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Abstract

Selective pressures imposed by pathogens have varied among human populations throughout their evolution, leading to
marked inter-population differences at some genes mediating susceptibility to infectious and immune-related diseases.
Here, we investigated the evolutionary history of a common polymorphism resulting in a Y529 versus C529 change in the
cadherin related family member 3 (CDHR3) receptor which underlies variable susceptibility to rhinovirus-C infection and is
associated with severe childhood asthma. The protective variant is the derived allele and is found at high frequency
worldwide (69–95%). We detected genome-wide significant signatures of natural selection consistent with a rapid increase
of the haplotypes carrying the allele, suggesting that non-neutral processes have acted on this locus across all human
populations. However, the allele has not fixed in any population despite multiple lines of evidence suggesting that the
mutation predates human migrations out of Africa. Using an approximate Bayesian computation method, we estimate the
age of the mutation while explicitly accounting for past demography and positive or frequency-dependent balancing
selection. Our analyses indicate a single emergence of the mutation in anatomically modern humans ∼150 000 years ago
and indicate that balancing selection has maintained the beneficial allele at high equilibrium frequencies worldwide.
Apart from the well-known cases of the MHC and ABO genes, this study provides the first evidence that negative
frequency-dependent selection plausibly acted on a human disease susceptibility locus, a form of balancing selection
compatible with typical transmission dynamics of communicable respiratory viruses that might exploit CDHR3.
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Introduction

There is accumulating evidence to suggest that immunity-
related genes are preferential targets of natural selection (1–5),
supporting the notion that infectious diseases have been
important selective forces on human populations (6). However,
for most candidate loci, the mechanisms and phenotypic effects
underlying the observed signatures of selection remain elusive.

Human rhinoviruses (RVs) are found worldwide and are the
predominant cause of the common cold. While many RV infec-
tions cause only minor illness, type C strains of the virus are
associated with higher virulence. Unlike RV-A and RV-B, RV-C
utilizes the cadherin related family member 3 (CHDR3) receptor
to gain entry into host cells (7). A common missense variant in
CDHR3 (rs6967330, C529Y) results in differences in virus binding
and/or replication; the protein encoded by the derived rs6967330
allele (C529) is displayed at 10-fold lower density on the surfaces
of ciliated airway cells than the protein encoded by the ances-
tral allele (Y529), making CDHR3 less accessible to respiratory
viruses seeking the receptor (8,9). Adding clinical support that
CDHR3 functions as an RV-C receptor, the ancestral allele at
rs6967330 has been found to be associated with an increased risk
of respiratory tract illness by RV-C in multiple cohorts (10,11).
In accordance with the known role of RV, particularly RV-C, in
triggering asthma exacerbations, the allele has also been found
to be associated with various severe forms of asthma or asthma-
related phenotypes in differing ethnic backgrounds (8,12,13).
Taken together, these studies suggest that host genetics mediate
differing susceptibility to RV-C infection and asthma by affecting
interactions between the virus and its receptor (e.g. whether or
not the protein is expressed on the cell surface and is thus visible
to the virus).

A recent outbreak of lethal respiratory illness among wild
chimpanzees was attributed to human RV-C crossing species
boundaries. All members of the infected chimpanzee popula-
tion were invariant for the ancestral variant at the homologous
position corresponding to the human rs6967330 variant. The
outbreak resulted in a staggering 8.9% mortality rate (14) and
suggests that RV-C infection can result in a high mortality rate
in a susceptible population. As respiratory infections, particu-
larly prior to the availability of modern medical interventions,

represent significant threats to human health (15–18), CDHR3
and in particular rs6967330 represent a promising candidate
target of natural selection. In the present study, we investigated
the evolutionary history of this locus for which there already
exists strong experimental and clinical data linking genotype
with phenotypes that appear to modulate disease susceptibility.

Results

Contemporary diversity patterns of the CDHR3 locus

The rs6967330 disease susceptibility locus is a common sin-
gle nucleotide polymorphism (SNP) shared across contempo-
rary worldwide populations. The frequency of the derived G
allele ranges from 68.8% (‘Mende in Sierra Leone’, MSL) to 95.3%
(‘Peruvians from Lima, Peru’, PEL) across the 26 populations
of the 1000 Genomes (1000G) Project (19) (Fig. 1). At the super
population level, the derived G allele is most common in East
Asian populations (EAS, 93.0%), followed by admixed American
populations (AMR, 85.7%), South Asian populations (SAS, 80.0%)
and European populations (EUR, 79.2%). It is least common in
African populations (AFR, 73.5%), albeit also at high frequency.

