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Abstract
Human populations harbor a high concentration of deleterious genetic variants. Here, we tested the hypothesis that non- 
random mating practices affect the distribution of these variants, through exposure in the homozygous state, leading to 
their purging from the population gene pool. To do so, we produced whole-genome sequencing data for two pairs of Asian 
populations exhibiting different alliance rules and rates of inbreeding, but with similar effective population sizes. The re
sults show that populations with higher rates of inbred matings do not purge deleterious variants more efficiently. Purging 
therefore has a low efficiency in human populations, and different mating practices lead to a similar mutational load.
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Introduction
Human populations worldwide harbor a high concentration 
of deleterious variants (Abecasis et al. 2010; Sulem et al. 
2015). Each individual carries on average 85–115 
loss-of-function (LOF) variants, and is homozygous for about 
20–35 of them (Besenbacher et al. 2015; Exome Aggregation 
Consortium et al. 2016). The frequency spectrum of these 
deleterious variants is shifted toward low frequencies, with 
about 80% of LOF variants being exclusively encountered 
in single populations and about 20% of them being detected 
only in single individuals (Lupski et al. 2011; Abecasis et al. 
2012). This spectrum suggests that purifying selection shapes 
the distribution of deleterious variants. There may exist dif
ferences in the efficiency of selection that reduce the burden 
of deleterious variants among human populations linked to 
their distinct demographic histories. This possibility has at
tracted considerable attention in recent years (Casals et al. 
2013; Lim et al. 2014; Simons et al. 2014; Henn et al. 2015, 
2016; Narasimhan et al. 2016; Simons and Sella 2016; 
Nakatsuka et al. 2017; Pedersen et al. 2017; Xue et al. 2017; 
Lopez et al. 2018). Most of these studies attempted to esti
mate the mutational load in each population (Morton 
et al. 1956). In practice, this load cannot be measured directly 
as we know little about the distribution of selection and 
dominance coefficients in the human genome. However, it 
can be approximated using a proxy. For instance, under 
the hypothesis that each variant acts additively (i.e. in the ab
sence of dominance), the mean per-individual number of 
nonsynonymous derived variants has been shown to be dir
ectly related to the mutational load (Simons et al. 2014; 
Simons and Sella 2016). Using this proxy, contradictory re
sults have been found. Thus, genomic data from Africans 
and non-Africans (Simons et al. 2014; Do et al. 2015; Lopez 
et al. 2018), hunter-gatherers and farmers (Lopez et al. 
2018), Greenland Inuits and Europeans (Pedersen et al. 
2017) respectively, were shown to exhibit similar amount 
of load. This is surprising as the efficiency of purifying selec
tion is expected to depend on demography and to be weaker 
when the effective population size is small. It is possible that 
the duration of the demographic events (bottlenecks and ex
pansions) that differ between these human populations may 
have been too short to have substantially affected this addi
tive mutational load (Simons et al. 2014; Do et al. 2015; Lopez 
et al. 2018). In contrast, purifying selection was shown to be 
relaxed in isolated European populations (Xue et al. 2017) 
and Denisovans were demonstrated to have accumulated 
deleterious mutations at a significantly faster rate than 
present-day humans since their separation, leading to an in
creased mutational load in Denisovans (Do et al. 2015; 
Simons and Sella 2016). Using the same methodological ap
proach, no increase in load was detected in Neanderthal 
compared to present-day humans (Simons and Sella 2016) 
(but also see Castellano et al 2014; Harris and Nielsen 2016).

Although variants acting additively are expected to ac
cumulate at higher rates in small populations compared to 
larger ones due to weaker purifying selection, variants act
ing recessively may be removed from smaller ones due to 

exposure in the homozygous state. This phenomenon, 
known as purging by drift, is expected to only be efficient 
for highly deleterious variants and within a narrow range 
of effective population sizes (Glémin 2003). However, little 
evidence of purging by drift has been found in human popu
lations, except possibly in the Finnish population, which ex
perienced a severe founder effect. One study (Narasimhan 
et al. 2016) found a decrease in the number of LOF variants 
per genome in this population as compared to another 
European population (but see Lim et al. 2014).

Purging may also occur due to repeated matings between 
relatives (Charlesworth and Willis 2009). Purging by drift and 
purging by non-random mating are often conflated under 
the name of “purging by inbreeding” as they both increase 
homozygosity, exposing deleterious variants to selection 
(Glémin 2003). However, these two kinds of purging have 
distinct properties. Purging by non-random mating theoret
ically targets all deleterious variants, although its efficiency 
increases with the recessivity and deleteriousness of the vari
ant (Hedrick 1994; Glémin 2003). Overall, purging by non- 
random mating is expected to be more efficient than pur
ging by drift, but is limited for small population sizes. 
Purging by non-random mating is expected to be efficient 
even with a low level of inbreeding (Glémin 2003).

