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Abstract

The children of related parents show increased risk of early mortality. The Native American genome typically exhibits long
stretches of homozygosity, and Latin Americans are highly heterogeneous regarding the individual burden of homozygosity,
the proportion and the type of Native American ancestry. We analysed nationwide mortality and genome-wide genotype
data from admixed Chileans to investigate the relationship between common causes of child mortality, homozygosity and
Native American ancestry. Results from two-stage linear-Poisson regression revealed a strong association between the sum
length of runs of homozygosity (SROH) above 1.5 Megabases (Mb) in each genome and mortality due to intracranial
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non-traumatic haemorrhage of foetus and newborn (5% increased risk of death per Mb in SROH, P=1 x 10~3) and disorders
related to short gestation and low birth weight (P =3 x 10~4). The major indigenous populations in Chile are
Aymara-Quechua in the north of the country and the Mapuche-Huilliche in the south. The individual proportion of
Aymara-Quechua ancestry was associated with an increased risk of death due to anencephaly and similar malformations
(P=4 x 10°), and the risk of death due to Edwards and Patau trisomy syndromes decreased 4% per 1% Aymara-Quechua
ancestry proportion (P =4 x 10~4) and 5% per 1% Mapuche-Huilliche ancestry proportion (P =2 x 10~3). The present results
suggest that short gestation, low birth weight and intracranial non-traumatic haemorrhage mediate the negative effect of
inbreeding on human selection. Independent validation of the identified associations between common causes of child
death, homozygosity and fine-scale ancestry proportions may inform paediatric medicine.

Introduction

Runs of homozygosity (ROHs), i.e. continuous stretches of
homozygous alleles originated by inheritance of identical-by-
descent haplotypes from both parents, are universally common
in humans (1). ROHs reflect the demographic histories of both
individuals and populations: while recent parental relatedness
translates into long ROH, shared parental ancestry tens to
hundreds generations ago is reflected into many shorter
homozygous stretches (2). The fraction of the autosomal genome
in ROH of length above 1.5 Megabases (Mb) shows a good
correlation (r=0.86) with inbreeding coefficients estimated from
pedigrees and ROHs are typically used to improve the accuracy
of homozygosity mapping of recessive Mendelian diseases (3).
However, studies on the relationship between ROH and the
risk of polygenic and multifactorial diseases have long been
neglected (4). Several case-control studies have been published
on the effects of the length and the number of ROHs on various
complex diseases, in particular adult and childhood cancers,
often with inconsistent results (5-16). Most of these studies
have been conducted in outbred populations of European origin,
although Native American genomes show on average long
stretches of homozygosity and Latin Americans are highly
heterogeneous regarding the individual burden of homozygosity.
Large studies on the association between ROH and quantitative
traits have produced more consistent results. In a recent
meta-analysis, Clark et al. (17) investigated 100 phenotypes in
more than 1.4 million individuals and found 32 phenotypes
associated with ROH length. In particular, the authors replicated
a previously reported decrease in height with increasing ROH
(17). As height is in turn associated with several complex
diseases, including diabetes, heart disease and cancer, the study
also suggests that homozygosity may influence the individual
susceptibility to complex, multi-factorial diseases (18-22).

The demographic history of the Americas has been shaped
by extensive admixture between indigenous Native Americans,
Europeans and Africans (23). Latin Americans are a highly het-
erogeneous ethnic group and the distribution of ancestry pro-
portions varies greatly both between and within Latin American
regions and countries (24). Latin Americans also show specific
disease prevalences and an overall increased risk of diabetes
and asthma, as well as stomach and gallbladder cancers (25—
28). Lately, research has been focused on disease susceptibility
according to the individual proportions of Native American,
European and African ancestry (29-31). However, there are more
than 400 indigenous groups in Latin America (32) and most
studies neglected so far the influence of the type of Native
American ancestry, which may have a considerable impact on
disease risk (33).