High linkage disequilibrium (LD) patterns extend from
105 657 078 to 105 659 873 on chromosome 7 in the 1000G
populations, with only moderate LD decay extending up to
105 680 022 (Supplementary Material, Fig. S1). Considering
only biallelic SNPs with a minor allele frequency (MAF) ≥ 0.01,
haplotypes within these blocks were extracted with the Pegas
package in R (20,21). Within the smaller 2795 bp region, we
identified 19 haplotypes among 16 SNPs, and within the larger
22 945 bp region, we identified 378 haplotypes among 83
SNPs (Supplementary Material, Table S1). Relationships among
haplotypes occurring at ≥0.5% were inferred using network
analysis (Fig. 2). Of the eight haplotypes with frequency ≥0.5%
in the region of high LD, the majority of individuals in all
populations carry the same haplotype with the derived G allele
(n = 3848); two less frequent haplotypes carrying the derived
allele are found in various geographic regions. The ancestral A
allele is found in the remaining five haplotypes, which vary in
their distributions across regions. Phylogenetic reconstruction

Figure 1. Global distribution of allele frequencies at rs6967330. Pie charts represent the allele frequencies of the ancestral A allele (light gray) and the derived G allele

(black) in each of the 26 populations of the 1000 Genomes Project. This image was generated through the Geography of Genetic Variants browser (64).
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Figure 2. Haplotype structure of the CDHR3 locus in anatomically modern

humans. (Top) Haplotype network from chromosome 7 between 105 657 078 and

105 659 873. Haplotype network was constructed from phased genome sequences

of 2504 diploid individuals from the 1000 Genomes Project with variation at 16

biallelic SNPs (MAF ≥ 0.01) in the 2795 bp region. Colors reflect super population

designation of individuals. (Bottom) Unrooted tree from chromosome 7 between

105 657 078 and 105 680 022. Haplotypes of the same 2504 diploid individuals were

derived for the larger genomic region. Again, only haplotypes occurring at >0.5%

were analyzed and colors reflect super population designation of individuals.

The tree is based on 83 SNPs (68 informative) from the 22 945 bp region.

of the 28 haplotypes with frequency ≥0.5% in the larger genomic
region with moderate LD resulted in a clear separation of
haplotypes carrying the ancestral and derived alleles.

Worldwide selection at the locus

Given the morbidity and mortality associated with viral respira-
tory infections and severe childhood asthma, we hypothesized
that the frequency of the derived allele might have increased
more rapidly than under neutrality. We performed genome-
wide scans for selection in the 1000G populations using two
highly related haplotype-based statistics: the integrated hap-
lotype score (iHS) (22) and the number of segregating sites by
length (nSL) (23). These two statistics are designed to capture
rapid increases in haplotypes carrying selected variants and
have been applied in the context of detecting recent positive
selection (22,24,25). Results of the two statistics are expected
to be correlated as both statistics are based on comparing the
long-range conservation of haplotypes carrying the derived and
the ancestral alleles at polymorphic sites, with the two statis-
tics differing only in how they measure this length. We cal-
culated these neutrality statistics in each population indepen-
dently (Supplementary Material, Fig. S2). Fourteen populations
presented genome-wide significant values of iHS and nSL (≥95th
percentile of the distribution in the population) at rs6967330,

with 2 and 5 populations falling in the 99th percentile for the
two statistics, respectively.

To investigate whether selection has acted on all populations
simultaneously, we implemented a multipopulation (MP) com-
bined statistic approach for iHS and nSL. For each SNP in each
population, we combined the percent ranks of iHS and nSL (deter-
mined from genome-wide distributions in the respective popu-
lation) across populations into single composite scores, MP-iHS
and MP-nSL. The rationale behind these composite approaches
is that neutrality statistics, though expected to be correlated
among populations under neutrality, are more strongly corre-
lated for positively selected variants than for neutral variants
(26–28). Indeed, under global positive selection, iHS and nSL tend
to become negative in all populations while false positives will
only be negative in a few populations. Consequently, candidates
genuinely selected in several populations should harbor extreme
values for MP-iHS and MP-nSL. We obtained a MP-iHS score of 156
and a MP-nSL score of 157 for rs6967330, which is genome-wide
significant regardless of whether we include only segregating
sites in two or more populations or limited it to those SNPs
segregating in all 26 populations examined (P-value < 0.01), indi-
cating that selection has probably acted across all continental
populations simultaneously. Collectively, these results suggest
that the derived allele at rs6967330 is advantageous and that
non-neutral processes have acted on this locus.