Theoretical studies indicate that the efficiency of purging 
by non-random mating depends on many other para
meters, such as the level of interference among loci (the 
“Hill–Robertson” effect) which could reduce the independ
ence and efficiency of purifying selection (Keller and Waller 
2002), the dynamics of purging (slow inbreeding provides 
more opportunity for purging than fast inbreeding) 
(Frankham et al. 2001), the occurrence of reproductive 
compensation (Ober et al. 1999; Overall et al. 2002), and 
the reintroduction of deleterious variants through immigra
tion (Keller and Waller 2002). In addition, the genetic archi
tecture of inbreeding depression plays a significant role in 
determining the efficiency of purging: if inbreeding depres
sion is mainly due to a small number of lethal variants, pur
ging is likely to be efficient; if it is due to numerous variants 
with smaller effects, the efficiency of purging may be re
duced and the residual inbreeding depression can remain 
high after purging (Keller and Waller 2002; Glémin 2003). 
Consequently, it is difficult to theoretically predict whether 
purging by non-random mating occurs in human popula
tions. Experimental data from other species, including self- 
fertilizing plants and haplo-diploid insects, have shown 
that the efficiency of purging by non-random mating is vari
able between species and populations (Byers and Waller 
1999; Henter 2003; Baldwin and Schoen 2019). High-depth 
next-generation sequencing data allows the direct charac
terization of the distribution of deleterious variants segre
gating in human populations, as well as the estimation of 
inbreeding coefficients capturing both remote and recent 
parental relatedness. Here, to assess whether purging by 
non-random mating is efficient in human populations, we 
focused on populations from Central Asia and Southeast 
Asia, two regions harboring a great diversity of alliance rules 
(Marchi et al. 2018; Ly et al. 2019). We selected two pairs of 
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populations, one from each of these regions. Within each 
pair, one population exhibits a significantly higher rate of 
genetic inbreeding than the other, but their effective 
population sizes and genetic diversity were similar (effective 
population size is a key parameter for the evolution of both 
neutral and deleterious diversity that must be controlled 
for). We produced whole-genome data at high coverage 
and used different estimators to test whether the popula
tion with higher inbreeding had a smaller mutational 
load, as expected if purging by non-random mating is effi
cient in human populations.

Results
Population Whole-Genome Sequencing Data
Based on our previous high-density genotype analyses 
(Marchi et al. 2018; Ly et al. 2019), we selected two pairs 
of populations exhibiting different alliance rules and inbreed
ing coefficients, but of similar effective population sizes. 
From Central Asia, we selected the Turkmen (TUR) and 
the Tadjik (TJE), with patrilineal and cognatic (bilateral) des
cent, respectively. From Southeast Asia, we selected the 
Tampuan (CTA) and the Pacoh (LPO), with matrilineal 
and patrilineal descent, respectively. The TUR population 
has a higher mean inbreeding coefficient than the TJE popu
lation (Marchi et al. 2018), and the Tampuan population has 
a higher mean inbreeding than the Pacoh population (Ly 
et al. 2019). We performed whole-genome sequencing at 
high coverage (mean depth 31.01) for 24 TUR individuals, 
19 TJE individuals, 22 CTA individuals and 21 LPO indivi
duals. We identified a total of 13,834,705 quality-filtered 
autosomal variants. Using this whole genome data, we con
firmed that the level of genetic diversity within each pair of 
populations was similar (nucleotide diversity π = 6.875 × 10−4 

and 6.734 × 10−4 for CTA and LPO, respectively, and 
7.508 × 10−4 and 7.474 × 10−4 for TUR and the TJE, re
spectively; supplementary fig. S1). The difference between 
TUR and TJE was not statistically significant (Mann– 
Whitney test, P-value = 0.61). Although the difference 
between CTA and LPO was statistically significant (Mann– 
Whitney test, P-value = 8.2 × 10−3), our previous analysis 
based on genome-wide genotyping data indicated that these 
two populations had a similar effective population size (Ly 
et al. 2019). The allele frequency distribution was similar 
between populations within each pair of populations, ex
cept for an excess of singletons in the CTA population as 
compared to the LPO population (supplementary fig. S2).

