines are a
result of the selective agent being present only in the most southern part of the range (e.g. South Africa)
considering the occurrence of positive LD in East Africa. LD decay is expected to be very fast in the absence
of selection (6-31% per generation at the locus pairs analysed in East Africa, considering the chromosomal
distances involved).

Instead of the aforementioned explanations, we argue that the continent-wide allele-frequency clines are
caused by the same sex-ratio meiotic gene-drive system that earlier has been hypothesized to be the ultimate
selective agent in KNP and HiP, although the male-deleterious alleles and gene-drive system have been
shown to interact with diseases, such as BTB, and other environmental factors, such as droughts (van
Hooft et al., 2018; van Hooft et al., 2019; van Hooft et al., 2014). We hypothesize that there is a similar
continent-wide frequency cline of gene-drive alleles, also with decreasing frequencies in a northerly direction,
considering that in KNP DE and SAE allele-frequency clines co-occurred with an allele-frequency cline of
a Y-chromosomal haplotype linked to a Y-suppressor gene (Y haplotype 557) (van Hooft et al., 2014).
According to this hypothesis, the gene-drive system originated in southern Africa and subsequently spread
north, thereby forming a selection gradient. Relatively low frequencies of Y haplotype 557 in other southern
African populations (except HiP) support this hypothesis (frequency in KNP: 0.24, 95% CI: 0.19, 0.30;
average frequency in four other populations: 0.07, 95% CI: 0.02, 0.18 (Smitz et al., 2014; van Hooft et
al., 2010)). The male-deleterious alleles (which occur on the autosomes) probably originated at various
localities throughout Africa, considering that mutations leading to such alleles can in principle occur in any
population, after which they formed an allele-frequency cline in response to the aforementioned selection
gradient (formed by the gene-drive system, which occurs on the sex chromosomes).

When the gene-drive system is incomplete, selection may become negative, resulting in relatively low DE
and SAE allele frequencies. This has earlier has been argued for HiP and may also apply for Nairobi NP
(van Hooft et al., 2019). In both cases, incompleteness of the gene drive system may be due to strong genetic
drift in these small and isolated populations (HiP: [?] 75 individuals between 1895 and 1930, Nairobi NP:
current census size ~150; these small sizes probably contributed to the relatively large pairwise F' grvalues
with other populations, Figure S1) (Heller, Okello, & Siegismund, 2010; van Hooft et al., 2019).

Our explanation for the allele-frequency clines implies that frequencies of male-deleterious alleles and hap-
lotypes on the autosomes are maintained at specific equilibrium values in each population depending on
the local frequencies of the gene-drive alleles on the sex chromosomes. This would require some form of
balancing selection (which does not preclude periods of positive or negative selection such as observed in
KNP and HiP, respectively (van Hooft et al., 2018; van Hooft et al., 2019; van Hooft et al., 2014)). We
previously hypothesized that epigenetic suppression of male-deleterious alleles results in balancing selection
of Y-chromosomal genes in the gene-drive system (van Hooft et al., 2018). Taking cognizance of an asso-
ciation between epigenetic suppression and low pre-birth rainfall, we argued that males with many active



male-deleterious alleles should tend to produce offspring with suppressed male-deleterious alleles and wvice
versa (males with few active alleles producing offspring with many active alleles). We further hypothesize
here that the same process also results in balancing selection of male-deleterious alleles and haplotypes.

