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shows that the mean genotypic values
for metabolic phenotypes differ between Inuit
and Europeans
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Abstract

Background Disease prevalence and mean phenotype values differ between many populations, including Inuit
and Europeans. Whether these differences are partly explained by genetic differences or solely due to differences

in environmental exposures is still unknown, because estimates of the genetic contribution to these means, which
we will here refer to as mean genotypic values, are easily confounded, and because studies across genetically diverse
populations are lacking.

Methods Leveraging the unique genetic properties of the small, admixed and historically isolated Greenlandic popu-
lation, we estimated the differences in mean genotypic value between Inuit and European genetic ancestry using

an admixed sibling design. Analyses were performed across 26 metabolic phenotypes, in 1474 admixed sibling pairs
present in a cohort of 5996 Greenlanders.

Results After FDR correction for multiple testing, we found significantly lower mean genotypic values in Inuit genetic
ancestry compared to European genetic ancestry for body weight (effect size per percentage of Inuit genetic ancestry
(se), —0.51 (0.16) kg/%), body mass index (~0.20 (0.06) kg/m?/%), fat percentage (~0.38 (0.13) %/%), waist circum-
ference (=0.42 (0.16) cm/%), hip circumference (—0.38 (0.11) cm/%) and fasting serum insulin levels (=1.07 (0.51)
pmol/1/9%). The direction of the effects was consistent with the observed mean phenotype differences between Inuit
and European genetic ancestry. No difference in mean genotypic value was observed for height, markers of glucose
homeostasis, or circulating lipid levels.

Conclusions We show that mean genotypic values for some metabolic phenotypes differ between two human
populations using a method not easily confounded by possible differences in environmental exposures. Our study
illustrates the importance of performing genetic studies in diverse populations.
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Background

Phenotypic difference between human populations is
mainly driven by difference in environmental exposures,
even when the phenotype has a high heritability [1].
However, the difference may also partly be due to dif-
ferences in the genetic contributions to the phenotype
(Fig. 1A). The genetic contribution is sometimes called
the genetic load, the polygenic effect, or the genotypic
value of a given phenotype [2]. Here we use the term
genotypic value (G), defined as the sum of effects of
every causal genetic marker for a given phenotype. Dif-
ferent populations can in principle have different mean
genotypic values for a phenotype, which is important for
understanding relative disease prevalence, heritability
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and fitness in evolution in different populations. How-
ever, it is not straightforward to estimate the difference
in mean genotypic values between populations (AG).
In particular, it is problematic to do it by estimating the
mean phenotypic value for each of the populations and
then comparing the estimates, as these estimates of mean
phenotypic values are easily confounded by environmen-
tal exposures which often differ between the populations.
Currently, the mean genotypic value of a given popula-
tion cannot be estimated directly, because not all causal
variants and their effect sizes for a given phenotype are
known. With the availability of large-scale genome-wide
association studies, polygenic scores (PGS) can be used
as a way to estimate mean genotypic values [2], but the
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Fig. 1 lllustration of the study design with body mass index as an example phenotype. A An illustration of the concept that the difference of mean
phenotypic values (AY) is composed of the difference in mean genotypic values (AG) and the difference in mean environmental effect (AE).

B A hypothetical example of a pair of admixed full siblings with both Inuit genetic ancestry (green) and European genetic ancestry (yellow).

In the example they have —6 difference in body mass index (BMI) and 1.5% difference in Inuit ancestry proportion. C Regression of difference

in phenotypic values (dy) with difference in ancestry proportions (6Q) within pairs of admixed full siblings based on 100 pairs. The slope

is an estimate of the difference in mean genotypic value (AG) between Inuit and European genetic ancestry. D A hypothetical example with 12
admixed individuals with different values of BMI and different amounts of Inuit genetic ancestry. E Regression of phenotypic values (y) with ancestry
proportions (Q) based on 200 admixed individuals. The slope is an estimate of the difference in the mean phenotype value (AY) between Inuit

and Europeans
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performance of a PGS will vary in different populations
and, thus, confound the estimates of the mean genotypic
values [3]. This is particularly a problem when there is a
large genetic distance between the population in which
the PGS is trained, and the population in which the mean
genotypic value is estimated [3].