In Chile, the four major indigenous populations are the
Aymara and Quechua in the northern highlands and the

Mapuche and Huilliche in the south of the country. Genetic
studies in Chile benefit from the geography as the country is
very long and narrow, bounded by the Pacific Ocean in the
west and by the Andes in the east, allowing investigation of
gradual changes from north to south. Disease-specific mortality
rates generally vary throughout the country, the Northern
and Southern Native American components are regionally
separated and the proportion of African ancestry is low (3%). The
present study builds on previous research that found important
differences between Aymara-Quechua and Mapuche-Huilliche
ancestry in relation to the leading causes of death in Chile (33).
Considering individual differences in ancestry proportions and
differentiating between fine-scale types of ancestry will become
increasingly important for personalized disease prevention.
We incorporate an additional layer of genetic variability—the
individual burden of ROH—and assess the association between
child mortality, fine-scale Native American ancestry proportions
and ROH length. Since the offspring of first cousins’ marriages
shows a 4-5% increased childhood mortality, we only examine
the most common causes of child mortality, where the effect
of ROH would be strong enough to be detected in our analyses
(34,35).

Here, we take advantage of genome-wide genotype data
from 1786 admixed Chileans and nationwide mortality data
from 2007 to 2017 to investigate the relationship between ROH,
genetic ancestry and child mortality in Chile. We use the PLINK
software to calculate the sum length of runs of homozygosity
(SROH) above 1.5 Mb in each genome and the ADMIXTURE
software to estimate the individual proportions of Aymara-
Quechua, Mapuche-Huilliche, European and African ancestry
(36,37). We assess the relationship between ROH, genetic
ancestry and regionally aggregated mortality data by multiple
linear regression to estimate the expected regional SROH and
ancestry proportions, followed by multiple Poisson regression to
quantify the association between regional mortality rates and
the expected SROH and ancestry proportions.

Results

Figure 1 depicts the estimated SROH, Aymara-Quechua and
Mapuche-Huilliche ancestry proportions for each of the 15
Chilean regions (A-C). The central region ‘Metropolitana de
Santiago’ showed the lowest average SROH (19.7 Mb). The
highest SROH was observed in the southern De La Araucania
(39.0 Mb), De Magallanes y de la Antartica Chilena (30.7 Mb)
and De Aisén del General Carlos Ibaniez del Campo (28.2 Mb)
regions, followed by the most northern Chilean region (De Arica
y Parinacota, 27.9 Mb). The estimated Aymara—-Quechua ancestry
proportions ranged from 4.7% in the southern De Los Rios
region to 29.6% in the northern De Tarapaca region. Overall, the
estimated Mapuche-Huilliche ancestry proportions were higher
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Figure 1. Maps of Chile representing the estimated regional SROH (A), Aymara-Quechua ancestry (B) and Mapuche-Huilliche ancestry proportions (C). D shows the first
(African versus non-African) versus second (Native American versus European) principal components of genetic variability, the first versus third (Aymara-Quechua
versus Mapuche-Huilliche) principal components are shown in E. Reference populations are represented in green (Africans), beige (Europeans), red (Mapuche-Huilliche)
and blue (Aymara-Quechua). Study participants are shown in a white-to-black scale representing individual estimated SROH.

than the Aymara-Quechua proportions, ranging from 25.3% (De
Tarapaca region) to 49.9% (De Los Rios regions). Regions with
a high SROH generally showed high Native American ancestry
proportions too.

The estimated sum length of the genome in ROH above 1.5 Mb
for each study individual is also plotted against the first three
principal components of genetic variability in Figs. 1D and E.
The estimated individual SROH ranged from 5.6 to 112.3 Mb
with a mean equal to 30.7 Mb. The first principal component
distinguished between African and non-African ancestry, the
second principal component separated the European from
the Native American ancestry and the increase in SROH
with increasing proportions of Native American ancestry was
striking (D). The third principal component separated the
Aymara-Quechua and the Mapuche-Huilliche subcomponents
of Chilean Native American ancestry, and individuals with large
proportions of Aymara-Quechua ancestry clearly presented
large fractions of the genome in ROH (E).

