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ARTICLE INFO ABSTRACT
Handling editor: A. Gies Humans living in the Andes Mountains have been historically exposed to arsenic from natural sources, including
drinking water. Enzymatic methylation of arsenic allows it to be excreted more efficiently by the human body.
Keywords: Adaptation to high-arsenic environments via enhanced methylation and excretion of arsenic was first reported in
:elgctwn indigenous women in the Argentinean Andes, but whether adaptation to arsenic is a general phenomenon across
OXIC

native populations from the Andes Mountains remains unclear. Therefore, we evaluated whether adaptation to

AS3MT . . - . i 1.

arsenic has occurred in the Bolivian Andes by studying indigenous groups who belong to the Aymara-Quechua
Tolerance T R i o X i i
Drinking water and Uru ethnicities and have lived in the Bolivian Andes for generations. Our population genetics methods,
Evolution including genome-wide selection scans based on linkage disequilibrium patterns and allele frequency differences,

in combination with targeted and whole-genome sequencing and genotype-phenotype association analyses,
detected signatures of positive selection near the gene encoding arsenite methyltransferase (AS3MT), the main

Abbreviations: AS3MT, arsenite methyltransferase; DMA, dimethylarsinic acid; hgl9, human reference genome build version 37; HPLC, high-performance liquid
chromatography; HPLC-HG-ICP-MS, high-performance liquid chromatography online with hydride generation and inductively coupled plasma-mass spectrometry;
iAs, inorganic arsenic [As(III) plus As(V)]; iHS, integrated haplotype score; IQR, interquartile range; LD, linkage disequilibrium; LSBL, locus-specific branch length;
MAF, minor allele frequency; MMA, monomethylarsonic acid; SAC, San Antonio de los Cobres; SNP, single-nucleotide polymorphism; U-As, urinary arsenic (sum of
iAs, MMA, and DMA concentrations); XP-EHH, cross-population extended haplotype homozygosity.
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arsenic methylating enzyme. This was among the strongest selection signals (top 0.5% signals via locus-specific
branch length and extended haplotype homozygosity tests) at a genome-wide level in the Bolivian study groups.
We found a large haplotype block of 676 kb in the AS3MT region and identified candidate functional variants for
further analysis. Moreover, our analyses revealed associations between AS3MT variants and the fraction of mono-
methylated arsenic in urine and showed that the Bolivian study groups had the highest frequency of alleles
associated with more efficient arsenic metabolism reported so far. Our data support the idea that arsenic
exposure has been a driver for human adaptation to tolerate arsenic through more efficient arsenic detoxification

in different Andean populations.

1. Introduction

Arsenic is a ubiquitous element in the volcanic bedrock of the Andes
Mountains. This toxic element naturally leaches from the rocks into the
sources of drinking water for inhabitants of these regions. Inorganic
arsenic (iAs) is a potent toxicant classified as a group 1 carcinogen
associated with multiple types of cancer (IARC Working Group on the
Evaluation of Carcinogenic Risks to Humans, 2012), as well as with
non-cancerous outcomes such as cardiovascular diseases (Chen et al.,
2013; Khan et al., 2020) and diabetes (Brauner et al., 2014; Grau-Perez
etal., 2017). Prenatal or early-life iAs exposure has been associated with
increased child morbidity (Rahman et al., 2011; Smith et al., 2013) and
mortality (Rahman et al., 2010; Shih et al., 2017; Smith et al., 2012).

In humans, iAs is mainly metabolized in the liver by a series of
reduction and methylation steps. The methylated metabolites, mono-
methylarsonic acid (MMA) and dimethylarsinic acid (DMA), are elimi-
nated in urine in combination with some remaining non-methylated iAs
(Vahter, 2002). The relative concentrations of the arsenic metabolites in
urine are often used as an index of arsenic methylation efficiency
(Vahter, 2002). Most human populations described in the literature
present on average 10-30% iAs, 10-20% MMA, and 60-80% DMA in
urine (Vahter and Concha, 2001). This variability in how humans
methylate arsenic influences the susceptibility to arsenic toxicity: in-
dividuals with higher %MMA in urine and lower %DMA are at higher
risk of arsenic toxicity (Lindberg et al., 2008b; Pu et al., 2007; Steinmaus
et al., 2010; Tseng et al., 2005).

The main enzyme that metabolizes arsenic is arsenite methyl-
transferase (AS3MT), which uses methyl groups from one-carbon
metabolism (Lin et al., 2002; Pierce et al., 2012; Schlebusch et al.,
2015). Variants in AS3MT have been shown to modify arsenic methyl-
ation (Antonelli et al., 2014; Balakrishnan et al., 2017; Delgado et al.,
2021; Engstrom et al., 2011; Pierce et al., 2012). Apart from AS3MT
variants, other factors known to influence arsenic methylation in adults
include sex (Lindberg et al., 2008a), smoking (Hopenhayn-Rich et al.,
1996), pregnancy (Gardner et al., 2011), and nutritional factors directly
related to one-carbon metabolism, such as folate and cobalamin (Howe
et al., 2014).