Origin of rs6967330

Examination of CDHR3 in an alignment of 100 vertebrate
genomes (29,30) reveals that the locus is highly conserved,
with homologs present in 85 species (Supplementary Material,
Fig. S3). Tyrosine is the ancestrally encoded amino acid at the
homologous position 529 in the human protein sequence, with
only humans and a handful of other species encoding alternative
protein sequence. Providing further evidence that the locus
has been evolutionary constrained, rs6967330 has a positive
Genomic Evolutionary Rate Profiling score of 4.39, signifying
a deficit of substitutions compared to neutral expectations;
typically, scores above 2 are considered constrained with high
sensitivity (30,31).

Excluding Homo sapiens, sequencing data from the remaining
extant species comprising all hominids (great apes) are invariant
at the position corresponding to rs6967330 (32). Genotyping of
an additional 41 chimpanzees whose community experienced
a severe cross-species respiratory outbreak of RV-C in 2013 (8.9%
mortality rate) revealed that all individuals were homozygous for
the ancestral A allele (14). In examining hominin genomes, we
find that Neanderthals and Denisovans carry the ancestral allele,
with haplotypes that nest within extant H. sapiens diversity
(Supplementary Material, Fig. S4). Ancient DNA (aDNA) extracted
from a 45 000-year-old H. sapiens from western Siberia revealed
the man was homozygous for the derived allele (33). In low
coverage sequencing data of aDNA extracted from 230 West
Eurasian H. sapiens estimated to have lived between 6500 and
300 b.c., the derived G allele ranges from 62.1 to 84.3% among
the various populations examined (34). Collectively, these data
suggest that the derived allele likely arose in the evolutionary
branch leading to anatomically modern humans and was not
rare in human populations by ∼45 000 years ago.

Age of rs6967330

Haplotype-based statistics such as iHS and nSL are best at
detecting positive selection occurring in the recent past (e.g.

D
ow

nloaded from
 https://academ

ic.oup.com
/hm

g/article-abstract/29/5/736/5678746 by Institut Pasteur user on 26 June 2020

https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddz304#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddz304#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddz304#supplementary-data


Human Molecular Genetics, 2020, Vol. 29, No. 5 739

∼30 000 years) (35) and have low power to detect selection
occurring on standing variation with intermediate frequency
(36). While we find signatures of selection at the locus with
these methods, the protective variant has not fixed in any of the
contemporary populations examined contrary to expectations
for a positively selected variant that potentially arose prior to
human migrations out of Africa (37). We therefore wondered if
balancing selection could explain the lack of fixation observed,
as balancing selection can maintain genetic diversity over long
periods of time (38). As expected based on our comparative
genomic analysis, we did not find a convincing signal of long-
term balancing selection (39) (i.e. selection occurring over at least
hundreds of thousands of generations (40–42)) (Supplementary
Material, Fig. S5). However, balancing selection operating over
shorter timescales has clearly played a role in recent human
evolution (e.g. the iconic example of the βS sickle cell mutation
(43–45)) and could have shaped the haplotype-based patterns
similarly to what we observed in the 1000G populations. Indeed,
under both positive selection and short-term balancing selection
scenarios, the selected allele rapidly increases in frequency
with the allele eventually fixing under positive selection or
oscillating around an equilibrium frequency in the case of
balancing selection (45).

To estimate the emergence of the derived G allele at
rs6967330, we adapted a recently developed simulation-based
approximate Bayesian computation (ABC) dating method (45) to
jointly model both positive and balancing selection scenarios.
Denoting the observed average frequency of the derived G allele
across 1000G populations (0.8) as Gobs, we simulated haplotypes
carrying a selected mutation with the following relative finesses
for each genotype: wAA = 1, wAG = 1 + s and wGG = 1 + 2s, where
the selection coefficient, s, was positive when the simulated
frequency was lower than Gobs or negative when it was higher
than Gobs, (i.e. the G allele is favorable when the frequency is
below Gobs and unfavorable when it is above). Hence, when the
simulated allele reaches Gobs for the first time in the current
generation, it is consistent with a classic positive selection
scenario (s was positive in every generation), while when the
simulated allele oscillates around Gobs for many generations,
it corresponds to a negative frequency-dependent selection
scenario (s was either positive or negative depending on the
value of its frequency, with a negative correlation between
relative fitness and frequency).