To overcome these challenges, we here leverage the
nature of genomes from the recently admixed Green-
landic population. Admixed genomes are mosaics of
different ancestral segments [4], and for each admixed
individual, it is possible to accurately estimate the pro-
portion of genetic ancestry derived from each ances-
tral population [5] as long as the ancestral populations
are sufficiently genetically distinct. The majority of the
genetic ancestry of present-day Greenlanders is Inuit [6];
however, in recent time, there has been a large amount of
gene flow from Europe, mainly due to the Danish coloni-
sation [7]. There is a large variation in the proportion of
Inuit and European genetic ancestry across the Greenlan-
dic population, but on average they have 25% European
and 75% Inuit genetic ancestry [6] and, importantly, Inuit
and European genetic ancestry differ enough for estima-
tion of ancestry proportions to be accurate [6, 7].

Notably, genetic ancestry is correlated with environ-
mental influence, including socio-economic status [8]
and sociocultural practices [9], which confounds the esti-
mation of differences in mean genotypic values; however,
we alleviate this environmental confounding by restrict-
ing the analysis to admixed full siblings. Such siblings
have equal probability of inheriting any given allele from
each parent and are expected to have similar environ-
mental exposures [10]. Thus, the expected genetic ances-
try of both siblings is the mean genetic ancestry of their
parents. However, due to random recombination, there
will be small differences in ancestry proportion between
siblings, and importantly, this variability is independ-
ent of environmental exposures [11]. This is important,
because under the assumption that the difference in the
ancestry proportions of full siblings is independent of the
difference in their environmental exposures, it is possible
to estimate the difference in mean genotypic value (AG)
between two genetic ancestral populations, like Inuit and
European ancestry, by estimating the slope of the line
obtained when regressing the difference in phenotypic
values (dy) with the difference in ancestry proportions
(0Q) between full-sibling pairs that have genetic ancestry
from both populations (Fig. 1B,C). Similarly, we can also
estimate the difference in mean phenotypic value (AY)
between the two ancestral populations from individu-
als with genetic ancestry from both populations using a
regression slope estimate (Fig. 1D, E). Notably, the differ-
ence in mean phenotypic value will be affected by envi-
ronmental differences between populations (Fig. 1A),
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whereas the difference in mean genotypic value will not,
since the genotypic value per definition solely describes
the genetic contribution to the mean phenotype of a
population. And importantly, when using the described
design to estimate the difference in mean genotypic val-
ues, the estimates are not easily confounded, which we
will show via simulations in this paper. We note that this
design is similar to the PGS-based sibling design pro-
posed by Selzam et al. [8], but with the key difference that
the design presented here is based on ancestry propor-
tions from an admixed population instead of PGS.

The demographic history of the Inuit ancestors of the
Greenlanders differs from many other populations by
having recently undergone a long population size bottle-
neck. This has led to a larger variance in the genotypic
values of phenotypes despite not having a large effect on
the overall genetic load of fitness [12]. This means that
mean genotypic value in the Inuit is not expected to on
average be higher or lower for a given disease or pheno-
type. But for specific diseases or phenotypes it is plau-
sible that genetics explain part of the mean phenotypic
differences observed in Inuit compared to other popula-
tions and thus that mean genotypic values for these spe-
cific diseases or phenotypes differ. This would be in line
with previous observations of genetic variants unique to
the Inuit, which have substantial impact on metabolic
phenotypes, including height, body weight, type 2 dia-
betes, HbAlc, circulating low-density lipoprotein (LDL)
cholesterol and fatty acids [13—-18], making this a particu-
larly relevant population to study in the context of mean
genotypic value differences.

Therefore, we aimed to investigate if genetics explains
parts of the differences in mean phenotype values
between Inuit and Europeans by estimating the differ-
ence in mean genotypic values based on differences in
ancestry proportions between admixed full siblings iden-
tified in a cohort of 5996 Greenlanders.