Previously, a unique and efficient arsenic metabolism (i.e., low %
MMA and high %DMA in urine) was described in a group of indigenous
women living in the northern Argentinean Andean town of San Antonio
de los Cobres (SAC) and surrounding villages, which have elevated
arsenic concentrations in drinking water (Vahter et al., 1995). A later
study in women from the same area found that the efficient arsenic
metabolism was associated with a high frequency of a “protective”
haplotype, with signatures of positive selection near AS3MT (Schlebusch
etal., 2013, 2015). This was the first description of genetic adaptation to
iAs exposure in humans. Since then, other studies from Chile and
Argentina (Apata et al., 2017; Eichstaedt et al., 2015) have identified
study groups with high frequencies of presumed protective haplotypes
of AS3MT. However, neither of these studies evaluated whether the
AS3MT haplotypes or genetic variants were associated with arsenic
metabolism phenotypes. Furthermore, the genetic variant(s) of the
protective haplotype that drive efficient arsenic methylation have not
been identified.

Our recent paper described that women of the Aymara-Quechua and

Uru ethnicities living in communities around Lake Poop¢ in the Bolivian
highlands have been chronically exposed to arsenic (current median of
65 pg/L arsenic in urine) mainly through drinking water (De Loma et al.,
2019). We also found that these Bolivian women had efficient arsenic
methylation (De Loma et al., 2019), similar to the women from the
Argentinean Andes (Vahter et al., 1995). This Bolivian study group,
therefore, offers a good opportunity for us to assess if the selection for
efficient arsenic metabolism is a general phenomenon across native
populations from the Andes Mountains. This is the most comprehensive
study so far regarding human adaptation to arsenic and the genetic
variants driving this. The Bolivian study populations have not been
evaluated in relation arsenic adaptation before and it should be noted
that the Uru have been hardly described in the scientific literature.

2. Materials and methods
2.1. Bolivian study groups

The Aymara and Quechua are the major indigenous groups in the
Bolivian highlands in the Andes, whereas many fewer Uru individuals
live in this region. For this study, we included 187 individuals: 155
Aymara-Quechua and 27 Uru women, and 5 Uru men to increase the
sample size of this study group (flowchart for the study in Supplemen-
tary Figure 1). Recruitment, exposure to arsenic, water consumption,
and sampling of urine and blood from the women has been described
elsewhere (De Loma et al., 2019); the men were recruited and sampled
as described for the other study participants. Recruitment took place
between 2015 and 2017 from ten villages around Lake Poopd, located in
the southern part of the Bolivian Altiplano (3700 m above sea level).
Most study participants were women, as the men were often away from
home to work. We initially excluded first-degree relatives based on
questionnaire information. The ethnic group of the participants was
based on their birthplace, complemented with the residency of their
parents and grandparents, as reported during the interviews. We
recruited participants from all Uru communities around Lake Poopd,
and from several of the Aymara and Quechua communities. The Aymara
and Quechua ethnic groups are fairly similar from a genetic point of
view (Batai and Williams, 2014; Lindo et al., 2018) and the two groups
cohabit, especially around Lake Poopd. Therefore, study participants
from these two ethnicities were considered as one study group. In
contrast, the Uru communities around Lake Poopd, specifically of
Uru-Murato descent, have been historically isolated from other com-
munities in that region (de la Barra Saavedra et al., 2011), and very little
is known about their genetic background (Sandoval et al., 2013).

This study was approved by the Comité Nacional de Bioética
(Bolivia) and the Regional Ethic Committee of Karolinska Institutet
(Sweden). Oral and written informed consent was obtained from all
participants.

2.2. Argentinean study group

To compare the different study groups of indigenous populations in
the Andes, we included a subset of women (those for whom we had
enough DNA available) from the Argentinean Andes (n = 53, see Sup-
plementary Figure 1) previously analyzed in the study by Schlebusch
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et al. (2015). These women were recruited during 2008 in San Antonio
de los Cobres (SAC) located at 3800 m above sea level in the northern
Argentinean Andes. During interviews, the participants were asked
whether they were originally from the area around SAC and where their
parents and grandparents had lived. Directly asking about ethnicity was
avoided, since it was a sensitive topic in this region at the time of
recruitment. Based on later research in the same region, women iden-
tified themselves as belonging mainly to the Kolla community (Harari
et al., 2015). Since the participants did not identify their ethnographic
background at the time of recruitment, we refer to this study group
based on their geographic location (i.e., SAC). Oral and written informed
consent was obtained from all participants. This study was approved by
the Comisién Provincial de Etica del Ministerio de Salud de Salta
(Argentina) and the Regional Ethic Committee of Karolinska Institutet
(Sweden).

2.3. Genome-wide genotyping

For the present study, genome-wide genotyping was performed on
DNA from individuals from the Bolivian Andes. Venous blood samples
were obtained from the arm with BD Vacutainer Eclipse blood collection
needles (Becton Dickinson, USA) in EDTA tubes (Vacuette, Greiner Bio,
Austria). DNA was extracted from whole blood samples with the E. Z.N.
A. Blood DNA Mini kit (Omega Bio-tek, USA). Genome-wide genotyping
was performed at the SNP&SEQ Technology Platform in Uppsala, Swe-
den on the Illumina Infinium Omni5SExome SNP array. This BeadChip
array covers >4.3 million whole-genome variants down to 1% minor
allele frequency (MAF), plus novel functional exonic variants. The data
were aligned to the human reference genome build, version 37 (hg19).
By using PLINK v1.90 (Chang et al., 2015), we filtered for a 5% genotype
missingness threshold for single-nucleotide polymorphisms (SNPs), 15%
genotype missingness threshold for individuals, indels, and duplicates.
Furthermore, A/T and C/G SNPs were removed to avoid strand issues
when merging to compare datasets. Only autosomal SNPs were
included.