We focused on African (AFR), European (EUR) and East-
Asian (EAS) 1000G super populations (Fig. 3) and computed
four haplotype-based statistics: iHS, nSL, the delta of integrated
extended haplotype homozygosity (�iHH) (26) and the derived
intra-allelic nucleotide diversity (DIND) (27) (Supplementary
Material, Table S2). �iHH measures the difference in the long-
range conservation of haplotypes as opposed to the relative
ratios (as computed by iHS and nSL), while DIND compares the
nucleotide diversity of haplotypes carrying each of the alleles.
We performed our ABC estimations in each continental super
population separately, from simulations that closely matched
the empirical haplotype-based statistics, allele frequency and
associated genetic diversity for each respective population. The
simulated DNA regions containing the selected mutation in
the middle were generated using population subdivision and
demographic parameters previously inferred for AFR, EUR and
EAS populations (46) and assuming Gobs equals 0.8 (the average
of frequencies computed across continental populations). Our
ABC age estimates across AFR (143 859 years with 95% CI:
[95099–188 777]), EUR (162 387 years with 95% CI: [100666–
202 981]) and EAS (155 027 years with 95% CI: [88554–200 636])
super populations were very similar (Fig. 3 and Supplementary

Figure 3. ABC estimations of the age of rs6967330. ABC posterior distributions of

the rs6967330 age obtained from a combination of three different ABC methods.

Estimations were obtained through the use of haplotype-based statistics com-

puted with 100 kb windows around rs6967330 and five populations per continent

merged. We excluded from this analysis the two admixed African populations,

ASW and ACB. The posterior average (colored points) and 95% CIs (horizontal

colored lines) are plotted above the distributions. The estimations obtained with

each ABC method are indicated in Supplementary Material, Fig. S6. Estimations

were obtained with simulations performed according to parameters described

in the main text. The posterior distributions were each obtained from 200 000

simulations in which the simulated rs6967330 occurred in the respective super

population.

Material, Fig. S6). The inferred ages (∼150 000 years ago) and
overlapping CIs among continental populations suggest a single
emergence of the polymorphism that predates the split of
African and non-African populations.

To assess the accuracy of our ABC method, we treated sim-
ulated data as empirical data for which the ages of the selected
mutation are known. The linear correlations between true values
and the corresponding ABC estimates indicated that our method
should successfully estimate the age of rs6967330 (Supplemen-
tary Material, Fig. S7). Moreover, this analysis validated that
the 95% credible intervals (CIs) computed from the posterior
distributions of age did capture the true values in 95–96% of
our simulations. We also note that our estimates of the age
of rs6967330 account for the uncertainty associated with the
selection coefficient, s, as we simulated a wide range of selection
coefficients (s uniformly distributed from 0.001 to 0.1); however,
estimates of s were imprecise and thus not shown.

Mode of selection targeting rs6967330

We next sought to determine the likely mode by which the
derived allele reached its current frequency (Gobs). Recall that
when the simulated allele reaches Gobs for the first time in our
ABC framework, it is consistent with a classic positive selection
scenario (s was always positive), while when the simulated
allele oscillates around Gobs for many generations, it corresponds
to a negative frequency-dependent selection scenario (s varies
depending on the frequency of Gobs). We can therefore quan-
tify the number of simulations that are consistent with each
selection scenario by examining the generation at which Gobs

was first reached. As expected, we found a close relationship
between the mode of selection and the age of the mutation,
with younger mutations having a higher probability of having
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Figure 4. Rejection of the positive selection scenario. (A) Probability of an ongoing positive selection scenario assessed by simulation of the model used for our ABC

estimations. To compute this probability, we performed 1000 simulations according to the demographic and selection models described for each superpopulation.