Methods

Study participants

We included Greenlanders from the population health
surveys B99 (sample size 1953, recruited 1998-2001)
[19], Inuit Health in Transition (IHIT; sample size 2807,
recruited 2005-2010) [20] and B2018 (sample size 1236,
recruited 2017-2019) [21]. All these cohorts were col-
lected as part of a general population health survey of the
adult (18+ years of age) Greenlandic population based on
random population samples. Genomic data was utilized
to estimate ancestry proportions and to identify full sib-
lings. Based on that, different models were applied to esti-
mate the phenotypic difference and difference in mean
genotypic values between Inuit and European genetic
ancestry. For comparison, we also included Europeans in
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the form of 6514 Danish individuals from the population-
based Inter99 cohort [22] to directly calculate the pheno-
typic difference between Inuit and Europeans. Overview
of the phenotypes and phenotypic values is available in
Table S1.

Anthropometric and biochemical measurements
Anthropometric and biochemical data collection in the
Greenlandic cohorts (B99, IHIT, B2018) and the Danish
Inter99 cohort have been described previously [19-21,
23, 24]. In brief, body weight, height and waist and hip
circumference were measured, and body mass index
(BMI) and waist-to-hip ratio calculated in both the
Greenlandic and the Danish cohorts, and in the Green-
landers also visceral and subcutaneous adipose tissue
were measured and lean body mass and fat percent-
age calculated. In both the Greenlandic and the Danish
cohorts fasting levels of HbAlc, serum total cholesterol,
high-density lipoprotein (HDL) cholesterol, triglyceride,
apolipoprotein A1l (ApoA1l) and apolipoprotein B (ApoB)
concentrations were measured, and levels of remnant
cholesterol and LDL cholesterol were calculated. In the
Greenlandic cohorts, participants not treated for diabetes
with years of age >18 (IHIT) or >35 (B99, B2018), and in
the Danish cohort, all participants without known diabe-
tes, underwent an oral glucose tolerance test. To further
eliminate the possible effect of treatment for diabetes,
individuals with known diabetes were excluded from
all analyses of measures of glucose homeostasis. Plasma
glucose, serum insulin and serum C-peptide levels were
measured at fasting and 2-h after ingestion of the glu-
cose load. Information on birth weight and length were
retrieved from midwife records for the Danish cohort,
and from medical records at hospitals, including birth
records, midwife records and outpatient records as well
as information from the central birth register of Green-
land for the Greenlandic cohorts.

Whole genome sequencing

A subset of 448 Greenlandic individuals from IHIT
and B99, selected based on sampling location inde-
pendently of phenotype and disease status, underwent
whole genome sequencing (WGS; Illumina) with an
average sequencing depth of ~35X. Reads were cleared
for adapters using biobambam tools [25] and mapped
with BWA-MEM [26] to GRCh38 (bwa mem -t 24 -p -Y
-K 100000000). After mapping, duplicated reads were
marked. Genotype calling was done using GATK haplo-
type caller and variant quality score recalibration (VQSR)
tools based on the GATK resource bundle [27]. Only var-
iants in the T98 tranche and above were used. The sites
were parsed through Plink (v1.90b6) [28], keeping the
two most common alleles of multiallelic sites.
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Genotyping and imputation

The Greenlandic samples that were not whole genome
sequenced were genotyped using Multi-Ethnic Global
Array (MEGA chip, Illumina), which was described
previously in [7]. After quality control, it comprised
about 1.6 million variants. To impute the missing data,
we first inferred the relatedness among the WGS indi-
viduals using ancestry fractions and inferred ancestry-
specific allele frequencies from Admixture [5, 28] with
the assumed number of ancestral populations equal
to two as input to NGSremix [29], which outputs pair-
wise relatedness coefficients. We then phased the
WGS data using Shapeit2 [30] with trio information
inferred from the relatedness results. Next, we used
IMPUTE2 [30, 31] to pre-phase the participants with
genotyping array data and then imputed them with
merged reference of WGS and 1KGP (specific pops are
CDX|CEU|CHB|CHS|GBR|TSI|IBS) [32]. The workflow
is available at GitHub [33]. Sites in the imputed data with
MAF below 0.05, missing call frequencies greater than
0.05 and high LD (+* > 0.8) were filtered out, resulting in a
dataset of 856,924 sites. We used this dataset to estimate
ancestry proportions and pairwise relatedness.

Genetic ancestry inference

We estimated ancestry proportions for the Greenlandic
sample using ADMIXTURE with the assumed number of
ancestral populations equal to two, which is an approach
we have previously shown leads to accurate estimates of
Inuit and European ancestry proportions [6, 7]. Which
of the two ancestral populations that corresponds to
Inuit was identified by comparing our results to those
from [6], in which a panel of 50 Danes were included to
allow for an unambiguous genetic ancestry component
assignment.