2.4. Population structure analyses

For population structure analyses, including principal components
and clustering analyses, data from the Bolivian study groups (n = 187)
were merged with data from (i) South American populations reported by
Barbieri et al. (2019) (n = 174); (ii) populations of Native American
ancestry from North, Central, and South America, as well as Iberian
(IBS) and Yoruba (YRI) from the 1000 Genomes Project (n = 312) from a
previously published dataset assembled by Lazaridis et al. (2014); and
(iii) the SAC population (n = 120) from Schlebusch et al. (2015). Due to
mainly African and European immigration over time in South America,
we expected possible admixture with African (represented by YRI) and
European (represented by IBS) population groups and they were there-
fore included in the principal component analyses (PCA) for estimation
of admixture. We used a Hardy-Weinberg equilibrium filter (p-value <
0.001) to account for genotyping errors in the Bolivian (4763 SNPs
excluded) and SAC (4017 SNPs excluded) datasets. First-degree relatives
(n = 13 from SAC, 7 Aymara-Quechua, and 8 Uru), as determined with
the software KING v2.1.4 (Manichaikul et al., 2010), were excluded. In
total, 236,127 autosomal SNPs from 765 individuals were analyzed. We
further pruned SNPs in high linkage disequilibrium (LD, plink —indep--
pairwise 200 25 0.4), resulting in 120,384 autosomal SNPs.

Principal component analysis was done using the smartpca program
included in EIGENSOFT (Patterson et al., 2006; Price et al., 2006).
Admixture fractions were inferred using ADMIXTURE (Alexander et al.,
2009) and visually inspected with PONG (Behr et al., 2016). Phyloge-
netic relationships were inferred using maximum-likelihood-based
software TreeMix v.1.12 (Pickrell and Prichard, 2012). See the Supple-
mentary Material file for further method description.
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2.5. Selection scans

2.5.1. Merging with comparative datasets

We merged the data from the Bolivian study groups (n = 187) with
data of populations from the 1000 Genomes Project (Northern Euro-
peans, CEU, n = 80; Han Chinese, CHB, n = 80; Colombians, CLM, n =
69; Mexicans, MXL, n = 52; Peruvians, PEL, n = 55; Puerto Ricans, PUR,
n = 76; and Yoruba, YRL, n = 80). We also merged them with genetic
data from SAC (n = 120), genotyped with Illumina HumanOmni 5 M
BeadChip that covers 4.3 million variants, as described in Schlebusch
et al. (2015) to aid during the haplotype phasing step. The phasing of
haplotypes refers to assigning each allele to the maternal or paternal
chromosome. To do that, relatives within the Andean study groups were
kept to aid the statistical estimation of the haplotypes. We used a
Hardy-Weinberg equilibrium filter (p-value < 0.001) for each subpop-
ulation to identify SNPs with possible genotyping errors. However, to
avoid removing potential selection candidates, which are expected to be
out of equilibrium, we excluded only those SNPs that were out of
Hardy-Weinberg equilibrium across the four comparative 1000 Ge-
nomes Project populations from South America, those out of equilibrium
common to Aymara-Quechua and Uru, and those out of equilibrium
common to Aymara-Quechua and SAC. In total, 1,451,199 autosomal
SNPs from 799 individuals (including first- and second-degree relatives)
were kept at this stage.

2.5.2. Haplotype phasing and ancestral state

Haplotypes were phased using fastPHASE (v1.4.0) with one random
start for 25 iterations and 25 clusters. Once haplotypes were phased, to
avoid introducing bias due to over-representation of family genotypes
during selection scans, we excluded first- and second-degree relatives (n
= 30 from SAC, 12 Aymara-Quechua and 12 Uru) identified with KING,
resulting in a total of 90 individuals from SAC, 143 Aymara-Quechua
and 20 Uru. To compute the ancestral state of each allele, we used as
outgroups the hgl9-aligned versions of the reference genomes of the
chimpanzee, gorilla, and orangutan as described in Schlebusch et al.
(2015). For each SNP, an allele was defined as ancestral if it was present
in three of the outgroup genomes. The dataset was then filtered based on
this information, with only those SNPs that were the same in the three
outgroups retained as their ancestral state was certain.

2.5.3. iHS and XP-EHH computation

The integrated haplotype score (iHS; Voight et al., 2006) and
cross-population extended haplotype homozygosity (XP-EHH; Sabeti
et al., 2007) are two statistics used to detect positive selection in the
genome. These tests are both based on the fact that extended haplotype
homozygosity arises when allele frequencies increase faster than the rate
at which recombination can break them down (Sabeti et al., 2002).
XP-EHH detects alleles that are near fixation in one population
compared to another population. We compared the Bolivian study
groups (Aymara-Quechua and Uru separately) to Peruvians from Lima.
The same tests were also done comparing the Bolivian study groups to
Han Chinese (data not shown). The iHS and XP-EHH computations were
done using the R package rehh (Gautier and Vitalis, 2012), with a
maximum distance between two SNPs of 200,000 bp to avoid spurious
signals in genomic regions with low SNP density.