Genomic Inbreeding Profiles
We estimated the genomic inbreeding coefficient for each 
individual tested and inferred the most likely genealogical re
lationships between his/her parents (Fig. 1). As expected, and 
in line with our previous publications, the mean per- 
population inbreeding coefficient was significantly higher 
in CTA (0.024) than in LPO (0.004) (one-sided Mann– 
Whitney P-value = 4.812 × 10−5), and significantly higher 
in TUR (0.020) than in TJE (0.001) (P-value = 2.151 × 10−4). 
Similarly, the proportion of individuals inferred to be the off
spring of first cousins or second cousins was higher in CTA 
(91%) than in LPO (48%) (one-sided proportion test, 
P-value = 2.912 × 10−3) and higher in TUR (63%) than in 
TJE (16%) (P-value = 2.784 × 10−3). In line with these find
ings, the mean total length of long runs of homozygosity 
(class C ROH)—contiguous regions of the genome where 
an individual is homozygous across all sites—was significant
ly higher in CTA (118 Mb) than in LPO (96 Mb) (one-sided 
Mann–Whitney test, P-value = 0.03). It was also higher (but 
not significantly so) in TUR (85 Mb) than in TJE (46 Mb) 
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Fig. 1. Genetic inbreeding profiles. Inbreeding coefficient, total HBD length and inferred parental mating type for each individual from the four 
populations studied: TUR and TJE from Central Asia, CTA and LPO from Southeast Asia. Parental mating types: 1C, first cousin; 2C, second cou
sin; 2 × 1C, double 1C; AV, avuncular; OUT, outbred. Each column corresponds to 1 individual.
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(P-value = 0.16) (supplementary fig. S3). The distribution of 
segments inferred to be homozygous by descent (HBD), as 
identified using FSuite, was compared to the distribution 
of long ROH (i.e. class C ROH). Both approaches yielded simi
lar results (supplementary fig. S4). In the following sections, 
long ROH segments are referred to as autozygous segments.

Testing the Efficiency of Purging by Non-Random 
Mating in Human Populations
We scored the deleteriousness of each variant using the 
Combined Annotation Dependent Depletion (CADD) 
framework, which integrates multiple annotations (com
bining conservation and functional information) into a sin
gle metric (Kircher et al. 2014). We checked that the 
variants with higher CADD scores had the strongest dele
terious consequences on the protein, as predicted by 
ENSEMBL (supplementary fig. S5). We stratified variants 
into several classes reflecting the severity of the mutational 
effect: “neutral” (CADD score below 10), “moderate” 
(CADD score between 10 and 15), “large” (CADD score be
tween 15 and 20), and “extreme”. For this final category, we 
progressively increased the threshold from CADD above 
20 to CADD above 30, to explore the sensitivity of our es
timates of mutational load to the threshold applied.

First, we compared the density of derived deleterious 
variants in autozygous regions (i.e. class C ROH) and in 
non-autozygous regions of the genome. Because the sampled 
individuals were healthy, recessive deleterious variants that 
led to early death or resulted in severe early-onset 
Mendelian disorders should be less frequent in autozygous 
tracts, where they are exposed to selection, than in 

non-autozygous portions of the genome, where they are 
not exposed (Narasimhan et al. 2016). To make this estima
tion, we normalized the number of deleterious derived var
iants relative to the number of neutral derived variants 
(CADD < 10). We expected purging by non-random mating 
to target all deleterious variants, but to be more efficient for 
more deleterious variants (Hedrick 1994; Glémin 2003). In line 
with this hypothesis, our results showed that, whereas the 
density of variants with moderate and large deleterious ef
fects (CADD below 20) is not reduced in autozygous tracts 
as compared to non-autozygous tracts, deleterious variants 
with CADD scores above 22 are depleted in autozygous re
gions compared to nonautozygous regions in all populations 
(Fig. 2). This is an indication of direct ongoing purging target
ing a fraction of variants with extreme deleteriousness located 
in autozygous tracts. The intensity of this purging does not 
appear to be different between the populations with low 
and high inbreeding.

Second, we tested whether purging of these derived var
iants with extreme deleteriousness in autozygous tracts led 
to a lower mutational load in populations with high inbreed
ing as compared to populations with low inbreeding. To do 
so, for each population, we computed an estimator of the 
mutational load (supplementary table S1), defined as the 
mean number of derived variants per individual (Simons 
et al. 2014). We then estimated the between-population ra
tios of this number for variants with different deleteriousness 
scores (using the more inbred population as the numerator 
when calculating the ratio). Under the purging hypothesis, 
these ratios should be below 1, particularly for variants with 
extreme deleteriousness. However, our analysis revealed 
that these ratios were usually not significantly different 

