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ABSTRACT Balancing selection is defined as a class of selective regimes that maintain polymorphism above what is expected
under neutrality. Theory predicts that balancing selection reduces population differentiation, as measured by FST. However,
balancing selection regimes in which different sets of alleles are maintained in different populations could increase population
differentiation. To tackle this issue, we investigated population differentiation at the HLA genes, which constitute the most
striking example of balancing selection in humans. We found that population differentiation of single nucleotide polymorphisms
(SNPs) at the HLA genes is on average lower than that of SNPs in other genomic regions. However, this result depends
on accounting for the differences in allele frequency between selected and putatively neutral sites. Our finding of reduced
differentiation at SNPs within HLA genes suggests a predominant role of shared selective pressures among populations at a
global scale. However, in pairs of closely related populations, where genome-wide differentiation is low, differentiation at HLA is
higher than in other genomic regions. This pattern was reproduced in simulations of overdominant selection. We conclude that
population differentiation at the HLA genes is generally lower than genome-wide, but it may be higher for recently diverged
population pairs, and that this pattern can be explained by a simple overdominance regime.

1

2

3

4

5

6

7

8

9

10

11

12

KEYWORDS HLA; population differentiation; balancing selection13

14 Natural selection is one of the forces shaping the genetic vari-15

ation within and the differentiation between populations. In16

the case of a locus where a variant is favored in one population17

but not in another (i.e., in which selection drives local adap-18

tation), we expect differentiation to exceed that under purely19

demographic processes (Lewontin and Krakauer 1973). This is20

the case for well known examples, such as the regulatory variant21

that generates lactase persistence in adulthood, which is more22

frequent in Europeans (Bersaglieri et al. 2004) and variants of the23

EPAS gene that provide adaptation to high altitude in Tibetans24

(Xu et al. 2011). Purifying selection, on the other hand, is more25

common and removes most variants which would contribute26

to differences among populations. Therefore, it is expected to27

reduce genetic differentiation at the focal locus with respect to a28

strictly neutral scenario (e.g. Barreiro et al. (2008)), while differ-29

entiation in surrounding genomic regions may increase due to30

the lower effective population size (Charlesworth et al. 1997).31

A third regime, balancing selection, is related to diversity32

and differentiation in more complex ways. By definition bal-33

ancing selection encompasses all selective regimes that result in34
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increased genetic diversity with respect to neutral expectations.35

The increased variability can result from a variety of processes,36

often with different underlying biological properties: frequency37

dependent selection, heterozygote advantage, selection varying38

over temporal and geographic scales (Andrés 2011). As a con-39

sequence, the expectations regarding population differentiation40

under balancing selection represent a challenging theoretical41

and empirical question.42

Across human populations, the loci with the strongest evi-43

dence for balancing selection are the classical HLA class I and44

II loci (especially the HLA-A, -B, -C, -DRB1, -DQB1 and -DQA145

loci), which are the human Major Histocompatibility Complex46

(MHC) genes. These genes encode proteins that mediate a criti-47

cal step of the adaptive immune response, which is the binding48

of peptides for presentation on the surface of the cellular mem-49

brane. The HLA-peptide complex is surveyed by T-cell recep-50

tors, which may trigger an immune response when a non-self51

peptide is identified (Klein and Sato 2000). Balancing selection52

at HLA loci has been strongly supported by a wide variety of53

methods, with evidence including an excess of alleles at inter-54

mediate frequency with respect to neutral expectations (Hedrick55

and Thomson 1983), higher non-synonymous to synonymous56
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substitution rate (Hughes and Nei 1988) and trans-specific poly-57