Table 1 shows the SROH distribution in the study according
to the proportions of Aymara-Quechua and Mapuche-Huilliche
ancestry, gender, age (four categories of almost equal size), edu-
cational level (three categories), socio-economic status (six cate-
gories, from the lowest D/E stratum [semi- and un-skilled man-
ual occupations, unemployed and lowest grade occupations] to
the highest ABC1 category representing the high middle class)
and salary (four groups).

The reference SROH (intercept) was —9.53 Mb (95%CI: —16.42
to —2.65) in the fitted multiple linear regression model. The
SROH increased by 0.93 Mb (95%CI: 0.85-1.01) for each 1%
increase in the proportion of Aymara-Quechua ancestry, and
0.86 Mb (95%CI: 0.71-1.00) for every 1% increase in the proportion
of Mapuche-Huilliche ancestry. Males showed a lower SROH
than females (—10.48 Mb, 95%CI: —13.26 to —7.69). This result
was due to regional differences in the recruitment of women
and men: while 60% of the women were recruited in the most
northern Chilean region (De Arica y Parinacota), which showed
the highest proportion of Aymara-Quechua ancestry and in turn
a high SROH, the proportion of men recruited in this region
was only 31% (Supplementary Material, Table S1). Individuals in
the highest socio-economic category (ABC1) showed the highest
SROH (+11.65 Mb compared with individuals in the C3 category,
95%CI: 1.18-22.1), but differences in SROH by age, educational
level, socio-economic status and salary did not reach the 5%
level of statistical significance.

As a proof of principle, in addition to potential associations
with common causes of child death, we also checked the well-
established, negative association between SROH and height in
the investigated cohort. As expected, Chileans in the fourth
SROH quartile (33.5-502 Mb) were on average shorter (—1.32 cm,
95%ClL: —2.29 to —0.35) than Chileans in the first SROH quartile
(0-17.5 Mb, Supplementary Material, Table S2), adding plausibil-
ity to the rest of our findings.
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Table 1. Distribution of the SROH above 1.5 Mb according to the ancestry proportions and other sociodemographic characteristics of study

participants
Variable Level N SROH (Mb)
Pval Estimate 95% CI
Intercept Ref. 1786 0.007 —9.53 —16.42 —2.65
Aymara-Quechua ancestry per 1% 1786 1.5x 107 0.93 0.85 1.01
Mapuche-Huilliche ancestry per 1% 1786 9.9 x 1073 0.86 0.71 1.00
Gender Male 1089 1.6x 10713 Ref.
Female 697 —10.48 —13.26 —7.69
Age <24 years 387 0.05 0.30 —3.74 4.34
24-26 years 455 3.55 -0.31 7.41
27-32 years 487 3.70 0.34 7.07
>32 years 457 Ref.
Educational level Primary/secondary school 1279 0.92 Ref.
Technical 57 1.43 —6.00 8.87
University/postgrade 450 -0.14 -3.40 3.12
Socio-economic status E 33 0.31 2.12 —-7.59 11.84
D 453 -1.51 —5.90 2.88
c3 504 Ref.
Cc2 150 1.36 —3.76 6.47
ABC1 27 11.65 1.18 22.1
Missing 619 -0.79 -5.61 4.03
Salary <350000% 198 0.39 -0.31 —5.76 5.15
350 000-450 000$ 231 3.46 -1.38 8.31
450000+ 514 Ref.
Missing 843 0.60 —4.22 5.42

Results are based on a multiple linear regression model that simultaneously included all the listed variables. Ref.: Reference, N: Number of individuals, Pval: Global

probability value, CI: Confidence interval.