Fig. 2. Deleterious variant density in autozygous tracts (Class C ROH) relative to non-autozygous tracts. Variant density is reported as a per
centage (%). Variants were stratified in several CADD classes reflecting the severity of the deleterious effect: neutral (below 10), moderate 
(10 to 15), large (15 to 20), and extreme (from above 20 to above 30 to assess the sensitivity of the statistics to this threshold). Populations: 
TUR and TJE from Central Asia, CTA and LPO from Southeast Asia.
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from 1 when comparing CTA to LPO, nor when comparing 
TUR to TJE; there was even a trend for these ratios to be higher 
than 1 (Fig. 3). Similar results were found when a slightly dif
ferent definition of the same estimator was used, focusing on 
the number of derived variants seen in one population and 
not seen in the other (supplementary fig. S6), or using a drift- 
corrected version of this estimator, i.e. when the estimator 
was normalized relative to neutral variants (variants with 
CADD < 10) (supplementary fig. S7) (Do et al. 2015; 
Narasimhan et al. 2016). In addition, for each population, 
we computed the mean number of derived homozygous sites 
per individual (Simons et al. 2014) (supplementary table S2). 
Once again, the between-population ratios of this number 
failed to support the purging hypothesis (supplementary 
fig. S8). Finally, we estimated the number of lethal recessive 
variants per individual from the deficit of homozygous dele
terious variants (Narasimhan et al. 2016). Indeed, homozy
gous genotypes that were depleted compared to the 
neutral expectation are anticipated to be incompatible 
with adult life, so they provide an estimate of the number 
of lethal equivalents per genome. This analysis confirmed 
that the numbers of recessive lethal variants are not signifi
cantly different between the populations with low and high 
inbreeding, the actual numbers depend on the deleterious
ness threshold we considered (supplementary fig. S9).

Discussion
In this study, to assess whether purging by non-random 
mating is efficient in human populations, we analyzed 
whole-genome sequencing data to compare the mutation
al load in two pairs of Asian populations exhibiting differ
ent alliance rules and inbreeding coefficients. Specifically, 

in Southeast Asia, the Tampuan (CTA) population—with 
matrilineal descent—was compared to the Pacoh (LPO) 
population—with patrilineal descent. In Central Asia, the 
Turkmen (TUR) population—with patrilineal descent— 
was compared to the Tadjiks (TJE) population—with cog
natic (bilateral) descent. CTA enter into significantly more 
frequent inbred unions than LPO; similar observations can 
be made for TUR compared to TJE. Within each pair of po
pulations, the level of genetic diversity was similar. We 
tested whether the two populations practicing more fre
quently inbred unions purged their deleterious mutations 
more efficiently than the two populations practising less 
frequently inbred unions. First, we confirmed that autozy
gous tracts are depleted in variants with extreme deleter
iousness, which confirms direct ongoing purging targeting 
a fraction of those variants when exposed in the homozy
gous state. Because CTA and TUR have more autozygous 
tracts than LPO and TJE, respectively, such purging of 
autozygous tracts may result in a reduced mutational 
load in the two more inbred populations. To test this hy
pothesis, we computed five direct estimates of the muta
tional load: the mean per-individual number of derived 
variants (Simons and Sella 2016), the mean per-individual 
number of derived variants seen in one population and not 
seen in the other as well as a drift-corrected version of this 
estimator (Do et al. 2015; Narasimhan et al. 2016), the 
mean per-individual number of derived homozygous sites 
(Simons and Sella 2016), and the mean per-individual 
number of recessive lethal variants estimated from the def
icit of homozygous deleterious variants (Narasimhan et al. 
2016). None of these estimators were observed to be de
creased in the populations with high inbreeding as com
pared to the populations with low inbreeding. 

Fig. 3. Between-population ratios of the mean per-individual number of derived variants. Variants were stratified in several CADD classes re
flecting the severity of the deleterious effect: neutral (below 10), moderate (10 to 15), large (15 to 20), and extreme (from above 20 to above 
30 to assess the sensitivity of the statistics to this threshold). Errors bars represent the 95% confidence intervals obtained from 1,000 block- 
bootstrap resampling. Populations: TUR and TJE from Central Asia, CTA and LPO from Southeast Asia.
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Consequently, while we confirmed that ongoing purging of 
autozygous tracts occurs for variants with extreme deleter
iousness, such purging is insufficient to translate into a re
duced mutational load in more inbred populations 
compared to less inbred populations. Altogether, these 
analyses suggest that purging by non-random mating 
does occur, but has a low efficiency in human populations.

As stressed in the introduction, many parameters influ
ence the efficiency of purging and it is difficult to deter
mine which are responsible for the low efficiency we 
detected in this study. The low efficiency observed may re
late to the genetic architecture of inbreeding depression: if 
it is due to many variants with small effects (rather than a 
small number of lethal variants), the purging process is ex
pected to have low efficiency (Glémin 2003). Indeed, if pur
ging by non-random mating affects all deleterious variants, 
the magnitude of the reduction in frequency of these var
iants at equilibrium depends on the dominance coefficient 
(Glémin 2003). Based on equation 6 in Glémin (2003), we 
can express the Differential Purging Efficiency between the 
populations with high and low inbreeding as:

DPE = 1 −
xHigh−Inb

xLow−Inb
, (1) 

where xHigh−Inb and xLow−Inb are the expected frequencies 
of a deleterious variant at equilibrium in the populations 
with high and low inbreeding, respectively.