morphism (Lawlor et al. 1988) (Meyer and Thomson 2001, for a58

review).59

Although balancing selection at HLA genes is well docu-60

mented, the evidence from most studies is compatible with dif-61

ferent mechanisms that are difficult to disentangle: heterozygote62

advantage (Doherty and Zinkernagel 1975; Takahata and Nei63

1990; De Boer et al. 2004), frequency dependent selection (Slade64

and McCallum 1992; Borghans et al. 2004) and selection that65

varies over time and space (Eizaguirre et al. 2012) have all been66

proposed to act on the HLA genes.67

Interestingly, these selective regimes are theoretically com-68

patible with both increased or reduced population differentia-69

tion. For example, the coevolution between HLA and pathogens70

could create a mechanism of frequency dependent selection,71

or rare allele advantage. Under this scenario, rare HLA alle-72

les would be advantageous, since few pathogens would have73

evolved resistance to them (Meyer and Thomson 2001). Rare74

allele advantage is expected to increase the effective migration75

rate: migrants will often be rare in the population they arrive76

to, and thus will be advantageous and increase in frequency in77

the new population (Schierup et al. 2000; Muirhead 2001). There-78

fore, this regime of balancing selection is expected to reduce79

population differentiation.80

However, in the case of HLA genes, balancing selection may81

be population-specific, with the different sets of pathogens in82

each population selecting locally advantageous HLA variants.83

Under this scenario we expect an increase in population differ-84

entiation. Evidence in support of population-specific pathogen85

selection for humans comes from the finding that HLA and86

pathogen diversities across populations are correlated (Prug-87

nolle et al. 2005), and from theoretical studies showing that88

population-specific pathogen selection models of balancing se-89

lection provide a better explanation for observed HLA varia-90

tion than heterozygote advantage (Hedrick 2002; Borghans et al.91

2004).92

Pathogen-driven selection implies that specific HLA alleles93

are more effective in presenting antigens of certain pathogens,94

to which the population is exposed. Support for this assumption95

comes from associations between disease susceptibility, resis-96

tance or progression with genetic variation at HLA. For example,97

variants in HLA-B are associated to the progression to clinical98

disease after HIV infection (The International HIV Controllers99

Study 2010), variants in HLA-C, -DP and -DQ are associated to100

clearance of hepatitis B virus (Hu et al. 2013), alleles in HLA-101

DRB1 are associated to susceptibility or resistance to leprosy102

(Vanderborght et al. 2007) and alleles at HLA-B, -DQ and -DR are103

associated to resistance to severe malaria (Hill et al. 1991).104

Previous studies which measured population differentiation105

at the HLA genes found evidence for both increased or reduced106

population differentiation. For example, Meyer et al. (2006)107

found no significant difference between differentiation at HLA108

genes and a set of neutral markers used as a control (microsatel-109

lites), while Sanchez-Mazas (2007) found lower differentiation110

at HLA loci than in their genome-wide control (microsatellites111

and RFLPs). A limitation of these studies is that differences112

between the neutral genetic markers and the sequence data113

used for HLA genes introduce confounding variables, making it114

difficult to determine the roles of selection or characteristics in-115

herent to the marker (e.g. mutation rate and diversity). Another116

study compared differentiation on markers of the same type117

(microsatellites) located at HLA genes or near them and those lo-118

cated in other genomic regions, which serve as controls (Nunes119

2011). This study found increased differentiation in regions120

near HLA genes. Nonetheless, some issues remain unresolved:121

Nunes (2011) was mainly interested in native American popu-122

lations, and used a limited number of markers. Furthermore,123

the complexity of the mutational mechanism of microsatellites124

complicates the interpretation of results.125

For non-model organisms a similarly wide array of results126

have been found, with the MHC region (which contains genes127

homologous to HLA) showing either equal (Miller et al. 2010),128

higher (Loiseau et al. 2009; Oliver et al. 2009; Cammen et al. 2011)129

or lower (McCairns et al. 2011) differentiation than genome-wide130

averages. These contrasting results could be due to differences in131

selective regimes among species, or even to variation in selection132

among genes within a species (Čížková et al. 2011).133

In summary, it remains unclear whether balancing selection134

on HLA genes drives increased differentiation due to selection135

favoring adaptation to locally occurring pathogens, or whether136

it results in decreased genetic differentiation due to the mainte-137

nance of shared polymorphisms among populations.138

Here, we revisit the question of population differentiation139

at the HLA genes through analysis of data from worldwide hu-140

man populations. We analyze variation at SNPs, which have141

the advantage of allowing the use of genomic data as an empiri-142

cal control for HLA SNPs, assuming similar mutation rates for143

SNPs in the MHC region and the reminder of the genome. Differ-144

ently from scans that seek genome-wide significance for specific145

SNPs, we a priori define a set of putatively selected SNPs to be146

surveyed (those within or close to HLA genes). We relate differ-147

ences in FST between HLA and non-HLA SNPs to the degree of148

polymorphism in each of these groups, drawing on recent find-149

ings concerning the constraints imposed by allele frequencies on150

measures of differentiation. Finally, we perform simulations and151

find a plausible selective regime that reproduces our results.152

Materials and Methods153

SNP Data154

SNP genotypes were acquired from the integrated Variant Call155

Format (VCF) files from phase 3 of the 1000 Genomes Project156

(1000G) (The 1000 Genomes Project Consortium 2015), which are157

available at ftp://ftp-trace.ncbi.nih.gov/1000genomes/ftp/release/158

20130502/.159

This dataset includes variants discovered via high coverage160

exome targeted resequencing and low coverage whole genome161

resequencing. Because of the higher coverage in exonic regions,162

all comparisons between HLA SNPs and non-HLA SNPs (which163

we treated as a control set) were made within the same func-164

tional category (e.g. intronic or exonic). To this end each SNP165

was annotated using ANNOVAR (Wang et al. 2010). Our find-166

ings for differences in FST between HLA and non-HLA SNPs167

were qualitatively the same when using either exonic or intronic168

regions, so throughout the paper we focus on the results for169

exonic regions.170

The 1000G Phase 3 data contains the genomes of 2504 indi-171

viduals from 26 populations. After applying filters described172

in the Extended Materials and Methods section, a total of 2000173

individuals in 20 populations were kept (see Table S1).174

Estimation of FST175

Population differentiation was calculated as the proportion of176

variance in allele frequencies among populations (a), relative to177
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the total genetic variance (a + b + c, with b and c referring to the178

variance components between individuals within populations179

and between gametes within individuals, respectively):180

FST =
a

a + b + c
(1)