After examining the geographical distribution of SROH and
ancestry proportions, the association between regionally aggre-
gated mortality rates, SROH and ancestry proportions was quan-
tified by multiple Poisson regression. To facilitate the inter-
pretability of results, standardized mortality ratios (SMRs) are
reported per Mb in SROH, and per 1% proportion of Aymara-
Quechua and Mapuche-Huilliche ancestry. Only perinatal con-
ditions (first character P or Q in the code of the 10th version
of the International Classification of Diseases—ICD10) causing
at least 200 deaths before the age of 5 years in Chile between
2007 and 2017 were considered, resulting in 23 investigated
ICD10-categories.

Table 2 shows the estimated SMR for certain conditions orig-
inating in the perinatal period and congenital malformations,
deformations and chromosomal abnormalities. Bold type is
used to highlight SMR with associated probability values lower
than 0.002 (0.05/23), and therefore significant after accounting
for multiple testing. SROH was associated with an increased
mortality due to disorders related to short gestation and low
birth weight, not elsewhere classified (ICD-10 code P07, 3% risk
increase per Mb in SROH, 95%CI: 1-4%) and to intracranial non-
traumatic haemorrhage of foetus and newborn (ICD-10 code P52,
5% risk increase per Mb in SROH, 95%CI: 2-9%). The proportion
of Aymara—-Quechua ancestry was associated with an increased
mortality due to respiratory distress of newborn (ICD-10 code
P22, 3% increased risk per 1% ancestry proportion, 95%CI: 1-5%)
and to anencephaly and similar malformations (ICD-10 code
QO00, 5% increased risk per 1% ancestry proportion, 95%CI: 3-
7%), and with a decreased mortality due to Edwards syndrome
and Patau syndrome (ICD-10 code Q91, 4% decreased risk per
1% ancestry proportion, 95%CI: —6 to —2%). The proportion of
Mapuche-Huilliche ancestry was associated with an increased
mortality due to other congenital malformations of brain (ICD-10

code Q04, 7% increased risk per 1% ancestry proportion, 95%CI:
2-12%) and with a decreased mortality due to Edwards syndrome
and Patau syndrome (ICD-10 code Q91, 5% decreased risk per 1%
ancestry proportion, 95%CI: —8 to —2%).

To examine the robustness of the identified associations,
we inspected visually the relationship between gender-specific
mortality rates, SROH and ancestry, and performed gender-
stratified regression analyses. Figure 2A shows the scatterplot
for SROH and disorders related to short gestation and low
birth weight, not elsewhere classified (ICD-10 code PO7).
Results are represented in red for young girls and blue for
young boys. The corresponding estimated SMRs are shown in
Supplementary Material, Table S3. Opposite associations were
noticed for young girls (1% risk decrease) and young boys (3%
risk increase per Mb in SROH). Results for young girls strongly
depended on the data from De Maule region, which showed the
highest average SROH (76.2 Mb). However, effect estimates for
males and females were even more different after exclusion of
this high-leverage observation (6% risk decrease for young girls,
data not shown).

In contrast, consistent associations in young girls and
boys were found for SROH and intracranial non-traumatic
haemorrhage of foetus and newborn (ICD-10 code P52, Fig. 2B,
the estimated SMR for young girls was 1.01 after exclusion
of the De Maule region, data not shown). Visual inspection
of the remaining scatter plots revealed no apparent outliers
or leverage points, and gender-stratified analyses revealed
undifferentiated associations between Aymara-Quechua ances-
try and respiratory distress of newborn (ICD-10 code P22,
Fig. 2C, 4% increased mortality risk for young girls and 3%
increased risk for young boys per 1% ancestry proportion)
and between Aymara-Quechua ancestry and anencephaly and
similar malformations (ICD-10 code QO0, Fig. 2D, 5% increased
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Figure 2. Estimated SROH versus mortality rate due to disorders related to short gestation and low birth weight, not elsewhere classified (ICD-10 code P07, A); intracranial
non-traumatic haemorrhage of foetus and newborn (ICD-10 code P52, B). Estimated Aymara-Quechua ancestry proportion versus mortality rate due to respiratory
distress of newborn (ICD-10 code P22, C), anencephaly and similar malformations (ICD-10 code Q00, D) and Edwards syndrome and Patau syndrome (ICD-10 code Q91,
E). Estimated Mapuche-Huilliche ancestry proportion versus mortality rate due to Edwards syndrome and Patau syndrome (ICD-10 code Q91, F). Observations and

regression lines are shown in blue for young boys and red for young girls.