This reduces to:

DPE =
(1 − h)(FHigh−Inb − FLow−Inb)

h + (1 − h)FHigh−Inb
, (2) 

where h is the dominance coefficient and FHigh−Inb and 
FLow−Inb are the inbreeding coefficients in populations with 
high and low inbreeding, respectively (adapted from 
equation 7 in Glémin (2003)). The purging differential be
tween the two populations, as a function of the dominance 
coefficient h, exhibits a hyperbolic shape asymptotically ap
proaching 0 as h tends toward 1 (supplementary fig. S10). 
For both pairs of populations, a plateau is reached from a 
dominance value around h = 0.2. Using h = 0.25, a widely 
accepted dominance value for weakly selected alleles 
(Manna et al. 2011), a purging differential of less than 0.06 
is obtained. Thus, non-random mating in the more inbred 
population (CTA or TUR) would only result in a 6% reduc
tion in frequency compared to the less inbred populations 
(LPO or TJE). This slight reduction in variant frequency can
not be confidently identified given the sample sizes in our 
dataset. Conversely, for h = 0.02, a dominance value typical 
of major effect variants (Manna et al. 2011), a 45% frequency 
reduction is predicted. Consequently, the lack of evidence 
found for differences in purging efficiency between the two 
populations may indicate that h values are too high for 
most deleterious variants detected in our samples to differ 
in frequency between the populations compared. Given 
the inferred negative relationship between dominance coeffi
cients and selection coefficients (Agrawal and Whitlock 2011; 

Manna et al. 2011), this result suggests that the inbreeding 
depression in the populations studied may be due to many 
variants having small deleterious effects.

Another possibility for our lack of evidence of purging 
could be that the kinship systems studied here are not suffi
ciently ancient and stable for the purging process to have oc
curred. In an infinite population, the change in frequency of a 
deleterious allele in one generation of selection is Δx ≈ −ax, 
with a = s(h + (1 − h)F), where s and h, respectively, are 
the selection and dominance coefficients of the deleterious 
variant, and F is the inbreeding coefficient of the population 
(Gillespie 2004). Thus, the time required to reach a new equi
librium under mutational and selective pressures after an in
crease in inbreeding level is of the order of 1/a. As an example, 
we plotted the time needed to reach the equilibrium in a 
population with F = 0.024, as in the CTA (supplementary 
fig. S11), for different h and s values. For variants with weak 
effects (h = 0.25 and s = 0.01), to get halfway to the new equi
librium would take 259 generations (∼6,500 years with a gen
eration time of 25 years), and for variants with severe 
deleterious effects (h = 0.02 and s = 0.25), it would take 64 
generations (∼1,600 years). Genetic data suggest that the kin
ship structures of the populations studied are ancient. Several 
reports indicate that traits associated with family structure 
and kinship are highly conserved over generations (for ex
ample, Guglielmino et al. 1995). In addition, Y chromosome 
diversity is decreased in the patrilineal LPO population and 
mitochondrial diversity is decreased in the matrilineal CTA 
population, suggesting stable patriliny and matriliny, respect
ively (Ly et al. 2018). Matriliny has been shown to be asso
ciated with increased consanguinity as a result of the 
matrilineal puzzle (a man has to conciliate his loyalties to 
his conjugal and to his natal kin, Ly et al. 2019). In addition, 
Y chromosome data suggest that the patrilineal descent of 
the TUR may date from 2,600 years ago (Marchi et al. 
2017). At the worldwide level, Y chromosome data suggest 
that patrilineal systems may be even older, dating from up 
to or exceeding 5,000 years (Zeng et al. 2018; Guyon et al. 
2024). TUR individuals are not allowed to marry within their 
own patrilineage but may still marry a cousin on the maternal 
side from a different lineage. The evidence that these kinship 
structures are stable and ancient suggests that we should 
have seen at least some differences between the more and 
less inbred populations for the variants with severe deleteri
ous effects. As no such difference was observed, either in
breeding depression is mainly due to variants with small 
effects, or the kinship structures are not as ancient as we be
lieve; in any case, not sufficiently ancient for the purging of 
variants with large effects to have occurred. Alternatively, re
productive compensation (Ober et al. 1999; Overall et al. 
2002) or the reintroduction of deleterious variants through 
immigration (Keller and Waller 2002) could also have re
duced the efficiency of purging by non-random mating.