To obtain FST values we used the Weir and Cockerham (1984)181

estimator implemented in VCFtools v0.1.14 (Danecek et al. 2011).182

The Weir and Cockerham (1984) estimator was chosen because183

it is unbiased when sample sizes are large and similar, as in184

the case of our dataset. FST was calculated per SNP i) over all185

populations and ii) for pairs of populations.186

When summarizing FST over multiple SNPs, we compared187

two approaches: i) computing a simple average of FST at in-188

dividual SNPs and ii) using the "ratio of averages" approach,189

suggested by Reynolds et al. (1983), in which we first estimate190

the numerator (a) and denominator (a + b + c) of FST for each191

SNP, and then compute the averages of a and a + b + c for the192

desired set of SNPs, and finally compute the ratio of both aver-193

ages. This second approach provides the least biased estimate194

of FST, whereas performing a simple average of the FSTs of each195

SNP can lead to an underestimation of differentiation, especially196

in datasets rich in rare variants (Reynolds et al. 1983; Bhatia et al.197

2013). Unless otherwise stated, we used the "ratio of averages"198

approach to compute FST. Variance components (a and a+ b + c)199

were obtained using a minor modification of the VCFtools source200

code.201

Definition of HLA, peri-HLA and control regions202

We define "HLA SNPs" as those contained within the coding203

sequence of the classical HLA genes HLA-A, -B, -C, -DRA, -DRB1,204

-DQA, -DQB1. Previous studies of HLA-DPA1 and -DPB1 found205

weak or no evidence of balancing selection (Solberg et al. 2008;206

Begovich et al. 2001), and even instances of directional selec-207

tion (Hollenbach et al. 2001), making them inappropriate for our208

question concerning the role of balancing selection on differenti-209

ation at HLA loci. Accordingly, our analyses also showed that210

population differentiation at HLA-DPA1 and HLA-DPB1 genes is211

different from that of other HLA genes (see Results and Figure212

S1). Therefore, those loci were excluded from our analysis unless213

otherwise mentioned.214

Peri-HLA genes were defined as those that flank the HLA215

genes and have higher diversity relative to the average of chro-216

mosome 6 (Mendes 2013), indicating that their increased poly-217

morphism is driven by hitchhiking to the strongly selected HLA218

loci (Table S2). These genes are located 119kb to 256kb from219

the closest HLA locus. All SNPs outside both the HLA and220

peri-HLA genes comprised the control group.221

Controlling for unreliable allele frequency estimates222

The use of a single reference genome to map Next Generation223

Sequencing (NGS) reads creates mapping bias at some HLA224

SNPs in the 1000 Genomes Project phase 1 dataset (Brandt et al.225

2015). We therefore excluded the SNPs within the HLA genes226

which have unreliable frequency estimates in the 1000 Genomes227

phase 1 dataset, due to mapping bias (Brandt et al. 2015). After228

applying this filter, 38 out of 525 exonic biallelic SNPs in the229

HLA genes were excluded (Table S3). In total, 487 SNPs were230

kept in the HLA group, 1193 in the peri HLA group, and 831,174231

in the control group.232

In the present study we analyze this filtered version of the233

1000 Genomes phase 3 data instead of phase 1 or Sanger se-234

quencing data analyzed in Brandt et al. (2015) because it has a235

larger sample size and includes more populations. Also, SNPs236

identified as unreliable in the 1000 Genomes phase 1 data were237

consistent among different populations, which supports the ap-238

plication of this filter to phase 3 data used here.239