Relatedness estimation and sibling identification

With the ancestry proportions and genotype data as
input, we estimated the relatedness between samples
using the RelateAdmix method from [34] as implemented
in NGSremix [29]. This method allows estimation of
pairwise relatedness between admixed individuals as the
fractions of loci sharing 0, 1, 2 alleles identical by descent
(IBD; kO, k1, k2) for all pairs of individuals in a manner
that takes admixture into account. Since the expected
IBD sharing for full siblings as (kO, k1, k2) is (0.25, 0.5,
0.25), we visualised the distribution of k2 along k1 and
chose the cluster with k1 between 0.25 and 0.75, and k2
between 0.15 and 0.5 as full siblings. Some pairs near
the boundary, which had k1 between 0.4 and 0.6, and k2
above 0.125, were included because they are both full sib-
lings to other individual(s) within the former cluster.
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To estimate the genetic ancestry of the parents of the
siblings, we also used NGSremix, which has an imple-
mentation of the method apoh [35] that provides such
estimates.

Estimation of the difference in mean phenotype

values and in mean genotypic values between Inuit

and Europeans

To quantify the phenotype differences between Inuit
and Europeans, we first regressed the phenotype values
with ancestry proportions of all the individuals from the
admixed full-sibling pairs using the following regression
model:

Yi =a+ ByQi + BaAgei + BsSex; + €i, (model 1a)

where Y; and Q; denote the phenotype value and the
Inuit ancestry proportion, respectively, for individual i.
«a is the intercept. Recruitment age Age; and sex Sex; for
individual i are included as covariates and their effect size
are denoted as 5, and Sgrespectively. The residual is rep-
resented as ¢; with ¢; ~ N(0,62) and importantly, 3 is an
estimate of the difference in the mean phenotype value
(AY) between Inuit and Europeans. For clarity, we denote
the estimated Sy as A Y;ibQ in the “Results” section.

Similarly, we estimated the difference in mean geno-
typic value between Inuit and Europeans using the fol-
lowing regression model:

3)’;’ =a+ IBGan + ,BaageaAgej + ,BagelAgejl + ,Bi}sexasexj + ,Bsexlsele + €,
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effect and overcome the correlation of multiple sibling
pairs within a family:

yij =a+ Bw (Qt‘j - 6]) + 13861 + BageAgeij + BsexSexij + vj + €45
(model 2)
where y;; and Q; denote the phenotype value and Inuit
ancestry proportion, respectively, for the admixed full
sibling i in family j, and Q; is the mean Inuit ancestry
proportion in family j. & is the intercept. Age and sex are
included as covariates and their effect size are denoted
as B, and f,, respectively. y; denotes a family random
effect with Y~ N(O,G}%). The residual is represented as €;
with € ~ N(0,02). Notably, in this model Sy is the differ-
ence in mean phenotypes for Inuit and Europeans (AY)
and Sy, is the difference in mean genotypic value for
Inuit and Europeans (AG). For clarity, we denoted f; as
A YF;milyQ and B, as AGF;milies in the “Results” section.

Simulation-based sensitivity analysis

First, we investigated the direction and extent of the
potential bias induced by ancestry-by-environment
interactions on the estimates of the difference in mean
phenotypic values (AY) and mean genotypic values
(AG). We first simulated a scenario, where the envi-
ronment is correlated with the family’s average ances-
try proportion and each sibling’s phenotype value is as
yij ~ N(QjAG + EgncQj, 0%), where E,,. is the ancestry-
by-environment interaction term. Because we do not
expect siblings or their surroundings to know which of

(model 1b)

where 9y; is the phenotype value difference between
the two siblings in admixed full-sibling pair j and 0Q; is
the difference of Inuit ancestry proportion between the
two siblings in admixed full-sibling pair j. The differ-
ence in age (JAge;), and the age of the first sibling (Agej;)
are included as covariates. Similarly, their sexes are also
included with dSex; denoting the difference of sexes
between them and Sex;; denoting the sex of the first sib-
ling. a is the intercept and the residual is ¢; ~ N(O,af).
Importantly, here the estimate for 3 is an estimate of the
difference in mean genotypic value (AG) between Inuit
and Europeans. For clarity, we denoted the estimate of
Beas AGS;blings in the “Results” section.