2.5.4. Locus-specific branch length computation

The locus-specific branch length (LSBL) test is based on fixation
index (Fst) values that identify SNPs that differ in allele frequencies
among three populations (Shriver et al., 2004). Using Weir and Cock-
erham’s equation, Fsr distances measure the differentiation between
populations based on the heterozygosity of each SNP position. Pairwise
Fgr distances between Aymara-Quechua or Uru, Peruvians from Lima,
and Han Chinese were calculated with PLINK.
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2.5.5. Selection scan signals

Selection scan signals were identified by averaging the —log 10 (p-
value) of iHS, as well as the XP-EHH and LSBL values, on a sliding
window of ten SNPs to remove the effect of individual outliers (Nelson
etal., 2013; Vicente et al., 2019). To assess if selection signals in AS3MT
were relevant at a whole-genome scale for the Aymara-Quechua and Uru
study groups independently, we evaluated the top 0.5% selected SNPs
obtained with each positive selection test and study group, and we an-
notated them to genes with the Ensembl Variant Effect Predictor (VEP)
toolset (McLaren et al., 2016). We searched for genes that were within
10 kb on either side of the input SNP to investigate potential distant
regulatory effects of SNPs, and we checked if AS3MT was in the top list
of selected genes.

2.6. Protective haplotype associated with efficient arsenic metabolism

Higher %MMA in urine, reflecting less efficient methylation of
absorbed iAs, is associated with an increased risk of arsenic-related
health effects (Lindberg et al., 2008b; Steinmaus et al., 2006). There-
fore, lower %MMA and higher %DMA in urine indicate efficient
methylation of iAs to DMA. A haplotype of 52 SNPs surrounding AS3MT
that were significantly associated with low %MMA in urine (“protective
haplotype”) was previously identified in SAC (Schlebusch et al., 2015).
In the current study, some of the 52 SNPs were filtered out of the dataset
because we used different filtering settings in the present study
compared with Schlebusch et al. (2015), and due to merging datasets
genotyped with different arrays. Out of the 52 SNPs, 35 were included in
the Bolivian SNP array dataset (located in the interval
chr10:104315215-10:104852121, hg19; 537 kb length). These 35 SNPs
were distributed along the whole protective haplotype. Based on these
35 SNPs, we calculated the frequency of haplotypes matching the pu-
tative protective haplotype in the Bolivian Aymara-Quechua (n = 143)
and Uru (n = 20) study groups, and in the SAC study group (n = 90),
after excluding first- and second-degree relatives (see section 2.5).
Finally, the haplotypes were plotted in R for the three Andean study
groups separately using the protective alleles identified in SAC as a
reference, i.e., alleles associated with lower %MMA in urine.

2.7. Genotype-phenotype associations

Concentrations of iAs metabolites in urine in the Bolivian study
groups were measured by high-performance liquid chromatography
online with hydride generation and inductively coupled plasma-mass
spectrometry (HPLC-HG-ICP-MS) as previously described (De Loma
et al., 2019). To estimate exposure to iAs, we used the sum of urinary
arsenic metabolite concentrations. Urinary arsenic was adjusted to the
average osmolality to correct for variations in urine dilution. The effi-
ciency of arsenic metabolism was assessed by the fractions of iAs me-
tabolites in urine (i.e., phenotypes in this context), presented as a
percentage of the total sum of metabolites (%iAs, %MMA, and %DMA).
The concentration of iAs was calculated as the sum of As(II) and As(V)
concentrations.

Associations between the 35 SNPs constituting the protective
haplotype and arsenic metabolism efficiency phenotypes were evaluated
using multivariable linear regression models for the Bolivian study
groups combined (n = 163, out of which 143 were Aymara-Quechua and
20 were Uru; relatives excluded based on KING). These models were
adjusted for age, sex, and urinary arsenic concentration to facilitate
comparison with previous studies (Balakrishnan et al., 2017; Pierce
et al., 2012). We also adjusted the models for ethnicity, since we com-
bined both Bolivian study groups to increase the sample size. Further-
more, genome-wide associations were performed with the R package
GenABEL (version 1.8), as described in the Supplementary Material file.
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2.8. PacBio targeted sequencing of a region within the protective
haplotype

To identify which SNPs within the protective haplotype are poten-
tially driving the adaptation to arsenic in the Andean populations from
Bolivia and Argentina, we sequenced +2.5 kb from the top SNP
(rs486955 located at chr10:104546284, hg19) associated with lower %
MMA in SAC (Schlebusch et al., 2015). A subset of 96 individuals from
the Argentinean and Bolivian study groups was included in the targeted
sequencing: 53 from SAC (samples for which we had enough DNA), 24
Aymara-Quechua (12 with the lowest %MMA and 12 with the highest),
and 19 Uru (samples for which we had enough DNA). We first performed
long-range PCR (4.8-kb amplicon) with individually barcoded fusion
HPLC primers as described in the Supplementary Material file. The
amplicon for each individual had two unique barcodes that allowed all
samples to be pooled in an equimolar manner. Using the Pacific Bio-
sciences Sequel I system powered by Single-Molecule, Real-Time
(SMRT) technology, long reads were obtained at the National Genomic
Infrastructure/Uppsala Genome Center, Sweden. Data analysis of these
obtained HiFi reads is described in the Supplementary Material file.

2.9. Whole-genome sequencing

To further explore whether there were significant genetic variants
not included in the pre-defined SNP array and not covered by the tar-
geted sequencing, we performed whole-genome sequencing. Since
adaptation to arsenic was first identified in SAC, we selected 12 women
from the SAC group (out of which 11 were also selected for PacBio
sequencing) for whole-genome sequencing. The 12 women were
selected based on their protective haplotypes, as defined with the SNP
array data: 4 women who were homozygous for the protective haplo-
type, 4 with one protective haplotype and one mixed haplotype, and 4
with one non-protective haplotype and one mixed haplotype or both
mixed. A mixed haplotype here refers to the protective haplotype
formed by alleles associated with lower %MMA and higher %MMA (see
Section 2.6). Sequencing libraries, cluster generation, and 150 cycle
paired-end sequencing with S4 flowcell and NovaSeq 6000 system
(Illumina, USA) were performed at the National Genomic Infrastruc-
ture/Uppsala Genome Center. Further description of the processing of
the results is found in the Supplementary Material file.