A limitation of this study is that, although the TUR and 
CTA have a rate of inbreeding that is particularly high 
among present-day human populations (63% and 91% of 
individuals being the offspring of first and second cousins 
in these two populations, respectively), they do not enter 
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into unions between first-degree relatives. It is therefore 
unclear whether our conclusions of low purging efficiency 
would hold for a population where first-degree unions are 
common. Since such unions are forbidden in most, if not 
all, human populations (Pasternak 1976; Fox 1983; Wolf 
2014), this question is difficult to answer. We used data 
from the 1 000 Genome Project to test whether our conclu
sions hold when focusing on other human populations with 
high inbreeding. We found no significant correlation 
between the mutational load (based on LOF variants 
computed by Narasimham et al. (2016)) and the inbreeding 
coefficients computed by Gazal et al. (2015) (supplementary 
fig. S12, Spearman rho = 0.21, P-value = 0.41). Under the 
purging hypothesis, the population with the highest inbreed
ing coefficients should have a lower mutational load. Note 
that this analysis should be considered with caution since 
the effective sizes of these populations are different. A par
ticular strength of our study was that it compared popula
tions with different inbreeding practices but of similar 
effective population sizes. Indeed, effective population size 
is a key parameter when monitoring changes of neutral 
and deleterious diversity and must be controlled for when 
assessing the efficiency of purging by non-random mating. 
Another study, where effective population size was not con
trolled for, compared Middle Eastern populations (with a 
high rate of inbred mating) to European populations and 
found similar frequencies of deleterious variants among 
these populations. This result also suggests that purging by 
inbred mating has a low efficiency (Scott et al. 2016) (how
ever the fact that the authors selected healthy individuals 
from families brought to medical attention may tend to 
overestimate the mutational load in the Middle Eastern po
pulations). An analysis focused on a UK-based population of 
Pakistani heritage, which exhibits one of the highest inbreed
ing levels among present-day human populations 
(Narasimhan et al. 2016), reported a lower density of LOF 
variants within autozygous tracts compared with non-auto
zygous tracts. This result indicates direct ongoing purging by 
non-random mating of a fraction of LOF variants. However, 
it also showed that a typical individual from the population 
studied carries 1.6 recessive LOF lethal equivalents. This 
number is of the same order as previous estimates based 
on epidemiological data for worldwide human populations 
(Morton et al. 1956; Bittles and Neel 1994) and corroborates 
the estimates presented here. This concordance between po
pulations exhibiting contrasted inbreeding practices suggests 
that the purging process is ongoing but incomplete and has 
a low efficiency. Epidemiological data from highly inbred roy
al families such as the Habsburgs provide some evidence of 
purging over time. However, the overall high inbreeding load 
(3.937 lethal equivalents) confirms that purging by non-ran
dom mating has a low efficiency (Ceballos and Álvarez 2013). 
Finally, our results are also in line with those of Szpiech et al. 
(2013), demonstrating that long ROH are enriched in dele
terious variants in the homozygous state, supporting the 
low efficiency of purging by non-random mating. It should 
be noted that, in our study, the use of the CADD score, 
which groups together conservation and functional 

information into a single deleteriousness score, did reveal on
going purging for the variants with the highest deleterious
ness scores (CADD > 23) (Fig. 2). This effect remained 
unseen in Szpiech et al. (2013).

Altogether, these genetic data demonstrate that purging 
by non-random mating has a low efficiency in human popu
lations and that different mating practices do not lead to 
different mutational loads. Thus, the hypothesis that dele
terious variants may be purged through consanguineous 
mating is not supported. Consequently, we expect to ob
serve inbreeding depression in individuals born from inbred 
mating (Hedrick and Garcia-Dorado 2016). Recent studies 
have tested this assumption in humans, by assessing the re
lationships between the inbreeding coefficient at the individ
ual level and variations in a wide range of phenotypic traits of 
biomedical importance across multicohort studies including 
populations where close kin mating occurs (The BioBank 
Japan Project et al. 2015; Clark et al. 2019). Inbreeding coeffi
cients were measured from ROH, as in our study, which cap
tures the realized inbreeding level rather than the expected 
inbreeding. Links between these inbreeding coefficients and 
a wide range of phenotypic traits such as height, weight, 
forced expiratory volumes and fertility were confirmed. 
Thus, offspring of first cousins have a 55% decreased chance 
of having children, are 1.2 cm shorter and have a lung expira
tory capacity that is 140 mL lower (The BioBank Japan 
Project et al. 2015; Ceballos et al. 2018; Clark et al. 2019). 
These results should be considered with care because of 
the potential socio-economic confounding factors of con
sanguinity (Bittles and Black 2010). Attempts to correct for 
such confounding factors—by evaluating the consequences 
of different realized inbreeding levels between siblings or by 
assessing the influence of ROH in cohorts of different contin
ental origins and with different homozygosity levels—con
firmed the reported deleterious consequence of inbreeding 
(The BioBank Japan Project et al. 2015; Clark et al. 2019; 
Malawsky et al. 2023). Inbreeding depression is also found 
in natural populations of vertebrates (e.g. Stoffel et al. 2021).