risk per 1% ancestry proportion for both young girls and
boys). Consistent associations were also observed for Aymara-
Quechua ancestry and Edwards syndrome and Patau syndrome
(ICD-10 code Q91, Fig. 2E, 3% decreased risk per 1% ancestry
proportion for both young girls and boys), Mapuche-Huilliche

ancestry and Edwards syndrome and Patau syndrome (Fig. 2F,
5% decreased risk for young girls and 3% decreased risk for
young boys per 1% ancestry proportion) and Mapuche-Huilliche
ancestry and other congenital malformations of brain (ICD-10
code Q04, Supplementary Material, Fig. S1, 2% increased risk for
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young girls and 4% increased risk for young boys per 1% ancestry
proportion).

Discussion

The present study is, to our knowledge, the first one to inves-
tigate the relationship between common causes of childhood
mortality, homozygosity—quantified as the total genome length
in ROH above 1.5 Mb—and the individual proportions of two
different types of Native American ancestry. A strength of the
study was the large regional variability in SROH (from 19.7 to
39.0 Mb) combined with the differences in child mortality among
Chilean regions, which potentially translated into a higher sta-
tistical power to investigate the formulated hypothesis than
analysing similar data from European-ancestry cohorts in high-
income countries. The simultaneous consideration of SROH,
Aymara-Quechua and Mapuche-Huilliche ancestry in the mul-
tiple Poisson regression models was also a novelty, which aimed
at disentangling the role of the two distinct genetic components
on early disease risk, allowing at the same time to adjust SROH
effect estimates for the potential effect of a poorer access to the
health system during pregnancy with increasing proportions of
Native American ancestry.

As the burden of homozygosity, cultural and socioeconomic
factors are closely related, potential confounding effects may
be complex and difficult to disentangle. The importance of
accounting for social confounding was demonstrated in a large
meta-analysis that examined full-sibling data: SROH differences
between siblings are entirely due to Mendelian segregation and
thus independent of cultural or socioeconomic confounding.
On average across all investigated traits, SROH effect estimates
based on sibships were 22% smaller than population-based
estimates, possibly reflecting the contribution of non-genetic
confounders (17). The present study was based on genetically
admixed Chileans, who showed continuous gradients of
homozygosity and ancestry, likely making our results less prone
to sociocultural confounding than the comparisons of separated
groups (children with related versus unrelated parents, or
children of Native American compared with European ancestry).

The reported findings relied on individual-level genotype
and aggregated mortality data. In order to reduce any ecolog-
ical bias, we examined in the first stage of our analyses the
potential confounding effects of age, gender, educational level,
socioeconomic status and salary, and investigated in the second
stage the relationship between rare outcomes (child deaths due
to a specific cause) and regional estimates of SROH, Aymara-
Quechua and Mapuche-Huilliche ancestry proportions. In agree-
ment with previous studies, we found a negative relationship
between SROH and height (17), but gender was the only investi-
gated covariate that showed an effect on SROH, likely reflecting
the regional differences in the recruitment of women and men
in the study.