The basic models above (model 1a and 1b) do not take
into account that some of the sibling pairs are from the
same family. Therefore, we also explored a model similar
to the one recently used to evaluate within family poly-
genic score prediction [8]. Specifically, we explored the
following regression model which adjusts for the family

them have the higher or lower proportion of a certain
ancestry, then we expect an ancestry-by-environment
interaction to act on a family level and not on the indi-
vidual level. However, if there is effect on the individual
independently of the family, then we expect it to have
an impact on our estimates. Therefore, we also simu-
lated ancestry-by-environment interaction on the indi-
vidual sibling’s admixture proportion level such that
Yi~N(QAG+E,,.Q; o). We explored varying values
for E,,. with AG equals to 1 and o equals to 1. We esti-
mated the AY using model la and estimated the AG
using model 1b and compared them to the true difference
in mean genotypic values. We used estimated Q; from
our real data. We performed 10,000 simulations for each
value of £,

To further explore possible bias, we simulated so-
called participation bias where individuals with a higher
phenotype value are less likely to participate in the
study. This was done by choosing a threshold to define
what a high phenotype value is. If an individual has a
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phenotype value above this threshold, there was a 20%
chance that the individual would not participate in the
study. If one individual does not participate, then the
sibling pair containing this individual will be removed
from estimation of AG. For families with more than 1
sibling pair, the remaining siblings who all participate
will be kept. The phenotype values for all siblings were
simulated as y;,~N(Q;AG, 0®). To keep the number of
individuals and sibling pairs the same regardless of
the degree of participation bias, a new phenotype was
simulated for non-participating siblings based on their
genetic ancestry until it was below the threshold pheno-
type value. We simulated different thresholds for having
a high phenotype based on the quantiles of the simu-
lated phenotypes. Similarly, we also explored another
kind of participation bias where participation in the
study depends on the phenotype and ancestry of the
mother. The mothers’ ancestry proportion was esti-
mated by NGSremix and was used to simulate the phe-
notype values of the mothers.

Finally, we performed simulations to investigate to
what extent errors in the estimation of Q might affect our
estimation of AG. The phenotypes were simulated as
¥i~N(Q;AG, ), but errors were added to Q;; when esti-
mating AG. We performed 1 million simulations where

the estimation error of Q was as eg ~ N (0, o2 and

error
oéermr varied between 0 and 5%. We quantify the estima-
tion error of dQ in our data to be 0.24% based on F1s (see
how the error of dQ was estimated below), so our simula-
tion range also includes values of estimation errors many
folds larger than our estimated error. From there we esti-
mated AG and reported the deviation from the true AG
along with the absolute mean error in the difference of
Inuit genetic ancestry. We tried 100 values randomly
between 0 and 0.05 for oéermr and estimated AG using
model 1b.

Estimation of average error in estimates of 9Q

To estimate the average error in our estimation of the
difference in ancestry proportions within each pair of
full siblings, we took advantage of the fact that the data-
set contained a number of F1 full-sibling pairs. For these
pairs, each sibling must per definition have exactly 50%
genetic ancestry from Inuit and exactly 50% genetic
ancestry from Europe and true difference in their ances-
try proportions must therefore be 0. This means that any
estimated difference in genetic ancestry is due to error
alone and we therefore estimated the average error in the
estimated difference in ancestry proportions as the aver-
age absolute difference in genetic ancestry within all F1
sibling pairs.

Page 6 of 14

Results

Identification of admixed full siblings

To identify admixed siblings, we first imputed genome-
wide data from 5996 Greenlanders and based on 856,924
LD-pruned common variants (MAF >5%), we estimated
their ancestry proportions using ADMIXTURE. On
average, we observed 29% European genetic ancestry,
but there was substantial variation between individuals
(Fig. 2A).