To sum up, in this study we tested the efficiency of purging 
by non-random mating in human populations using an ori
ginal study design, comparing estimates of mutational loads 
based on whole-genome sequencing in populations with 
similar effective population sizes but different rates of inbred 
mating. Our results showed that purging by non-random 
mating has low efficiency and that different mating practices 
do not lead to different mutational loads. Thus, the hypoth
esis that deleterious variants may be purged through consan
guineous mating is not supported. While future studies 
replicating this experimental design in other socio-cultural 
contexts would be useful, these results corroborate previous 
observations showing that the contrasted demographic his
tories of human populations have little impact on their mu
tational load (Simons and Sella 2016), although some 
exceptions, such as isolated European populations (Xue 
et al. 2017) have been reported. Altogether, the mutational 
load appears to have a low sensitivity to variations in demo
graphic histories and to the non-random mating practices 
characterizing human populations.
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Materials and Methods
Populations Studied
Two pairs of populations were selected based on ethno- 
demographic data collected during several field expedi
tions and on genotype data from previous studies. 
Populations were defined as groups of individuals belong
ing to the same ethnic group, based on the self-reported 
spoken native language. In Central Asia, Tadjiks (TJE) are 
sedentary farmers with cognatic (bilateral) descent, where
as TUR are nomadic herders with patrilineal descent. TUR 
was shown to have a higher inbreeding coefficient than TJE 
(Marchi et al. 2018). In Southeast Asia, the Tampuan 
(CTA) population has matrilineal descent and the Pacoh 
(LPO) population has patrilineal descent. Both are 
slash-and-burn rice farmers living in the low mountains 
of Cambodia and Laos. The CTA population has a higher 
genetic inbreeding coefficient than the LPO population 
as a result of the matrilineal puzzle (Ly et al. 2019).

Written informed consent was obtained from all parti
cipants, and our sampling and analyses were conducted in 
line with ethical principles according to a protocol ap
proved by the Museum National d’Histoire Naturelle 
(France), the Uzbek Academy of Sciences (Uzbekistan), 
the National Ethics Committees for Health Research in 
Cambodia and Laos as well as by Comité Opérationnel 
pour l’Ethique (CNRS, France).

Genome Sequencing, Mapping and Variant Calling
DNA samples extracted from blood and saliva (n = 86) were 
prepared for whole-genome sequencing by the Centre 
National de Recherche en Génomique Humaine (CNRGH, 
CEA). After quality control, genomic DNA (1.1 µg) was 
used to prepare a library using the Illumina TruSeq DNA 
PCR-Free Library Preparation Kit, according to the manu
facturer’s instructions. After normalization and quality 
control, qualified libraries were sequenced on a HiSeqX5 
platform from Illumina (Illumina Inc., CA, USA), as 
paired-end 150-bp reads. One HiSeqX5 flow cell lane was 
produced for each sample, providing an average sequencing 
depth of 30 × for each sample. Sequence quality metrics 
were assessed throughout the sequencing run, and 
FASTQ files were generated for each sample. In line with 
genome analysis toolkit (GATK) best practices, read pairs 
from FASTQ files were first mapped to the human reference 
genome (GRCh37 + decoy) using the bwa-mem program 
(http://bio-bwa.sourceforge.net/). Reads duplicating the 
start position of another read were marked as duplicates 
and eliminated from bam files by the Sambamba program 
(http://lomereiter.github.io/sambamba/docs/sambamba- 
view.html). We used GATK version 3.5 (Van der Auwera and 
O’Connor BD 2020) for base quality score recalibration 
(BaseRecalibrator, BQSR), insertion/deletion (indel) realign
ment (IndelRealigner), and single nucleotide polymorphism 
(SNP)  and Indel discovery (Haplotype Caller) for each sam
ple. A joint callset from the four populations was obtained 
using GATK version 4.2, applying the GATK best practices 
workflow. Individual variant files were combined with 

Genotype genomic variant call format and filtered for variant 
quality score recalibration. Indels, SNPs located on the sex 
chromosomes, multiallelic sites, and sites with missing data 
for subsequent analyses were deleted.

Genetic Diversity Estimators
Nucleotide diversity was computed for each population 
using VCFtools version 0.1.16 (Danecek et al. 2011) using 
the “window-pi” option with a window size of 1 Mbp. 
The unfolded Site Frequency Spectrum (SFS) was com
puted for each population using in-house software. To ob
tain comparable SFS between populations with different 
sample sizes, we down-sampled all populations to 19 sam
ples (the smallest sample size in our dataset) and repeated 
this resampling 1,000 times to determine the confidence 
intervals for each allele frequency.