Simulations were classified as consistent with ongoing positive selection if Gobs (0.8) was reached for the first time in the last 5000 years. For each bin of age, the

probability of positive selection was quantified as the number of simulations consistent with ongoing positive selection divided by the number of simulations in this

bin. (B) Assessment of the mode of selection in AFR. One-thousand simulations were performed according to the demographic and selection models described for the

AFR superpopulation, restricting the emergence of the selected mutation to the 95% CIs of our ABC estimations. The date of emergence of each simulated mutation

(mimicking rs6967330) is represented by an x on the x-axis. The date at which the derived allele for each of the 1000 simulated mutations reached Gobs for the first time

is indicated by circles in the shaded boxes, with the size of circle reflecting the selection coefficient, s. The derived allele frequency trajectory for 20 randomly drawn

simulations is pictured. To formally reject a scenario of ongoing positive selection, the proportion of simulations for which the derived allele of the selected mutation

reached Gobs in the last 25 000 years were quantified (P = 0.001). (See Supplementary Material, Fig. S8 for similar plots based on EUR and AFR superpopulations.)

reached Gobs in a manner consistent with a classic positive
selection scenario (Fig. 4A). For example, approximately half of
the simulations where the mutation arose between 10 000 and
20 000 years ago reached Gobs in relatively recent generations
(the last 5000 years). On the contrary, most simulations where
the mutation arose >40 000 years ago reached Gobs long ago and
oscillated around Gobs until present under the modeled negative
frequency-dependent selection scenario.

In order to formally reject a scenario of classic positive selec-
tion acting on the rs6967330 locus, we performed additional
simulations restricting the origin of the mutation to the inferred
95% CIs for each super population, and recomputed this prob-
ability (Fig. 4B and Supplementary Material, Fig. S8). We found
very low support for ongoing positive selection acting on this

locus (P ≤ 0.002). Collectivity, our results show that the frequency
of the derived G allele at rs6967330 has likely been maintained
by balancing selection in anatomically modern humans.

Discussion

Following its identification as an asthma susceptibility locus (12)
and its demonstration as the cellular receptor exploited by RV-C
(7), CDHR3 has become a gene of significant biological interest.
We sought to characterize the evolutionary history and the role
of natural selection in shaping patterns of diversity at rs6967330,
the missense variant in the receptor with demonstrated roles
in disease susceptibility. We found genome-wide significant sig-
natures of selection across populations with haplotype-based
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selection scans (Supplementary Material, Fig. S2) and dated the
emergence of the derived mutation to ∼150 000 years ago (Fig. 3
and Supplementary Material, Fig. S6). These haplotype-based
selection scans are best at detecting positive selection occurring
in the recent past (e.g. ∼30 000 years), and have low power
to detect selection occurring on standing variation with inter-
mediate frequency. If the derived allele at rs6967330 had been
selected upon prior to divergence of African, Asian and/or Euro-
pean populations and subsequently become no longer advanta-
geous in a given continent, we would not expect to find such
high percent ranks of iHS or nSL in all populations as there
would have been sufficient time for mutation and recombination
to break up haplotype homozygosity in the region. Thus, we
interpret our genome-wide significant MP scores as evidence
that selection has acted on all populations simultaneously (e.g.
in the last ∼30 000 years). However, we acknowledge that this
multipopulation test cannot rule out that the derived allele
very recently became neutral in some sub-continental popula-
tions. Interestingly, preliminary dating estimates of RV-C point
to a recent origin of the virus in the last few thousand years
(47), suggesting that an alternative selective agent(s) must have
been/be acting on the locus prior to emergence of RV-C (e.g.
another virus). These findings well parallel to those observed
at the chemokine receptor gene-5 (CCR-5), where an unknown
historical selective pressure maintained a deletion in CCR-5 that
attenuates infectivity and disease progression of HIV (reviewed
in 48), because that mutation clearly predates the emergence of
AIDS.

We hypothesized that rs6967330 might be the target of bal-
ancing selection as this could reconcile the seemingly con-
tradictory results of significant haplotype-based signatures of
selection at the locus (Supplementary Material, Fig. S2), the age
of the mutation (Fig. 3 and Supplementary Material, Fig. S6) and
the lack of fixation of the advantageous allele in any of the pop-
ulations examined (Fig. 1). Until recently, evidence for balancing
selection in the human genome was limited to a few classical
cases such as the heterozygous advantage conferred by the HbS
sickle cell mutation against malaria (43–45), genes of the major
histocompatibility complex/human leukocyte antigen complex
(40) and the ABO blood group (49). Balancing selection, however,
has recently been recognized as more prevalent than previously
thought, particularly in shaping human immune system pheno-
types (38,50,51). Our ABC method allowed us to reject a model
of ongoing positive selection, favoring a model of balancing
selection in shaping the global frequencies of rs6967330 (Fig. 4
and Supplementary Material, Fig. S8).