Positive LD at linked loci indicates increased frequencies of deleterious-allele haplotypes relative to linkage
equilibrium. We detected long-distance LD at two pairs of loci, both 28 Mb apart; these pairs occur on
chromosomes 1 and 3 in cattle. Long-distance LD appears to occur genome-wide considering that significant
LD has also been observed in KNP for theINFNG -GLYCAM]1 locus pair, which has an interlocus distance of
18 Mb and occurs on chromosome 5 in cattle (D’ = 0.28, i.e. LD is at 28% of its maximum possible value)
(Thara et al., 2004; Lane-deGraaf et al., 2015). This is a relatively large distance, especially considering
that high haploid diversity indicates a large effective population size for the KNP buffalo (34 mitochondrial
D-loop haplotypes with H (gene diversity) = 0.94, 15 Y-chromosomal haplotypes with H = 0.74; census size
737,000 in 2010) (Greyling, 2007; van Hooft et al., 2018; van Hooft et al., 2007). According to population
genetic theory, a large effective population size limits long-distance LD because of increased LD decay with
chromosomal distance (Slatkin, 2008). LD in buffalo populations extends across much larger chromosomal
distances than in other natural mammal populations that we are aware of for which LD decay has been
estimated. In chimpanzees (Pan troglodytes ) and bonobos (Pan paniscus ) LD extends to a distance of
70.15 Mb, in Arizona wild mice (Mus musculus domesticus ) to a distance of ~0.2 Mb, in Iberian wild boar
(Sus scrofa ) to a distance of “0.5 Mb, and in gray wolf (Canus lupus ) and coyote (Canus latrans ) to a
distance of 5 Mb, even in small or bottlenecked populations (except for the wolf population of Isle Royale,
which consisted of just 10-30 individuals) (De Manuel et al., 2016; Gray et al., 2009; Herrero-Medrano et
al., 2013; Laurie et al., 2007; Munoz et al., 2019). Further, the half-length of LD (the distance at which
LD is 50% of its maximal value) in two isolated Canadian populations of bighorn sheep (Ovis canadensis )
is only 17%-28% of that in KNP buffalo, despite their small size of less than 200 individuals each (4.6-7.5
Mb vs. 26.4 Mb, Text S4) (Miller, Poissant, Kijas, Coltman, & Int Sheep Genomics, 2011; Miller, Poissant,
Malenfant, Hogg, & Coltman, 2015).

LD between distant loci in large outbreeding buffalo populations despite fast LD decay due to recombination
(720-31% per generation), indicates strong selection pressures. However, simulation studies indicate that
multilocus selection may lower the minimum selection pressure necessary for a given level of LD and may
slow down LD decay in a multilocus cline (although even then selection is probably still relatively strong)
(Baird, 1995; Hastings, 1984). Further, allele frequency differences between male and female gametes due
to sex-specific selection, as hypothesized in KNP based on genetic data from male and female calves (van
Hooft et al., 2018), may have resulted in admixture LD between distant loci, especially when selection is
strong (Ubeda et al., 2011).

A high number of high-frequency deleterious alleles of seemingly large effect (van Hooft et al., 2018; van
Hooft et al., 2014), with many co-occurring in haplotypes (relative to what one would expect if no linkage
existed among these alleles), indicates a high genetic load. However, most populations of African buffalo
seem to be stable after their recovery from the rinderpest pandemic of 1889-1895, which decimated buffalo
populations across the whole of Africa (Bengis, Kock, & Fischer, 2002; van Hooft et al., 2000). At face value,
this seems to support the view, advocated by some population geneticists, that genetic load plays a smaller
role than one might expect in ecology (Agrawal & Whitlock, 2012).

We suggest the following five reasons, among others that surely exist, as non-mutually exclusive explanations
why buffalo populations are still stable.

1. Male-deleterious alleles are epigenetically suppressed in a large fraction of animals (van Hooft et al.,
2018; van Hooft et al., 2019).

2. Net-deleterious effects on female health are diminished or even prevented by male-deleterious alleles
or haplotypes with negative phenotypic effects in males but positive phenotypic effects in females (i.e.,
associated with SAE microsatellite alleles) (van Hooft et al., 2014).

3. Negative phenotypic effects only become evident in stressful periods, such as those caused by droughts
and disease outbreaks. For example, in 2001 average body condition was lower in southern KNP, a
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region characterized by relatively high frequencies of DE and SAE alleles, than in northern KNP, but
only significantly so at the end of the dry season (Caron, Cross, & Du Toit, 2003). It may even be
that male-deleterious alleles are mainly expressed during times of high environmental stress considering
that most genetic samples used in the studies on KNP and HiP were collected during dry seasons (van
Hooft et al., 2018; van Hooft et al., 2019; van Hooft et al., 2014), and then mainly in animals born
during stressful periods because these cohorts do not experience epigenetic suppression (van Hooft et
al., 2018; van Hooft et al., 2019).