3. Results
3.1. Selection signals near AS3MT in Bolivian populations

General characteristics of the Bolivian study groups are described in
Table 1. The Aymara-Quechua and Uru study groups are currently
exposed to moderate levels of arsenic (median urinary arsenic concen-
trations of 72 and 61 pg/L, respectively). We genotyped 187 individuals
of Aymara-Quechua and Uru descent for approximately 4.5 million
genome-wide SNPs from a pre-defined SNP array. Based on principal
component analysis, the Bolivian study groups clustered with other
Andean populations previously evaluated by Lazaridis et al. (2014) and
Schlebusch et al. (2015) (Fig. 1A). After the African and European
admixture are taken into consideration in principal component (PC) 1
and PC2, respectively (Supplementary Figure 3), PC3 separates Central
American from South American groups while PC4 may indicate a dif-
ferentiation of Andean groups from Amazonian groups with the Uru and
Karitiana/Surui defining the extremes (Fig. 1A). Further, the TreeMix
results suggest that Aymara-Quechua and Uru belong to a clade repre-
senting coastal and Andean populations, distinct from groups of the
Amazonia. These results corroborate our PCA results (Supplementary
Figure 4). Little European ancestry was identified in the Bolivian study
groups, and their African ancestry was negligible (Fig. 1B). Other
Aymara and Quechua populations previously assembled in Lazaridis
et al. (2014) had similar ancestry patterns to the Aymara-Quechua
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Table 1
Characteristics of the Bolivian individuals included in the study (n = 163).
Median (IQR) * p-value
Aymara-Quechua Uru
Number of participants 143 20 NA
Sex (female) 100% 75% NA
Age (years) 36 (29-47) 34 (27-47) 0.266
Body weight (kg) 60 (53-68) 69 (58-77) 0.018
iAs (%) 13 (8.6-17) 13 (8.8-18) 0.718
MMA (%) 7.8 (6.3-9.7) 6.6 (5.7-8.1) 0.046
DMA (%) 79 (74-83) 79 (74-85) 0.677
U-As (pg/L) © 72 (48-132) 61 (43-88) 0.090
Tobacco smoking (yes) 3.5% 5.5% 9 NA

Abbreviations: DMA, dimethylarsinic acid; iAs, inorganic arsenic; IQR, inter-
quartile range; MMA, monomethylarsonic acid; U-As, urinary arsenic (sum of
iAs, MMA, and DMA concentrations).

 Interquartile range (IQR) presented as 25th and 75th percentile.

b p-value for Wilcoxon rank-sum (Mann-Whitney) test.

¢ Sum of urinary iAs metabolite concentrations adjusted for average urinary
osmolality (727 mOsm/kg) of the total study group as described in De Loma
et al. (2019).

4 Two participants did not report their smoking habits. Out of those who did
report their smoking habits (n = 18), only one was a smoker.

participants from this study (Fig. 1B).

To study whether positive selection influenced the genomic traits
related to arsenic metabolism in the two Bolivian study groups, we used
three selection scan methods: two based on haplotype length (iHS and
XP-EHH) and one based on pairwise population differentiation at each
given locus (LSBL). To minimize the detection of spurious single-SNP
outliers, we calculated the average p-values for iHS, and the average
XP-EHH and LSBL values across the genome by sliding-window aver-
aging. For each selection scan method and study group, we focused on
the top 0.5% candidate SNPs. Subsequently, we identified genes within
10 kb on either side of each top SNP. We then evaluated whether AS3MT
was included in the top selected genes. Indeed, AS3MT was among the
top 0.5% genome-wide signals for the LSBL scans in both Bolivian study
groups, and in the XP-EHH scan of the Aymara-Quechua group. No other
known genes related to arsenic metabolism was found among the top
0.5% genome-wide signals. The LSBL scans for the Bolivian study
groups, with Peruvians from Lima and Han Chinese as comparative
populations, showed strong peaks near AS3MT (Fig. 2A). The results for
the XP-EHH tests, when using Peruvians from Lima as a comparative
group, showed a clear elevation of XP-EHH values above the genome-
wide average around AS3MT, particularly for the Aymara-Quechua
group (Fig. 2B). The iHS results did not reveal clear signals near
AS3MT for either Bolivian study group (Fig. 2C).

3.2. SNPs associated with arsenic metabolism efficiency in Bolivia

The frequency of haplotypes that exactly matched the protective
haplotype (formed by alleles associated with low %MMA in urine) was
similar between SAC (63%) and Aymara-Quechua (66%), while Uru had
a higher frequency (75%) (Supplementary Figure 5). In Schlebusch et al.
(2015), the frequency of exactly matched haplotypes for SAC was 58%,
but it should be noted that the Schlebusch et al. study included a longer
haplotype (see section 2.6).