Variant Annotation
The ancestral and derived allele state of each variant was 
inferred using a 6-primate alignment following the 1,000 
Genomes Project methodology (Auton et al. 2015). We 
scored the deleteriousness of each variant using the 
CADD version 1.6 framework (Kircher et al. 2014), which in
tegrates multiple annotations (combining conservation 
and functional information) into one metric. We stratified 
the variants into several classes reflecting the severity of the 
mutational effect: “neutral” (CADD score below 10), “mod
erate” (CADD score between 10 and 15), “large” (CADD 
score between 15 and 20) and “extreme” (CADD higher 
than 20). In the latter class, CADD scores below 30 mostly 
corresponded to missense, splice acceptor/donor and co
don initiator variants, whereas CADD scores above 30 
were mostly stop variants (supplementary fig. S5). As part 
of our analyses, we analyzed the sensitivity of this extreme 
CADD score threshold by progressively increasing its value 
from 20 to 30.

Estimation of Genetic Inbreeding
For each population, we used FSuite v1.0.4 (Gazal et al. 
2014) to estimate the inbreeding coefficient for each indi
vidual and the HBD segments, as well as the parents’ mat
ing type (Leutenegger et al. 2003, 2011). We used the joint 
Hap Map Phase II Build GRCh37 genetic recombination 
maps (Frazer et al. 2007) and performed computations 
on 100 submaps per population.

We identified ROH in the genome of all individuals from 
each population independently with GARLIC (Szpiech 
et al. 2017), using the weighted logarithm of the odds 
(wLOD) scheme, a genotyping error rate of 1 × 10−3 (prob
ably an overestimate), the same recombination maps as for 
the FSuite analyses, and windows sizes ranging from 30 
SNPs to 100 SNPs in 10-SNP increments. We only consid
ered results obtained using a window size of 50 SNPs, 
which was the largest providing a bimodal wLOD score dis
tribution and a sensitive wLOD score cutoff for all popula
tions. GARLIC uses a Gaussian Mixture Model (GMM) to 
determine length boundaries for short, medium, and 
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long ROHs (Pemberton et al. 2012), which are computed 
on a per-population basis. To obtain comparable ROH 
classes between pairs of populations, we performed the 
GMM step separately for the two sets of paired popula
tions: using all the ROHs found in any CTA or LPO samples, 
and all the ROHs found in any TUR or TJE samples. This 
procedure ensures that class lengths are comparable be
tween populations within each pair.

Evaluating the Mutational Load
Various estimators of mutational load based on individual 
whole-genome data were calculated. Firstly, we compared 
the load inside and outside autozygous regions for each 
population. For each individual, and for each CADD class, 
we counted the number of derived variants inside autozygous 
regions (i.e. class C ROH) and outside ROH of any class. 
These numbers were calculated for each individual as 
Nvariants = Nheterozygous genotypes + 2 × Nderived homozygous genotypes. 

Then, we computed the ratio of these numbers (averaged 
over all individuals from the same population) and normal
ized this ratio relative to the same ratio computed for neu
tral variants (CADD < 10).

Secondly, we computed an estimator of the mutational 
load defined, for each population, as the mean number of 
derived variants per individual (Simons et al. 2014). Then, 
we computed the between-population ratio of this 
number.

We also computed RX/Y and R′X/Y statistics, as intro
duced by Do et al. (2015). These are slightly different defi
nitions of the same estimator. For RX/Y, we calculated the 
mean per-individual number of derived variants seen in 
one population but not the other and vice versa, and 
then we computed the ratio between these two numbers. 
R′X/Y is the drift-corrected version of this ratio, normalized 
relative to the same ratio computed for neutral variants 
(CADD < 10).

Thirdly, we computed an estimator of mutational load 
defined as the mean per-individual homozygous derived 
sites, as proposed by Simons et al. (Simons et al. 2014).

For the estimators described above, confidence inter
vals were calculated using bootstrapping (performed with
in each pair of populations) by splitting the SNP data into 
1,000 blocks and resampling with replacement 1,000 times. 
This approach allowed us to take into account the vari
ance introduced by demographic processes (Gravel 2016; 
Simons and Sella 2016).

Finally, we computed the number of lethal equivalents 
per genome using the approach described by Narasimhan 
et al. (2016), based on the suppression of deleterious 
homozygous genotypes. In each population, for each de
rived allele frequency, we computed the average number 
of homozygous genotypes per individual for both deleteri
ous variants (increasing the CADD threshold progressively 
from above 20 to above 30) and for neutral variants 
(CADD < 10). Then, for each CADD class, we computed 
the number of homozygous genotypes that were depleted 
compared to the neutral expectation. These variants are 

expected to be incompatible with adult life and provide 
an estimate of the number of lethal equivalents per gen
ome. We obtained a genome-wide estimate of this deficit 
by computing the weighted sum of deficits over the de
rived allele frequencies.

Supplementary Material
Supplementary material is available at Molecular Biology 
and Evolution online.
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