4. Selection is mostly soft, where selective death due to male-deleterious alleles would otherwise be repla-
ced by nonselective death due to environmental and ecological conditions, e.g. droughts, diseases and
intraspecific resource competition (Agrawal & Whitlock, 2012).

5. Interspecific competition is limited, thereby minimizing the ecological effects of genetic load (Agrawal
& Whitlock, 2012). A recent review has failed to find conclusive evidence for interspecific competition
between African buffalo and other large mammals (Prins, 2016), which may be due to ecological
separation (Traill, 2004).

Our analyses and results reveal a continent-wide and genome-wide distribution of high-frequency male-
deleterious alleles in the African buffalo, with many co-occurring in haplotypes (relative to what one would
expect if no linkage existed among these alleles). Since most populations appear to be stable, this indicates
that, under specific circumstances, natural populations of mammals can withstand a high genetic load.
Nevertheless, we expect that a high genetic load makes many buffalo populations vulnerable to environmental
stresses such as droughts and disease outbreaks. Since buffalo play an important role in the maintenance and
transmission of a variety of economically important livestock diseases (Michel & Bengis, 2012), which may
well have been augmented by a high genetic load, particularly in southern Africa, our results have relevance
to livestock husbandry in areas were cattle graze in close proximity to buffalo herds.
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Tables

Table 1: Overview of African buffalo populations included in this study

Population no. Population Lat. Lon. usat set Sample size
1 Bénoué NP 8.33 13.83 B 3

2 Lopé NP -0.50 11.50 B 2

3 Kidepo Valley NP 3.85 33.7% C 19

4 Murchison Falls NP 2.15 31.81 C 15

5 Laikipia NP 0.40 3716 C 17

6 Queen Elizabeth NP Mw+ -0.06  30.00 C 37

7 Queen Elizabeth NP Is+ -0.36  30.00 C 17

8 Lake Nakuru NP -0.40 36.10 B, C 35, 18
9 Lake Mburo NP -0.58 3099 C 15

10 Nairobi NP -1.36 36.85 C 19

11 Masai Mara GR -1.47  35.10 B, C 10, 33
12 Serengeti NP++ -2.20 34.90 B, E 35, 49
13 Amboseli NP -2.60 3720 B, C 20, 19
14 Tsavo NP -2.70 38.40 B 9

15 Niassa Reserve -12.25 37.50 D 20

16 Mana Pools NP -15.90 2940 D 10

17 Nyakasanga -16.30 29.10 D 2

18 Victoria Falls NP -17.97 25.85 D 15

19 Caprivi Strip -18.10 23.17 F 134

20 Chobe NP -18.45 2450 D 22

21 Gorongosa NP -18.80 34.50 D 7

22 Marromeu GR -18.85 36.00 D 21

23 Hwange NP -19.20 27.10 D 6

24 Okavango Delta -19.30 23.05 D 20

25 Save Valley Conservancy§  -19.43 27.54 B 10

26 Malilangwe Wildlife Res. -21.00 3190 D 20

27 Gonarezhou NP -21.65 31.70 D 42

28 Sengwe Safari Area -22.30 3140 D 8

29 Crooks corner -2242 3131 D 13

30 Limpopo NP -23.25 3190 D 6

31 Manguana -24.90 3280 D 4

32 Northern KNPq 2315 3130 A,B,D 138,22, 26
33 Southern KNPq -24.75 31.70 A, B 321, 16
34 HiP -28.22 3195 A, D 401, 20

+: Mweya sector and Ishasha sector, +4§: Including Maswa GR, §: Intermediate coordinates, which refer
to the origin of the buffalos, weighted by stock size. Buffalo were restocked in 1993 from Gonarezhou NP (38
animals) and Hwange NP (360 animals) (van Hooft et al., 2000). q: north and south Olifants River.