Statistical test of FST differences240

When comparing FST values between HLA and control SNPs,241

we control for SNPs being located within a small set of genes,242

resulting in higher linkage disequilibrium (LD) and statistical243

non-independence than for SNPs in the control group, which244

comprise a genomewide set. To account for this effect, we de-245

signed a strategy to sample the control SNPs so as to approxi-246

mate the LD structure among the HLA SNPs.247

This was done by sampling a random exonic SNP from out-248

side the HLA and peri-HLA genes and selecting all other exonic249

SNPs from the same gene (resulting in a high LD set of SNPs).250

We repeated this operation until we obtained a total number of251

SNPs that matched that of the HLA SNPs, for each MAF bin (see252

Figure S2). We sampled 1000 such sets of LD-matched control253

SNPs and compared the FST distribution of each of those to that254

of the HLA SNPs, applying a Mann-Whitney test. We recorded255

the number of comparisons where the difference between FST256

distributions was significant (p < 0.05).257

Haplotype level analyses258

In addition to SNP based analyses, we also investigated pop-259

ulation differentiation when alleles are defined by the coding260

sequence of each HLA gene (classically referred to as an "HLA261

allele"). We treat these analyses as "haplotype level", where hap-262

lotypes are defined by a combination of SNPs along an HLA263

gene (i.e., each allele in these analyses is an intragenic haplo-264

type).265

Phasing of SNPs in extremely variable regions like the HLA266

is very challenging, due to the high SNP density and polymor-267

phism. Therefore, rather than estimate intragenic haplotypes268

directly from the SNP data, we used a publicly available dataset269

which provides HLA allele calls for samples in the 1000G data270

based on Sanger sequencing Gourraud et al. (2014), available271

at the dbMHC website (http://www.ncbi.nlm.nih.gov/gv/mhc/xslcgi.272

fcgi?cmd=cellsearch).273

We restricted these haplotype level analyses to HLA-A, -B, -C,274

HLA-DRB1 and -DQB1, which are reported in Gourraud et al.275

(2014). HLA allele calls were coded so as to only distinguish276

alleles with nonsynonymous differences (i.e., only the first two277

fields of the allele names were used, as described in the HLA278

nomenclature system) (Marsh et al. (2010)).279

FST values of multiallelic HLA haplotypes can’t be directly280

compared to those of biallelic SNPs because multiallelic loci tend281

to have lower allele frequencies, which constrains the maximum282

value of FST (Jakobsson et al. 2013). To allow FST values at the283

HLA haplotypes to be compared to this null distribution, we284

recoded each HLA gene as a series of biallelic loci. This recoding285

was done by treating each allele at each gene as "allele 1", and286

all other alleles as "allele 2". The Weir and Cockerham (1984) FST287

estimator was then computed as described for SNPs, using the288

wc function of the hierfstat R package (Goudet 2005).289

Population differentiation at HLA 3
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Results290

Higher FST in HLA genes291

Initially we compared the distribution of FST among SNPs from292

the HLA, peri-HLA and control groups (Figure 1).293

FST

Pr
op

or
tio

n 
of

 S
N

Ps
0

0.
1

0.
2

0.
3

0.
4

0.
5

0 0.05 0.1 0.15 0.9

Control (831174)
Peri−HLA (1193)
HLA (487)

Figure 1 Distribution of FST values for exonic SNPs from the
following groups: outside HLA and peri-HLA regions (con-
trol group), within HLA genes and within peri-HLA genes.
Number of SNPs in each group is shown in parentheses.