Native Americans show the highest burden of ROH across
the globe: 67% of Native American genomes have at least one
chromosomal homozygous segment above 10 Mb in length as
a result of recent inbreeding and close kin unions, which were
widespread in the central Andes in the Late Intermediate Period
(~1000-1470 AD). The present results confirm the association
between SROH and Native American ancestry proportions—as
a benchmark for D and E in Fig. 1, the average inbreeding coeffi-
cient for second cousins translates into ~0.0156 x 3 Gb=46.9 Mb.
We also attempted to identify SROH differences according to the
type of Native American ancestry, but the difference between
SROH increase per 1% proportion in Aymara-Quechua compared
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with 1% proportion in Mapuche-Huilliche ancestry did not reach
statistical significance (overlapping 95%CIs). Some individuals
with average proportions of Aymara—Quechua and Mapuche-
Huilliche ancestry also displayed a high SROH (middle part of
Fig. 1E) and the increased SROH found in the highest socio-
economic group (ABC1, +11.7 Mb compared with individuals in
the C3-category) substantiates the previously reported assorta-
tive mating in Chileans (38,39).

We detected a strong association between SROH and intracra-
nial non-traumatic haemorrhage of foetus and newborn—as an
indicative value, please note that the 5.44% increased mortality
rate per Mb in SROH predicts a 5.44 x 46.9 = 255% increased mor-
tality risk for second cousin marriages. The statistical analysis
of aggregate data in our study did not reveal other relationships
between SROH and the investigated, common types of congen-
ital malformations, deformations and chromosomal abnormal-
ities leading to child death. This result was rather unexpected
since several studies have reported a higher incidence of birth
defects in the offspring of first cousins compared with non-
consanguineous parents. On the other hand, a large prospective
survey following over 20 000 pregnant women in South India did
not find any relationship between the parental degree of con-
sanguinity and congenital anomalies or foetal development. It
is important to mention here that we did not directly investigate
the incidence, but the mortality caused by these disorders.

Inbreeding depression is the result of both differential fertil-
ity and mortality before reaching reproductive age. Advances in
medicine and public health have reduced differences in repro-
ductive success through family planning and the reduction in
infant mortality, particularly in high-income regions. The rela-
tionship between SROH and human fertility has received some
attention in research, but the potential impact of homozygosity
on child mortality has long been neglected. The present study
focuses on this second component. Disorders related to short
gestation and low birth weight constitute the most common
cause of childhood mortality in Chile (n=2025 deaths during
a period of 11 years in this study). Interestingly, they were
associated with SROH in overall and young boys’ analyses, but
not among young girls, possibly mediating a negative effect of
homozygosity on human male selection. Also the association
between SROH and intracranial non-traumatic haemorrhage of
foetus and newborn showed a stronger association for young
boys than for young girls.

Investigating possible associations between common causes
of infant death and fine-scale Native American ancestry, we
found that each 1% increase in the proportion of Aymara-
Quechua ancestry was associated with a 3% increased mortality
risk due to respiratory distress of newborn, possibly with
a stronger association effect for young girls than young
boys. Interestingly, we identified previously an association
between Aymara ancestry and mortality due to other interstitial
pulmonary diseases, which represent the third cause of adult
death due to respiratory diseases in Chileans after pneumonia
and chronic obstructive pulmonary disease (33). Aymara-
Quechua ancestry was also associated with an increased risk of
child death due to anencephaly and similar malformations (ICD-
10 code Q00), and Mapuche-Huilliche ancestry was associated
with congenital malformations of brain (ICD-10 code Q04), which
could point to a different completion of death certificates in the
north and south of Chile. Anencephaly is known to be influenced
by multiple risk factors including folic acid deficit, mutations in
the genes of the folate pathway and exposure to a variety of
toxins and contaminants. Folic acid supplementation could be
particularly indicated to pregnant women with large proportions
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of Native American ancestry, and the high levels of arsenic in
drinking-water and copper mining in the north of Chile could
contribute to the identified association with Aymara—Quechua
ancestry.