We then investigated whether SNPs constituting the protective
haplotype also associated with efficient arsenic metabolism in the
Bolivian study groups. We performed linear regression analysis between
genetic variants constituting the protective haplotype and each urinary
arsenic metabolite fraction (%iAs, %MMA, and %DMA, as continuous
variables) adjusting for age, sex, urinary arsenic concentration, and
ethnicity (Supplementary Tables 1-3, the minor (effect) allele and MAF
are described in Supplementary Table 4). Out of the 35 SNPs consti-
tuting the protective haplotype, ten SNPs were significantly associated
(p-value < 0.05) with %MMA in urine (Table 2, Fig. 3). The SNP most
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strongly associated with %MMA was rs17115100 (chr10:104591393,
hg19), where the mean %MMA was 7.7% for TT carriers, 8.9% for TG,
and 8.9% for GG (B coefficient = 0.89, p-value = 0.02). No SNPs within
the protective haplotype were significantly associated with %iAs or %
DMA, but the genotypes associated with significantly lower %MMA
were in general associated with lower %iAs and with higher %DMA
(Supplementary Tables 1 and 3).

The ten SNPs associated with %MMA were spread within the pro-
tective haplotype. The top SNP rs17115100 (38 kb upstream of AS3MT)
is located 45 kb downstream from the top SNP identified in SAC
(rs486955) in Schlebusch et al. (2015) (Supplementary Figure 6). Minor
allele frequencies (MAF; minor allele designated as the least frequent
allele in the study groups) of the SNPs constituting the protective
haplotype are reported in Supplementary Table 4. The T-allele of
rs17115100, associated with lower %MMA in urine, was present at a
much higher frequency in the Bolivian study groups (75% for
Aymara-Quechua and 90% for Uru) compared to other populations in
the 1000 Genomes Project (Peruvians: 41%, Han Chinese: 35%, Yoruba:
4%; Supplementary Figure 7). In addition, the C-allele of rs486955, the
top SNP associated with lower %MMA in SAC, showed a high frequency
in the Bolivian study groups (Aymara-Quechua: 73%, Uru: 82%, Peru-
vians: 41%, Han Chinese: 47%, Yoruba: 26%; Supplementary Figure 7).
Based on the gene expression GTEx portal database, rs17115100 is
associated with differential expression of AS3MT in several tissues,
including pancreas, thyroid, skin, pituitary, and cerebellum, but not in
liver, which is the main site of iAs methylation.

To explore if other genomic regions outside of the protective
haplotype were also related to the efficiency of arsenic metabolism
GWAS were performed for each arsenic metabolite fraction (%iAs, %
MMA, and %DMA). No significant peaks in the Manhattan plots were
found for any arsenic metabolite fraction in the Bolivians in unadjusted
or adjusted analyses or when accounting for population structure and
relatedness (data not shown).

3.3. Sequencing to identify all SNPs in the Andean populations

We next evaluated whether there were SNPs that were not included
in the pre-defined SNP arrays potentially driving the low %MMA in the
Bolivian and Argentinean study groups. We first sequenced a 4.8-kb
region upstream of AS3MT around the top SNP (rs486955) previously
found to be associated with urinary %MMA in SAC (Schlebusch et al.,
2015) for 96 individuals from the Bolivian and Argentinean Andes study
groups. Characteristics of the study participants from SAC are presented
in Supplementary Table 5. The variant calling identified 12 SNPs (1014
reads per sample on average; Supplementary Figure 8 of MAFs calcu-
lated with the ancestral allele as reference). All 12 SNPs have been
previously described (NCBI dbSNP at https://fncbi.nlm.nih.gov/snp).
Using these 12 bi-allelic SNPs, a total of five haplotypes were found in
the 96 individuals, with two being shared across the three Andean study
groups (Supplementary Table 6).

Next, we performed whole-genome sequencing for 12 individuals
from SAC. We focused on a 1.5-Mb region around the protective
haplotype, in which 2985 polymorphisms were identified. Pairwise
correlations (%) to estimate LD were calculated between the 2985
polymorphisms and showed a larger than previously reported LD block
between positions chr10:104544753 and chr10:105221154 (676 kb,
Supplementary Figure 9). In this block, 623 polymorphisms had an r* >
0.8 with rs486955, and thus were in high LD with the top SNP from the
genotype-phenotype associations from SAC. All of these 623 poly-
morphisms were present in other populations from the 1000 Genomes
Project; therefore, the Andean study groups do not have unique poly-
morphisms in this genomic region.

From all the genetic variants within the 1.5-Mb region, we excluded
polymorphisms that i) were present in populations of African descent
(YRI), where no protective haplotype has been found (Schlebusch et al.,
2015); ii) had a MAF below 0.4 in Peruvians from Lima, to select alleles
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Fig. 1. Population structure of the Bolivian study groups in a Latin American context. A) Principal component (PC) analysis confirmed their genetic proximity to

other Andean communities. B) Averaged cluster analysis indicated very limited European admixture in the Bolivian study groups with negligible African ancestry.
Comparative populations were color-coded based on geographical location. (For interpretation of the references to color in this figure legend, the reader is referred to
the Web version of this article.)

with the highest frequency difference between SAC and Peruvians, since (indel and SNPs) remained (Supplementary Table 7). Interestingly,

we found evidence of selection when comparing with these individuals; although these polymorphisms were spread in the haplotype block, the
and iii) had no indication of gene regulatory effects based on database majority have been linked to regulation of AS3MT expression in
prediction (Ensembl and Genome Browser). Only seven polymorphisms open-source databases. Based on the gene expression GTEx portal
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Table 2

Top SNPs within the protective haplotype associated with %MMA in urine of the Bolivian study group (n = 163) based on linear regression models adjusted for age, sex,

urinary arsenic concentration, and ethnicity.