We modeled negative frequency-dependent selection,
an evolutionary process by which the relative fitness of a
genotype/phenotype depends on its frequency in the population.
We reasoned that negative frequency-dependent selection
is a form of balancing selection compatible with typical
transmission dynamics of communicable respiratory viruses
that might exploit CDHR3. For example, viral spread could
be attenuated in populations harboring high frequencies of
the protective allele. Another form of balancing selection we
believe could be compatible here is one in which the selection
coefficient, s, varies temporally (e.g. seasonality of virus outbreak
or pandemics). However, we chose to model the former as
we speculated that it is more likely to result in equivalent
equilibrium frequencies across populations. We note that we
did not model heterozygote advantage at the locus because in
Danish children with severe asthma having even one copy of
the risk variant is associated with increased risk of exacerbation
and hospitalization (12).

In conclusion, our analyses combined a priori knowledge of a
genetic variant underlying variable susceptibility to RV-C infec-
tions (7,10,14) with population genomics and Bayesian infer-
ences to uncover support that this genetic susceptibility locus
has been maintained by balancing selection in humans over a
relatively short-term evolutionary history (∼150 000 years ago).
This study reinforces the importance of balancing selection in
shaping human genetic diversity and provides a well-supported
example where frequency-dependent selection potentially has
acted on a human disease susceptibility locus.

Materials and Methods

Datasets

1000 genomes project. Individual level phased sequencing
data from the 1000 Genomes Project Phase 3 dataset were
downloaded from ftp://ftp.1000genomes.ebi.ac.uk/vol1/ftp/
release/20130502/ (19).

Neandertal and Denisovan. Genotypes for the Vindija, Altai and
Denisovan genomes generated using snpAD, an ancient DNA
damage-aware genotyper, were downloaded from http://cdna.
eva.mpg.de/neandertal/Vindija/VCF/ (52).

Great apes. Genotypes of primate sequences were obtained
from https://eichlerlab.gs.washington.edu/greatape/data/ and
converted to the corresponding human regions with the LiftOver
software (30).

Haplotype networks

Indels and multiallelic sites were filtered out with bcftools (53).
Variants having a Hardy–Weinberg equilibrium exact test P-value
below 1 × 10−5 as calculated using the –hwe midp function in
PLINK1.9 (54) in any of the 26 populations were removed from
all populations. The core haplotype surrounding rs6967330 was
identified using biallelic markers within ±50 kb of rs6967330
in Haploview (55) from all 26 populations in the 1000 Genomes
Phase 3 release (Supplementary Material, Fig. S1). A large hap-
lotype block was defined on chromosome 7 from 105 657 078
to 105 680 022, and a smaller haplotype of chromosome 7 from
105 657 078 to 105 659 873. Haplotypes within the defined haplo-
type blocks were extracted from biallelic markers with a minor
allele frequency (MAF) > 0.01 with the Pegas package (20,21).
Haplotypes occurring at >0.5% (at least 26 individuals) in the
total 1000G dataset were constructed into networks. Genotypes
from two high quality Neanderthal genomes and a Denisovan
genome were similarly extracted and used in network analyses.

Haplotype-based selection scans

We computed iHS and nSL using sliding windows of 100 kb
around each mutation (36). As iHS and nSL are sensitive to
the inferred ancestral/derived state of an allele, we computed
these statistics only when the derived state was determined
unambiguously. Results were normalization by derived allele
frequency (DAF) bins (from 0 to 1, increments of 0.025) (22,36). We
also minimized the false-positive discovery by excluding SNPs
with a DAF below 0.2, as the power to detect positive selection
has been shown to be limited at such low frequencies (22,36).
For each statistic, we considered the percent rank at rs6967330
relative to the genome-wide distribution in each population.
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Multipopulation (MP) combined statistic

For each SNP and each population, we determined the empirical
P-value of iHS and nSL, i.e. the rank of each statistic in the
genome-wide distribution divided by the number of SNPs. We
then used the combine_pvalues function implementation of
Fisher’s method (56) of the SciPy python package to compute
MP-iHS and MP-nSL for every SNP (passing the criteria above to
compute iHS and nSL) found in at least two populations.