We also identified a consistent, negative association between
the two investigated types of Native American ancestry and child
mortality due to Edwards syndrome (trisomy 18) and Patau syn-
drome (trisomy 13). The stronger associations found for females
in gender-stratified analyses likely reflect the higher prevalence
of Edwards syndrome in female offspring. The risk of trisomy
in the offspring increases with maternal age and data were not
available to adjust for this potential confounder in our analyses.
However, we found no association with infant death due to the
more common Down syndrome. Whole and mosaic trisomy syn-
dromes are not inherited, but partial trisomy can be transmitted
from parents who carry a balanced translocation. A lower fre-
quency of genetic rearrangements between chromosomes 18/13
and other chromosomes in Native Americans than Europeans
could also contribute to the observed negative association.

In summary, the identified associations between SROH,
disorders related to short gestation and low birth weight, and
intracranial non-traumatic haemorrhage of foetus and newborn;
Aymara-Quechua ancestry, respiratory distress of newborn,
anencephaly and similar malformations, and Edwards syndrome
and Patau syndrome; and Mapuche-Huilliche ancestry, other
congenital malformations of brain, and Edwards syndrome and
Patau syndrome warrant further investigation using individual-
level data to clarify their relevance to population genetics and
public health. From the point of view of population genetics,
independent validation of the identified associations with
SROH may improve our understanding of the link between
homozygosity and human selection. The present results may
also have important implications for health care and disease
prevention. For illustration, the difference in Aymara-Quechua
ancestry proportion between the two regions De Tarapacd
and De Los Rios was 25%, which translates into a differential
mortality rate due to respiratory distress of newborn of
25 % 3%=75%.

Materials and Methods
Ethics approval

Ethics approval was obtained from the Medical Faculties of the
Universidad de Chile (approval #123-2012) and the Pontificia
Universidad Catélica de Chile (#11-159), and from Universidad
de Tarapacd and University College London as described in
Ruiz-Linares et al. (13). Written informed consent was obtained
from all study participants. Structured questionnaires applied to
volunteers of the aggregate-data are available upon request.

Study participants and associated
sociodemographic data

The study comprised 1786 individuals who were recruited from
2010 to 2013; 39% of the study participants were women and
the median age was 27 years. About two-thirds of the subjects
were professional soldiers, with a relatively large proportion of
men born in the south of Chile (Del Maule, Del Biobio and De
la Araucania regions). On the contrary, 60% of the women were
recruited from the northern region De Arica y Parinacota, which
was also the region, where the most participants were recruited
from (42%), followed by Metropolitana de Santiago (18%), and Del
Bio-Bio (9%). Since the majority of soldiers are typically recruited

from among the middle classes, with minorities from the social
elite and the lowest socioeconomic groups, this dataset repre-
sented the general Chilean population quite well. Part of the
study collective has been described before by Ruiz-Linares et al.
(24) and Lorenzo Bermejo et al. (33).

Aggregated mortality data

Aggregated mortality data were obtained from the Chilean
Department of Statistics and Health information (www.deis.cl).
Causes of death were grouped according to the 10th version of
the International Classification of Diseases (www.who.int/classi
fications/icd/, ICD10). We considered the first three characters
of the ICD10 code and investigated perinatal conditions (first
character P and Q). Only diseases causing at least 200 deaths
before the age of 5 years in Chile between 2007 and 2017 were
considered, resulting in 23 investigated ICD10-categories. From
2007 to 2017, Chile was divided into 15 regions, which are the
country’s first-level administrative division.

Genotyping and quality control

Blood samples were collected by certified phlebotomists and
trained nurses. DNA was extracted following standard labora-
tory procedures. Genotypes were available for 730525 single
nucleotide polymorphism (SNP) markers from the Illumina’s
Human610-Quad beadchip. Intentional duplicates, samples with
sex information inconsistent with genotype data and related
individuals with shared identity by descent proportion >0.25
were removed.