SNP ID Chr Position * Alleles © MAF AQ MAF U Gene Location B (95% CI) p-value
1517115100 10 104591393 G/T 0.25 0.10 CYP17A1 intron 0.89 (0.13, 1.65) 0.021
rs7085104 10 104628873 A/G 0.22 0.10 AS3MT intron 0.88 (0.10, 1.65) 0.027
rs17884001 10 104661245 C/T 0.25 0.10 AS3MT 3' UTR 0.80 (0.04, 1.56) 0.039
1512221064 10 104677126 Cc/T 0.25 0.10 CNNM2 intron 0.80 (0.04, 1.56) 0.039
1s17115213 10 104681143 A/G 0.25 0.10 CNNM2 intron 0.80 (0.04, 1.56) 0.039
rs78821730 10 104684544 G/A 0.25 0.10 CNNM2 intron 0.80 (0.04, 1.56) 0.039
rs11191535 10 104815876 G/A 0.25 0.13 CNNM2 intron 0.78 (0.02, 1.54) 0.044
15943037 10 104835919 c/T 0.25 0.13 CNNM2 coding © 0.78 (0.02, 1.54) 0.044
rs12217501 10 104851889 T/C 0.25 0.13 NT5C2 intron 0.78 (0.02, 1.54) 0.044
rs10786719 10 104637992 A/G 0.22 0.10 AS3MT intron 0.78 (0.01, 1.56) 0.049

Abbreviations: AQ, Aymara-Quechua; B, coefficient estimate; Chr, chromosome; CI, 95% confidence interval; MAF, minor allele frequency (in the study group); MMA,

monomethylarsonic acid; SNP, single-nucleotide polymorphism; U, Uru.
# Based on hg19.

b First allele stated is the minor allele in the Bolivian study group used to calculate the MAF and associated with higher %MMA.

¢ Synonymous variant.

database, two of these SNPs (rs56060736 and rs72846190) are associ-
ated with differential expression of AS3MT in several tissues including
esophagus, lung, hypothalamus, and whole blood. Furthermore, the
open-source database JASPAR CORE collection included in Genome
Browser, a track representing predicted binding sites for transcription

factors, indicated that all 7 polymorphisms were located at predicted
transcription factor binding sites.
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Quechua and Uru combined).

4. Discussion

We here present the most comprehensive study so far regarding
human adaptation to arsenic and the genetic variants driving this. For
this, we combined molecular epidemiology (genotype-phenotype ana-
lyses) with population genetics (population structure and selection
scans) to understand gene-environment interactions in several native
populations in the Andes. We found that native populations in the
Bolivian Andes, previously described as having an efficient arsenic
metabolism phenotype, had signs of positive selection near the gene
AS3MT. In fact, the selection signals near AS3MT were among the
strongest at a genome-wide level in the Bolivian study groups compared
with groups from Peru and China. Moreover, we identified the protec-
tive haplotype, previously defined based on SNPs associated with low
urinary %MMA in SAC (Schlebusch et al., 2015), in the Bolivians, and
we associated SNPs in this haplotype with %MMA in urine. By using
several genotyping techniques, including whole genome sequencing, we
were able to identify candidates of functional genetic variants that may
be driving this more efficient metabolism of arsenic. We can, based on
our results, draw general conclusions regarding adaptation to arsenic,
namely selection for efficient arsenic metabolism is a general phenom-
enon across native populations from the Andes Mountains. This provides
new knowledge regarding how humans have evolved to handle harsh
toxicants in the environments, as well as new insights for biomarkers of
susceptibility of this element.

Since the first description of arsenic adaptation in humans (Schle-
busch et al., 2015), selection for AS3MT has been identified in study
groups from Argentina, Chile, Peru, and Bolivia (Apata et al., 2017;
Eichstaedt et al., 2015; Jacovas et al., 2018), but compared to our study,
these studies had less dense genetic data, fewer selection scan methods,
and no characterization of participants’ arsenic exposure or metabolic
efficiency. Apata et al. (2017) found that the frequency of four AS3MT
alleles previously associated with lower %MMA was higher in a popu-
lation historically exposed to high concentrations of arsenic through
drinking water in the Atacama Desert of northern Chile than in pop-
ulations exposed to lower arsenic concentrations. The authors suggested
that this difference in haplotype frequency resulted from adaptation to
arsenic exposure; however, natural selection was never tested. A study

exploring signs of positive selection in relation to living at high altitude
in indigenous populations from South America, including Aymara in-
dividuals from Bolivia and Quechua individuals from Peru, identified
AS3MT among the top selected genes (Jacovas et al., 2018). The study
by Eichstaedt et al. (2015) included individuals with indigenous
ancestry from northwestern Argentina, including 16 individuals from
SAC, supporting the previous findings by Schlebusch et al. (2015).
Interestingly, the study by Eichstaedt et al. (2015) did not reveal any
selective signatures when using haplotype-based tests (iHS and
XP-EHH), but it did when using allele frequency-based tests (PBS, or
population branch statistic, which is comparable to LSBL in our study).
The fact that more robust findings are obtained with the test based on
allelic frequencies (i.e. LSBL) indicates that the selection might have
acted on standing genetic variation already present before the pop-
ulations were exposed to elevated arsenic concentrations, rather than
resulting from new mutations (which would preferably be detected by
iHS and XP-EHH). This is in line with our previous findings that the
protective haplotype was also present in East Asian populations,
although to a much lesser extent than in the Andean populations
(Schlebusch et al., 2015), and it is further supported in this study by the
lack of unique SNPs near AS3MT in the Andean populations when using
next-generation sequencing.