The distribution of FST of SNPs within HLA genes is shifted294

towards higher values (median=0.027) compared to control295

SNPs (median=9.2 ⇤ 10�5), and the distributions are significantly296

different (p-value < 10�16, two-tailed Mann-Whitney test).297

Theory predicts that balancing selection affects only a narrow298

genomic region, the size of which is defined by the intensity of299

selection and the recombination rate (Charlesworth et al. 1997).300

To evaluate if the increased differentiation at coding SNPs within301

HLA genes was also observed in loci that flank the HLA, we302

applied the same test to the peri-HLA genes. As is the case for303

HLA SNPs, peri-HLA SNPs have an FST distribution which is304

significantly shifted to higher values (median = 0.006, p-value305

< 10�16, two-tailed Mann-Whitney test; Figure 1).306

Lower FST in HLA when accounting for MAF307

The effect of balancing selection is to shift the site frequency308

spectrum (SFS) of selected loci toward an excess of intermediate309

frequency variants. This is precisely what we see in the data,310

with the SFS for HLA SNPs showing a shift to intermediate311

frequencies compared to control SNPs. The peri-HLA SNPs312

occupy an intermediate position in the SFS (Figure 2).313

Constraints imposed by allele frequencies on FST have been314

a topic of recent investigation (Roesti et al. 2012; Maruki et al.315

2012; Elhaik 2012; Jakobsson et al. 2013; Edge and Rosenberg316

2014; Alcala and Rosenberg 2017), and it has been shown that317

SNPs with very low minor allele frequencies (MAF) are bounded318

to low FST values. This relationship between MAF and FST319

is empirically illustrated for the 1000 Genomes exome data in320

Figure 3, which shows that FST is constrained to low values321

mainly in the range of low MAF (up to ⇠ 0.1 in the 1000G322

dataset). When MAF is above this value the constraint is no323

longer evident. In File S1, we analytically show the relationship324

between MAF and the maximum possible value of FST.325

This suggests that the large number of rare variants in the326

1000G dataset, and the relative paucity of low MAF variants in327
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Figure 2 Distribution of minor allele frequency (MAF) for ex-
onic control, peri-HLA genes and HLA genes. MAF of SNPs
at the HLA and peri-HLA genes is higher compared to other
genes.
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Figure 3 Population differentiation, measured by FST, as a
function of minor allele frequency at biallelic exonic SNPs
from the 1000 Genomes Project phase 3 data.

the HLA SNPs could generate the observed differences in FST328

distributions between those groups (Figure 1).329

To account for the effects of differences in SFS between HLA330

and control SNPs when contrasting population differentiation331

among those groups, we compared the FST of HLA and control332

SNPs within bins of MAF values (Figure 4). Contrary to what333

we observed without controlling for MAF, we now find that334

HLA and peri-HLA SNPs have significantly lower FST than at335

the control SNPs (Mann-Whitney two-tailed test p-value < 10�5
336

for all bins of MAF > 0.01). The bin with MAF < 0.01 shows337

a similar pattern when further split into smaller bins of MAF338

(Figure S3). Figure S4 shows FST distributions including outliers.339

This approach used SNPs outside the HLA and peri-HLA340

genes as controls for the HLA SNPs. However, because the HLA341

SNPs are located in 5 genes, they are not independent, due to342

both intra and inter-locus associations. As a consequence, our343

p-values could be inflated by treating a set of correlated SNPs344

as independent, and comparing them to a set of control SNPs345

which are in their majority independent. We controlled for this346

non-independence using a resampling approach, in which sets347

of linked SNPs were sampled from our control group, and their348

FST values were compared to those from the HLA SNPs, at each349

MAF bin (see Materials and Methods). After controlling for the350

non-independence of HLA SNPs, we confirmed that FST at HLA351

SNPs was significantly lower than at the resampled SNPs, at all352

bins of MAF higher than 0.01 (Table S4).353

Another strategy to control for the constraint of MAF on FST354

is to estimate FST for multiple loci by computing a "ratio of the355
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Figure 4 FST distributions per minor allele frequency (MAF)
bin. HLA and Peri-HLA SNPs show lower FST than control
SNPs in all bins with MAF > 0.01. Outliers were removed
from figure, but not from statistical test, for better visualiza-
tion. Figure S4 shows FST distributions including outliers.