Next, we identified all pairs of full siblings using
NGSremix (Fig. 2B), which estimates the relatedness
coefficients k1 and k2, while taking admixture into
account. Full siblings clustered around (k1=0.5, k2=0.25)
and in total we found 1869 full-sibling pairs. From these,
we excluded all pairs of siblings where both parents were
unadmixed, since there should not be any difference in
the ancestry proportions between these siblings. To do
so, we first excluded all pairs of full siblings where both
siblings had more than 95% of the same genetic ances-
try (Fig. 2C), representing those siblings whose parents
were unadmixed with the same genetic ancestry. Second,
we performed an additional analysis of the pairs of sib-
lings where both had around 50% of each genetic ances-
try (Fig. 2C), which might suggest unadmixed parents of
different genetic ancestry. From these siblings, we esti-
mated the admixture proportions of the parents, and we
removed the sibling pairs, where both parents had more
than 95% of a certain genetic ancestry (Fig. 2D), repre-
senting those siblings whose parents were unadmixed
with different genetic ancestries (F1 siblings). This led to
a final set of 1474 admixed full-sibling pairs for down-
stream analyses. Most of these full siblings differed by up
to 5% in ancestry proportions and the difference ranged
from 0.0043 to 13.1% (Fig. 2E), hence, we report the esti-
mated difference in genotypic value per percentage point
difference in genetic ancestry to avoid extrapolating
effects outside the range of genetic ancestry differences
observed in our data (Fig. S1). The full-sibling pairs were
from 697 families and most of them were the only pair in
their family (Fig. 2F).

Metabolic phenotypes differ between Inuit and European
genetic ancestry

We investigated differences in mean phenotype values
between Inuit and European genetic ancestry across
26 metabolic phenotypes, based on the 1474 admixed
Greenlandic full-sibling pairs.

Using the basic regression model outlined in Fig. 1C
and D (model 1a in “Methods”), 13 out of the 26 pheno-
types were estimated to differ significantly between Inuit
and European genetic ancestry, and 12 of them remained
significant after FDR correction for multiple testing
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Number of admixed siblings in a family

(Table 1 and Table S1). Effect estimates for phenotype
differences across measures of body composition indi-
cated that individuals with high Inuit genetic ancestry
were in general smaller than individuals with high Euro-
pean genetic ancestry, and the mean phenotype values

were estimated to be significantly lower in Inuit genetic
ancestry than European genetic ancestry for height
(effect size per percentage of Inuit genetic ancestry (SE),
—0.14 (0.01) cm/%), body weight (—0.16 (0.02) kg/%),
hip circumference (—0.09 (0.02) cm/%), fat percentage
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(—0.09 (0.02) %/%), lean body mass (—0.07 (0.02) kg/%)
and subcutaneous adipose tissue (—0.02 (0.004) cm/%),
but higher waist-to-hip ratio (0.0006 (0.0001)/%). With
respect to measures of glucose homeostasis, the mean
phenotype values in Inuit genetic ancestry were esti-
mated to be significantly lower for levels of 2-h plasma
glucose (—0.008 (0.006) mmol/1/%), fasting serum insu-
lin (—0.35 (0.08) pmol/1/%) and 2-h serum insulin (—1.4
(0.6) pmol/l/%), but higher levels of HbA1c (0.003 (0.001)
%/%). Of note, the difference in 2-h glucose level was
not significant after FDR adjustment for multiple test-
ing. We also assessed lipid measures, here we found that
the mean phenotypic levels of HDL cholesterol (0.003
(0.0008) mmol/1/%) and ApoA1 (0.004 (0.001) mmol/1/%)
were estimated to be significantly higher in Inuit genetic
ancestry. Using a more complex model, which takes into
account that some of the sibling pairs are from the same
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family (model 2 in “Methods”), we got similar effect esti-
mates, but the association with 2-h plasma glucose was
no longer significant (Table 1 and Table S1).

The above analyses were based only on admixed
Greenlanders, for comparison, and as a check of
robustness, we also investigated differences in mean
phenotype values for 22 of the metabolic phenotypes
between the 1706 admixed Greenlanders (the indi-
viduals in the 1474 admixed full-sibling pairs) and
up to 6514 Danes of similar age from the independ-
ent population-based Inter99 cohort. For most of the
phenotypes showing significant differences in the
analyses of admixed Greenlandic full-sibling pairs,
we observed the same direction for effect estimates,
however, for some phenotypes, we observed a differ-
ent magnitude of effect, including hip circumference,
2-h serum insulin, HbAlc and ApoAl, and for fasting

Table 1 Estimated difference in mean phenotype between Inuit and European genetic ancestry