Although we were able to measure current arsenic exposure, we do
not know which arsenic concentrations in drinking water are needed for
adaptation, and it should be noted that the historical levels of arsenic
exposure are unknown. Nevertheless, the current levels of arsenic are
moderate to high, and there are water sources that presumably have
been used for drinking water with much higher arsenic levels. For
example, in the river of SAC, we found concentrations of arsenic around
1000 pg/L (Concha et al., 2010), while hot springs in Argentina (Vahter
et al., 1995) and Bolivia (Morteani et al., 2014) have been found to
contain several milligrams of arsenic per liter of water.

The selection for efficient arsenic metabolism may have occurred by
different mechanisms, such as by increased early-life morbidity (Rah-
man et al., 2011; Smith et al., 2013) and mortality (Rahman et al., 2010;
Shih et al., 2017; Smith et al., 2012); or via adverse effects of arsenic
later in life, such as hepatotoxicity, cardiovascular disease, and impaired
lung function (Frediani et al., 2018; Kuo et al., 2017; Sobel et al., 2021;
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Zhao et al., 2021), which may result in reduced reproduction. As arsenic
causes multiple adverse health effects in both children and adults, in-
dividuals who carry the more efficient arsenic-methylating haplotype
and thus can metabolize arsenic faster and with lower levels of reactive
metabolites may have a selective advantage in high-arsenic
environments.

In our previous work characterizing the efficiency of arsenic meta-
bolism in these Bolivian women, we found that ethnicity predicted the
arsenic metabolism phenotype: Uru women had a more efficient arsenic
methylation than Aymara-Quechua women, as defined by low %MMA in
urine (De Loma et al., 2019). The fact that the Uru study group had an
even higher frequency of the protective haplotype than the
Aymara-Quechua group could explain why women with Uru ancestry
appeared more efficient at methylating arsenic. The settlement of
human populations in this region dates back approximately 10,000
years, as evidenced by the results of carbon 14 dating of charcoal found
on campsites of mobile groups of hunters (Niinez et al., 2002). In the oral
tradition, Uru communities claim to have been the first to settle down in
the Andes, and hypothetically may have been in contact to higher
arsenic levels for a longer period, resulting in higher frequency of the
protective haplotype. Urus have also been more isolated than Aymara
and Quechua (de la Barra Saavedra et al., 2011) which could result in
longer haplotypes. We therefore evaluated the level of homozygosity,
however, we found only a low number of long homozygous regions (>8
Mb) in the Andean groups (including Uru), implying limited recent
endogamy. Nevertheless, it is difficult to determine with absolute cer-
tainty what drives the changes in haplotype frequencies. We did not find
significant GWAS signals for the arsenic metabolite fractions in the
Bolivian study groups, which likely is due to low genetic diversity of the
AS3MT locus in the Bolivians.

The protective haplotype, formed of SNPs associated with lower %
MMA in urine and in strong LD, covers a 500-kb region when using the
SNP array data. This LD block includes several genes such as WBPIL,
CYP17A1, AS3MT, CNNM2, and NT5C2. A long haplotype block in the
same region around AS3MT (374 kb) has been associated with efficient
arsenic methylation in a study group from Mexico (Gomez-Rubio et al.,
2010). By using whole-genome sequencing, we identified a 676-kb LD
block in the Argentinean study group; this block is larger than that
identified using pre-defined SNP arrays. We highlighted a list of po-
tential functional genetic variants in the Andean population from
Argentina. All seven variants identified are noncoding, but they may
affect the expression of AS3MT and surrounding genes, as one earlier
study have shown for AS3MT haplotypes but for which the causal var-
iants not yet have been identified (Engstrom et al., 2013). The same is
true for the leading SNP (rs17115100) in the genotype-phenotype as-
sociation analyses in the Bolivian study group. Hypothetically, an allele
resulting in higher expression of AS3MT in the liver could lead to higher
protein levels of AS3MT and thus, higher arsenic methylation capacity.
The candidate functional variants have not been linked to arsenic
metabolism in prior studies, and further molecular analysis for example
of expression of AS3MT in liver tissue in situ needs to be performed to
clarify which of these genetic variants are causal for more efficient
arsenic methylation, and further, how these SNPs influence the expres-
sion of other genes in the haplotype and phenotypes linked to these
genes.

Finally, although these indigenous individuals in the Andes generally
have efficient arsenic methylation partly due to their genetic makeup,
this does not exempt them from being affected by arsenic-related
toxicity. Although no signs of hyperkeratosis or changes in skin
pigmentation have been reported for the women from SAC (Concha
et al., 1998; Vahter et al., 1995), associations between arsenic exposure
and several effect biomarkers related to genotoxicity and oxidative
stress have been found for those individuals with lower arsenic
methylation efficiency (Ameer et al., 2016; Li et al., 2012). Furthermore,
arsenic exposure was associated with changes in urinary protein levels
in the Bolivian study group (De Loma et al., 2020). For this reason,
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further efforts to lower arsenic exposure in these areas are required, such
as finding alternative water wells with very low of no arsenic
concentrations.

5. Conclusions

Overall, our study supports the idea that indigenous populations
from the Andes have adapted to arsenic via efficient arsenic methylation
produced by positive selection of standing genetic variation. Additional
studies are required to confirm which SNPs are the causal genetic
variant(s) driving the markedly efficient arsenic methylation of the
members of these Andean populations, and to further characterize to
what extent other genetic and environmental factors contribute.
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