Table 2: Overview of microsatellite sets used

Set DE psats SAE psats Reference
A 1-8 9-17 (Greyling et al., 2008; van Hooft et al., 2019; van Hooft et al., 2014)
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Set  DE usats SAE psats Reference

B 1,2,5 6,8 9-12, 14-16 (van Hooft et al., 2000)
C 1,26 9-12, 14-16 (Heller et al., 2008)

D 28 9,10, 13, 15, 17 (Smitz et al., 2014)

E 3 13, 17 (Ernest et al., 2012)

F 1 11 (Epps et al., 2013)

1: BMS3517 , 2:BM4028 , 3: ETH010 , 4: ETH225 ,5: INRA006 , 6:INRA128 ,7: TGLA227 ,8: TGLA263
. 9: CSSM019 , 10: DIK020 , 11: TGLA057 , 12: BM0719 , 13: BM1824, 14: BM5205 , 15: ILSTS026
16: TGLA159 |, 17:

SPS115

Figures legends

Figure 1: Map of Africa representing the 34 sampling localities
Locality numbers are explained in Table 1.

Figure 2: Frequency clines of DE and SAE alleles

Scatter plot and regression lines with 95% confidence interval. Blue data points: frequency of DE alleles
averaged across loci (adjustedR 2 = 0.78, excluding HiP), orange data points: frequency of SAE alleles
averaged across loci (adjustedR 2 =0.77, excluding HiP). Light blue and light orange data points (HiP at
28.2 °S and Nairobi NP at 1.4 °S) indicate negative outliers.

Figure 3: Combined frequency cline of DE and SAE alleles

Scatter plot and regression lines with 95% confidence interval. Orange data points: frequency of DE and SAE
alleles averaged across loci (adjusted R 2 = 0.87, excluding HiP). Light orange data points (HiP at 28.2 °S
and Nairobi NP at 1.4 °S) indicate negative outliers. Grey data points: frequency of remaining microsatellite
alleles not associated with male-deleterious traits averaged across loci (adjusted R ? = -0.01, excluding HiP).

Figure 4: LD cline at the two most closely linked locus pairs

Blue data points: BM182 -CSMMO019 , orange data points: CSMMO019 -BM3205 , light blue data point:
HiP at 28.2 °S, grey data points: remaining three locus pairs. The regression line is the best fitting curve
through the data, given byr 1p = « In(latitude + 27) + b , witha = -0.214 (P = 0.014) and b = 0.595.

Figures

16



Figure 1



o

© 1 < ™ o
o o o o o
sndo| Jad Aduanbauy 3|9 |e a8elany

10

-25 -20 -15 -10 -5
Latitude (degrees)

-30

Figure 2

Qo

0.6 1

L
[S)

< «”

o o
snoo| Jad Aduanbauy 3139||

~
o
e a8esany

1_
[S)

10

-25 -20 -15 -10 -5
Latitude (degrees)

-30

Figure 3

18



1 -
A
0.8
o
—~ 0.6
o
=
€ o4 .
5 agh . . °
= A ° °
= id
2 02 . g
(] ° g A ° oo
@ o ot 0 o o
© o ° 9 e e 3 °
O 0 —r——— — .
g s ol o o TT— :.
E ° A &
= -0.2 ° A o
° A 0
0.4
°
A o
-0.6
-30 -25 -20 -15 -10 -5 0 5 10

Latitude (degrees)

Figure 4

Supporting Information
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Text S2: Dependency of results on sample size weighing, frequency correction and allele size standardization
Text S3: Results of the modified Breusch-Pagan test
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Figure S1: Increase of pairwiseF gt with geographic distance

Figure S2: Frequency clines of DE and SAE alleles in KNP
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Table S1: Overview of alleles selected for analysis

Table S2: Corrected average DE and SAE allele frequencies per population

Table S3: Allele frequencies in Nairobi NP and HiP relative to averages in nearby populations
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