averages" of the numerator and denominator of the AMOVA-356

based FST estimator (see Methods). Reynolds et al. (1983) showed357

that this is the least biased estimate of average FST across mul-358

tiple loci. The alternative, i.e., computing the average FSTs for359

individual SNPs (an "average of ratios") creates a bias leading360

to an underestimation of FST, the effect of the bias being more361

pronounced the more rare variants there is in the dataset (Bhatia362

et al. 2013). The ratio of averages approach, on the other hand,363

proportionally downweights the contribution of variants with364

low MAF. This results in a higher overall FST values for datasets365

rich in rare variants.366

We explored how these different averaging methods impact367

the FST at HLA genes, and found that the "ratio of averages"368

approach (which controls for MAF) results in lower average369

FST at the HLA SNPs (0.04) than in the control SNPs (0.09). In370

stark contrast, using the average of individual loci FST, we found371

higher FST values for the HLA SNPs (0.03) than genome-wide372

(0.01), as in our initial analysis that did not account for MAF.373

This further emphasizes the importance of accounting for the374

differences between the site frequency spectrum of HLA and375

control SNPs when assessing population differentiation.376

HLA-DP genes The classical HLA-DPA1 and -DPB1 genes were377

excluded from the previous analysis because they show weak378

or no evidence of balancing selection (Solberg et al. 2008; Be-379

govich et al. 2001), and some evidence of directional selection380

(supported by the observation that within individual popula-381

tions a small number of alleles are present at a high frequency)382

(Hollenbach et al. 2001).383

Consistently with being under a different selective regime,384

HLA-DPA1 and -DPB1 show a pattern of population differentia-385

tion which is different from the other classical HLA loci: FST at386

these genes is higher than in the control SNPs, even when minor387

allele frequency is controlled for (Figure S1).388

Contrasting FST of HLA SNPs and haplotypes389

Next, we explored population differentiation at the haplotype390

level (i.e. with alleles defined by the coding sequence of each391

HLA gene). Haplotype level analyses were motivated by the392

idea that the fitness of individuals is more likely to be deter-393

mined by the combination of SNPs they carry in a gene, rather394

than by individual SNPs, since it is the combination of SNPs that395

determines the peptides which HLA molecules present.396

To compare FST for HLA haplotypes to a null distribution,397

we recoded each HLA gene as a biallelic locus (see Materials398

and Methods). Population differentiation at the recoded HLA399

haplotypes was then compared to differentiation at control SNPs400

and HLA SNPs, while controlling for minor allele frequency, as401

was done for SNPs.402

The boxplots show that differentiation at HLA haplotypes403

and HLA SNPs are quite similar (Figure 5) and differentiation at404

HLA haplotypes is not significantly different from that of control405

SNPs, except for the MAF bin between 0 and 0.08. Thus, despite406

the existence of haplotypes which are specific to certain world407

regions, when the average MAF is considered and global FST is408

quantified, the degree of differentiation of HLA haplotypes is409

lower than that of control SNPs, as was found for HLA SNPs.410

It is worth noting that ambiguous HLA haplotype calls (i.e.,411

instances where the typing method provided a set of possible412

allele calls) was resolved by choosing the assignment that mini-413

mized population differentiation. Thus, a more reliable assess-414

ment of haplotype-level differentiation will require less ambigu-415

ous haplotype calls.416

0.0

0.1

0.2

0.3

0−0.04 0.04−0.08 0.08−0.12 0.12−0.16 0.16−0.20
Minor allele frequency

F S
T

Data
Control

HLA haplotypes

HLA SNPs

Figure 5 Population differentiation (FST) as a function of minor
allele frequency for the exonic control SNPs (gray), for exonic
HLA SNPs (red) and for the haplotype-level HLA alleles (yel-
low) after recoding as biallelic (see Materials and Methods).
No haplotypes had frequency higher than 0.2, therefore MAF
bins were redefined.