β test for long-term balancing selection

β scores for each population in the 1000 Genomes Project were
obtained from https://github.com/ksiewert/BetaScan.

Human demography

To investigate the age of rs6967330 in different continental
populations, we incorporated a previously inferred demographic
model (46) in our ABC framework. This three-population
isolation-with-migration model inferred using the YRI, CEU
and CHB populations has been used to calibrate the genome-
wide detection of positive selection in the 1000G populations
(26,46). This demographic model incorporates an ancient
African expansion, an Out-of-Africa exodus ∼100 000 years ago
(assuming a generation time of 29 years (57,58)) followed by a
bottleneck and a split of Eurasians into European and Asian
populations ∼58 000 years ago and different migration rates
between continents with a probability of the order of 10−5 per
haploid genome per generation. One key feature is the presence
of two population bottlenecks in non-African populations, the
second bottleneck being stronger in the Asian population (for
details see (46)).

Simulating genetic data

To simulate the rs6967330 region according to the demographic
scenario described above, we used SLiM v2 (59) with the follow-
ing parameters: the mutation rate μ = 2.3 × 10−8 per generation
per site (44) and the pedigree-based recombination rate observed
in the CDHR3 region r = 2.10 × 10−8 per generation per site
(60). In order to compute iHS and nSL as was done for the 1000G
data, we first simulated genetic data with a selected mutation (to
mimic rs6967330) inserted in the middle. We next matched the
simulated data with our empirical data by randomly drawing the
number of SNPs observed around rs6967330 in accordance with
the allele frequency spectrum observed in this region. Because
SLiM v2 is a forward-in-time simulator, computation times are
large. We thus rescaled effective population sizes, generation
times, the recombination rate and the mutation rate according
to N/λ, t/λ, λμ and λr, with λ = 10(45,61) The selection parameter
s was multiplied by the same factor λ in order to scale the
increase in frequency of the selected allele in each generation,
as classically done in the case of positive selection (45,61).

ABC estimation of the age of the rs6967330 mutation

In ABC, estimations are performed by comparing summary
statistics of data simulated according to specified prior distri-
butions to those of empirical data (62). To minimize unwanted
noise due to limited sample sizes, we merged samples from
multiple populations into super populations according to their
continent of origin (AFR, EUR, EAS), and excluded populations
with significant levels of admixture. For the simulated datasets,

the age of the derived mutations were drawn from a flat prior
distribution ranging from present until 200 000 years ago. The
selection coefficients, s, for the derived mutation were drawn
from a flat prior distribution ranging from very low selection
coefficients (0.001) to very high selection coefficients (0.1). As
summary statistics, we used four haplotype-based statistics as
previously described: iHS, nSL, �iHH and DIND (45). In addition,
we also used the current derived frequency of the selected
mutation and the number of segregating sites (θS) computed
100 kb around the site, in order to ensure that our estimates
were generated from simulations that closely match the genetic
diversity observed in the studied populations. We used three
different ABC methods implemented in the abc R package (21,63)
setting the tolerance parameter (‘tol’) equal to 0.005. The three
posterior distributions obtained were combined into a single
posterior distribution as previously described (45). As punctual
estimates of the age of the mutation, we cite the posterior mean
and the 95% CIs obtained from posterior distributions.

We tested the accuracy of each ABC method used, including
the combined one, by treating simulated data as empirical data
for which parameter values were known (Supplementary Mate-
rial, Fig. S7). To this end, we compared the estimated and sim-
ulated parameter values, denoted here by θ̂i and θi, respectively,
using classic accuracy indices: the averaged relative error rError
(i.e. averaged difference between estimated and true values,
expressed as a proportion of the true value, rError = 1

J

∑J
i(θ̂i−θi)/θi,

with J simulated datasets), the root of the relative mean square
error and the proportion of true values falling between bounds
of the 95% CIs computed from posteriors, 95%CIcov = 1

J

∑J
11(q1 <

θi < q2 ) where 1(C) is the indicative function (equal to 1 when C
is true, 0 otherwise) and q1 and q2, the corresponding percentiles
of the posterior distributions.
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Supplementary Material is available at HMG online.
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