For the calling of ROH, variants with a minor allele frequency
(MAF) under 5% and more than 3% missing genotypes across
all individuals were excluded, leaving 593 740 SNPs for the sub-
sequent ROH calling. For the genetic principal component and
ancestry analyses, variants with an MAF under 5% and more
than 5% missing genotypes were excluded. Genetic variants
were filtered to only include autosomal polymorphisms, variants
with a missing call rate under 5%, and variants without adenine-
thymine or guanine-cytosine alleles to avoid DNA strand flip-
ping. In addition, SNPs were pruned based on linkage disequilib-
rium at r? higher than 0.2. After merging the study samples with
the reference samples, more than 35000 SNPs were used for the
ROH and ancestry analyses.

Genetic principal component analysis and estimation
of ancestry proportions

Genetic principal component analyses were conducted using the
eigenstrat function available at www.popgen.dk/software/inde
x.php/Rscripts (40). The ADMIXTURE software (version 1.3) was
used for supervised estimation of individual African, European,
Northern Native Chilean and Southern Native Chilean ancestry
components relying on reference individuals (37). Surrogates of
African and European ancestry were 108 Yorubans in Ibadan,
Nigeria, and 99 Utah residents with Northern and Western Euro-
pean ancestry as well as 107 individuals from Iberian popula-
tions in Spain from the 1000 Genome Project (41). The major
indigenous peoples in Chile are the Aymara and Quechua in the
northern regions and the Mapuche and Huilliche in the southern
regions of Chile; 8 Aymara and 9 Mapuche individuals were
selected as reported in Lorenzo et al. and complemented with
22 Aymara, 40 Quechua and 4 Huilliche from Reich et al., and 32
Huilliche from Lindo et al. (33,42-44).
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ROH calling

ROHs were called using the free, open-source whole genome
association analysis toolset PLINK (version 1.07) (36). PLINK
parameters were fixed according to the recommendations
of the ROHgen consortium to enhance the comparability of
results as follows: homozyg-window-snp 50; homozyg-snp 50;
homozyg-kb 1500; homozyg-gap 1000; homozyg-density 50;
homozyg-window-missing 5 and homozyg-window-het 1.

Statistical analyses

Data were analyzed using the R software environment for sta-
tistical computing and graphics (version 3.6.0). The relation-
ship between the aggregated mortality data, SROH and Native
American ancestry proportions was investigated in two stages.

First, the expected regional SROH, Aymara—Quechua and
Mapuche-Huilliche ancestry were estimated by multiple linear
regression using the models

E[X1|Z] = Z7d,,
E[X2|Z] = ZVd,,
E[X3|Z] = Z"ds,

where the SROH (represented by X;), the Aymara-Quechua
ancestry proportion (represented by X,) and the Mapuche-
Huilliche ancestry proportion (represented by X3) depended on
the product of a design matrix Z times a fixed-effect vector d,
which included the intercept and the response variables gender
and region. Each model was run 15 times, altering each time the
reference region.

In the second stage, the association between regional mortal-
ity rates and expected SROH, Aymara-Quechua and Mapuche-
Huilliche ancestry proportions was quantified by multiple Pois-
son regression using the underlying model

Y ~ Poi (u), with log (1/person-years)

= B1E [X1|Z) + B2E [Xo|Z) + BsE [X3]Z] + Zo + &,

where the response variableY represents the disease-specific
mortality rate accumulated over eleven years (from 2007 to 2017),
considering the intercept, gender and region as explanatory vari-

ables (region-level design matrix Z multiplied by the fixed-effect
vector «; exp(p:1) was used to estimate the SMR per 1 Mb increase
in SROH, exp(B.) the SMR per 1% increase in Aymara-Quechua
ancestry proportion and exp(Bs;) the SMR per 1% increase in
Mapuche-Huilliche ancestry proportion.

Availability of data and code

The Source code in R to reproduce all the results described is
provided as Supplementary Material, and the necessary input
files are available at www.biometrie.uni-heidelberg.de/ Statisti-
calGenetics/Software_and_Data
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Supplementary Material is available at HMGJ online.
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