FST at HLA SNPs depends on divergence times417

Our previous analyses examined global FST, which captures418

patterns of differentiation among all 20 populations retained419

from the 1000 genomes full dataset. Next, we asked how specific420

populations contributed to our findings. In order to investigate421

this question, and to evaluate how the geographical scale (within422

and among continents) influences differentiation at the HLA, we423

analyzed FST between all pairs of populations.424

We found that the lower differentiation at HLA SNPs as425

compared to control SNPs seen in our previous results (Figure 4)426

in seen for highly diverged populations (Figure 6) (i.e., contrasts427

involving populations from different continents).428

However, population pairs within the same continent show429

higher differentiation at the HLA SNPs compared to control430
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SNPs. This effect was also observed in an independent analysis431

performed on the populations from the HGDP SNP dataset,432

with FSC values showing a peak in the MHC region (indicating433

increased differentiation among populations within continents)434

(Figure S5).435
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Figure 6 Average FST at the HLA and at the control SNPs for
each pair of populations. Points with a single color represent
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Discussion436

Population differentiation at HLA SNPs437

In an overall analysis of FST among worldwide populations,438

we found significantly decreased genetic differentiation at HLA439

SNPs. We have shown that this result is critically dependent on440

the use of methods which appropriately account for the proper-441

ties of the site frequency spectrum of HLA genes.442

The decreased differentiation at HLA genes counters the ex-443

pectation of a model of adaptation to local pathogens driving444

differentiation. However, we found that the overall pattern445

of lower differentiation reveals a greater complexity when we446

compare populations with different divergence times.447

Mind the MAF448

Our results highlight the importance of accounting for minor449

allele frequency (MAF) when comparing FST values for different450

sets of SNPs, as previously shown by others (Roesti et al. 2012;451

Maruki et al. 2012; Elhaik 2012; Jakobsson et al. 2013; Edge and452

Rosenberg 2014). Not accounting for MAF leads to an underesti-453

mation of population differentiation for sets of SNPs rich in rare454

variants. When comparing sets of SNPs from genomic regions455

with different MAF distributions, this may result in a misleading456

interpretation of the selective regime acting on each region.457

Alcala and Rosenberg (2017) recently arrived at the same458

results for the upper boundary of FST as a function of allele459

frequency in biallelic markers as we present on Supplemental460

File S1. Their work presents a more general investigation of461

the constraints of the frequency of the most frequent allele on462

FST, using simulations under different migration models. Alcala463

and Rosenberg (2017) discuss the effect of this constraint in464

reducing the power of outlier tests which use high FST as a465

signature of local positive selection. Here we emphasize the466

effect of this constraint on interpreting FST values at regions467

under balancing selection, where the depletion of rare variants468

leads to higher overall population differentiation than in other469

genomic regions. However, when variants with similar MAF470

are compared, population differentiation in the region under471

balancing selection is actually lower, as we show for SNPs within472

HLA genes.473

While the constraint of MAF on FST strongly affects differenti-474

ation at regions under positive and balancing selection, it is less475

problematic in regions under purifying selection. Under this se-476

lective regime, both an enrichment at low frequency variants and477

low population differentiation are expected. Since population478

differentiation in low frequency variants is constrained to low479

values, the relationship between MAF and FST leads both signa-480

tures in the same direction. This effect has been demonstrated481

in Drosophila melanogaster (Jackson et al. 2014).482

Contrast to previous studies483

Two classical HLA genes, HLA-DPA1 and HLA-DPB1, were ex-484

ceptions to our finding of lower population differentiation at485

HLA SNPs. SNPs in those genes showed higher population486

differentiation, even when MAF was accounted for (Figure S1).487

A genomic scan performed by Bhatia et al. (2011) also found a488

SNP near a HLA-DP gene with unusually high population differ-489

entiation (rs2179915, which is 30kb from HLA-DPA2). Similarly,490

Barreiro et al. (2008) found unusually high FST at the HLA-DPB2491

locus. These results indicate that the HLA-DP genes are not492

under balancing selection, but rather under directional selection493

that differs among populations. The studies which identified494

selection at these loci were designed with an emphasis on the495

detection of extremely high differentiation, and thus did not496