Phenotype Estimated from admixed siblings in Greenland

N Mean AVsio (SE)/% P valueg;,q (SD) AYF(;m//yQ(SE)/% P valueg,iyq (SD)

model 1a model 2

Body mass index (kg/m?) 1627 270 —0.013(0.009) 0.058 —0.013(0.01) 0.12
Height (cm) 1638 1615 —0.14(0.01) 85x107 —-0.15(0.012) 9.7x107%°
Body weight (kg) 1628 70.6 —-0.16(0.02) 36x107" —0.16(0.029) 36x10°8
Waist circumference (cm) 1614 92.1 —0.017(0.02) 035 —0.015(0.027) 0.5
Hip circumference (cm) 1614 994 —0.091(0.02) 56x107° —0.09(0.019) 12%x107°
Waist to hip ratio 1613 092 6e—04(0.0001) 2.1x1077 0.00063(0.00015) 301078
Fat percentage 901 305 —0.086(0.02) 7.2x107° —0.086(0.023) 20x1074
Lean body mass (kg) 576 48.2 —0.072(0.02) 26x107° —-0.08(0.019) 26x107
Visceral adipose tissue (cm) 574 73 —0.0041(0.006) 0.54 —0.006(0.0072) 047
Subcutaneous adipose tissue (cm) 573 3.2 —0.016(0.004) 20%x107™ —0.017(0.0048) 20x107
Birth weight (g) 300 34247 -3.0(2.6) 0.25 -3.2(3.3) 033
Birth length (cm) 271 514 —-0.018(0.01) 0.12 —-0.02(0.013) 0.14
Fp glucose (mmol/l) 1178 5.78 0.00048(0.002) 0.52 0.00078(0.0027) 0.66
2h-p glucose (mmol/l) 1059 6.00 —0.008(0.006) 0.044 —0.0077(0.0063) 0.074
Fs C-peptide (pmol/I) 1018 559.9 —14(0.7) 0.093 —1.5(0.84) 0.099
2h-s C-peptide (pmol/l) 880 1883.2 40(2.6) 0.14 3.7(3.1) 0.26
Fs insulin (pmol/1) 1178 53.58 —0.35(0.08) 14x10™ —0.37(0.092) 7.6x107
2h-s insulin (omol/l) 1059 2126 —1.4(0.6) 0.0025 —1.3(0.65) 0.01
HbA1c (%) 1366 5.89 0.0026(0.001) 48x107 0.0027(0.0012) 0.0022
Fs HDL cholesterol (mmol/l) 1650 1.64 0.0032(8e—04) 33%x107™ 0.0032(0.00093) 32x107
Fs LDL cholesterol (mmol/l) 1435 3.64 —0.00075(0.002) 0.52 —9e—04(0.0025) 0.56
Fs Triglyceride (mmol/1) 1473 1.27 —0.0041(0.001) 0.055 —0.0043(0.0015) 0.085
FsTotal cholesterol (mmol/l) 1611 5.87 0.0039(0.002) 0.06 0.0038(0.0022) 0.098
Fs Remnant cholesterol (mmol/l) 1135 0.52 —0.0012(0.0006) 0.24 —0.0012(0.00067) 0.27
Fs Apolipoprotein A1 (mmol/l) 432 172 0.0043(0.001) 1.9%x107 0.0043(0.0012) 2.2x107*
Fs Apolipoprotein B (mmol/l) 432 0.91 0.0013(0.0009) 04 0.0013(0.0012) 048

Difference in mean phenotype value AY between Inuit and European genetic ancestry based on the admixed Greenlandic siblings. Estimates are based on either the
slope between individual’s admixture proportions and phenotype value AY;,,, or based on the differences between mean admixture proportion of each family and
their mean phenotype AYg, 0. Effect size and SE estimates are shown by per percentage of Inuit genetic ancestry. The numbers of individuals are the same for both
analyses. P values were calculated based on quantile transformed trait values. F, fasting; p, plasma; s, serum
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serum insulin the effect estimate was in the opposite
direction (Table 1 and Table S1).