capture the pattern of low differentiation which is characteristic497

of most HLA loci.498

Hofer et al. (2012), on the other hand, used an approach where499

regions of adjacent SNPs with extreme FST were scanned for, and500

detected the HLA-C locus among these, with evidence of unusu-501

ally low FST. The method used by Hofer et al. (2012) evaluates502

FST as a function of the heterozygosity between populations,503

which for biallelic markers is equivalent to the correction for504

MAF we applied here. These results show that when a test is de-505

signed to account for the possibility of unusually low FST values,506

and when the effect of minor allele frequency (or heterozygosity)507

on FST is accounted for, a signature of low differentiation which508

would otherwise not be detected can be found.509

Divergence time effect510

By taking advantage of multiple populations made available by511

the 1000 Genomes project, we also examined if the excess of low512

differentiation at HLA SNPs holds at all timescales of differenti-513

ation. Interestingly, we find that for population pairs with low514

divergence (those from the same continent) FST at HLA SNPs is515

equal to or higher than in the control SNPs. For highly diverged516

population pairs (those from different continents), we consis-517

tently find lower differentiation among HLA SNPs. This result518

shows that a specific set of SNPs may differ in how they deviate519

from the genomic background depending on the timescale of520

population divergence.521

To understand the process driving the increased differenti-522

ation for recently diverged populations (Figure 6) we used a523

simulation approach. First, we simulated a scenario where an524

ancestral population is under symmetric overdominant selec-525

tion, and splits into two daughter populations, both under the526

same selective regime as the ancestor (details in Supplemental527

File S2). We refer to this scenario as "shared overdominance",528

and find that it results in differentiation between the daughter529

populations being reduced with respect to neutral expectations530
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(Figure 7A and Figure 8A), in accordance with previous results531

(Schierup et al. 2000).532

Figure 7 Relation between FST under neutrality and balancing
selection. (A) daughter populations remain under the same
regime of overdominance (shared overdominance) as the an-
cestral population. (B) One of the daughter populations expe-
riences a shift in the fitness values (divergent overdominance),
remaining under overdominance but with a new equilibrium
value (changed by a value of d = 0.2. In this case, for recent
divergence times we find balancing selection can temporar-
ily increase population differentiation, so long as selection is
strong (s=0.05 or greater, Ne = 1000).
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A. Shared overdominance B. Divergent overdominance
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Figure 8 Schematic representation of HLA differentiation un-
der two regimes of overdominance. Each tree represents a
population pair experiencing selection according to fitness
values presented in the boxes above the tips. In "shared over-
dominance" both daughter populations share the same fitness
values. In "divergent overdominance" the fitness values for
one of the homozygotes changes in one of the daughter popu-
lations, even though the regime is still one of overdominance.
In the divergent overdominance scenario, the equilibrium fre-
quencies at the selected site differs among populations, and
drives increased differentiation when divergence is recent (FST
HLA > FST neutral). For the shared overdominance scenario
FST neutral > FST HLA throughout the entire history of popula-
tion divergence.

However, if the two populations remain under overdominant533

selection but differ for one of the homozygote fitness values534

(a scenario we refer to as "divergent overdominance"), differ-535

entiation can be increased with respect to neutrality for small536

divergence times (Figure 7B and Figure 8B). This result can be537

understood if we consider that the populations are extremely538

similar at the time of the split, so the effect of selection will be to539

favor changes in allele frequency between them (since homozy-540

gote fitness and therefore equilibrium frequencies of selected541

alleles will differ). As the two populations further diverge, the542

neutral sites will continue to diverge and will surpass the differ-543

entiation for the case of overdominance. Thus, by assuming that544

the fitness values of an overdominant model can change over545

time –which is highly plausible if we consider heterogeneity in546

pathogen populations affecting HLA fitness– increased FST at547

HLA for recently diverged populations can be explained.548

Consistent with our results, recent studies have identified549

very recent adaptive change at HLA loci (Field et al. 2016; Zhou550

et al. 2016), which could contribute to differentiation at a local551

scale without erasing signatures of long-term balancing selec-552

tion.553
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