Differences in mean genotypic value between Inuit

and European genetic ancestry

We analysed the difference in mean genotypic value
across the 26 metabolic phenotypes using the basic

Body Composition
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regression model outlined in Fig. 1A and B (model 1b
in “Methods”). The assumed linear relationship was
supported by the model’s residuals along fitted values
(Fig. S2). For six of the 26 phenotypes, the estimated
difference in mean genotypic value between Inuit and
European genetic ancestry remained significant after
FDR adjustment (Fig. 3 and Table S2). Most of these

Birth weight ——@

Subcutaneous adipose tissue =

FDR-adjusted p-value = 0.0061

Hip circumference

Visceral adipose tissue =

Body Mass Index
Weight
Fat Percentage

Waist circumference

.FDR-adjusted p.»value = 0'0061.
FDR-adjusted p-value = 0.0061
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Birth length —
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Glucose homeostasis

Serum insulin 0-h b
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Fig. 3 Estimation of difference in mean genotypic value between Inuit and Europeans. Estimates of difference in mean genotypic value

between Inuit and European genetic ancestry, AGS,A-b/,-ngs, obtained from admixed full-sibling pairs from Greenland with the basic regression model
shown in Fig. 1B, C (using model 1b). Effects were estimated for quantile transformed phenotypes using a model with age and sex as covariates.
Error bars are the 95% confidence intervals. Red colour means FDR adjusted p value < 0.05. Symmetry of the bars was broken around the borders
due to the chopping of the x-axis for better presentation, which is indicated by the dashed line at the end of the bars
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differences were observed for phenotypes related to
body composition, where Inuit genetic ancestry was
associated with lower genotypic value for body weight
(effect size per percentage of Inuit genetic ancestry
(se), —0.51 (0.16) kg/%), BMI (—0.20 (0.06) kg/m?/%),
waist circumference (—0.42 (0.16) cm/%), hip circum-
ference (—0.38 (0.11) cm/%) and fat percentage (—0.38
(0.13) %/%). We did not observe a significant differ-
ence in mean genotypic value for the remaining phe-
notypes related to body composition, including height,
for which we observed a relatively large difference in
mean phenotype values of 0.14(0.01) cm/% (Table 1).
We tested if this discrepancy could be explained by the
recent changes in environmental exposures, likely pri-
marily diet, by assessing height according to birth year.
We observed that individuals born in 1990 were an
estimated 12.4 cm taller than those born in 1930 (Fig.
S3). Besides phenotypes related to body composition,

Body composition
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we only observed a significant difference in mean gen-
otypic value for fasting insulin (—1.07 (0.51) pmol/1/%)
between Inuit and European genetic ancestry (Fig. 3
and Table S2).

We also estimated the differences in mean geno-
typic value with a more complex model, which takes
into account that some of the sibling pairs are from the
same family (model 2 in methods). With this model, we
obtained similar estimates of mean genotypic value for
most phenotypes (Fig. S4). When further FDR adjusting
these analyses for multiple testing, the difference in waist
circumference and fasting insulin was no longer signifi-
cant (Table S2).

Across models, only the differences in mean genotypic
value for BMI, body weight, hip circumference and fat
percentage passed FDR correction for multiple testing.
However, importantly, all the significant differences in
mean genotypic value showed the same direction as the
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Fig. 4ADirections ofAYAgibQ and AGS,A-b,,-ngs with quantile transformation. For each phenotype there is a bar that illustrates the point estimates

for AYsjq (top) and AGsjpjings (bottom) measured in standard deviations for easy comparisons across phenotypes. The whiskers indicate standard
errors, and the colour of the bar indicates whether the point estimate is higher in Inuit genetic ancestry (red) or lower (green). Stars were

added above/below the bar to indicate those whose FDR adjusted p values < 0.05. Symmetry of the bars was broken around the borders due

to the chopping of the y-axis for better presentation, which is indicated by the dashed line at the end of the bars
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difference in mean phenotypic values between Inuit and
European genetic ancestry (Fig. 4).

Sensitivity and robustness analysis

To investigate whether potential ancestry-by-environ-
ment interaction would lead to a bias in our estimates of
the difference in mean genotypic value (AG) when using
our admixed sibling design, we simulated the ancestry-
by-environment interaction effect using our real data’s
estimated ancestry proportions. The simulations showed
that the estimates were not confounded when the envi-
ronment effect was correlated with the siblings’ average
ancestry proportion within a family (Fig. S5). The simu-
lations also showed that our design would lead to an
overestimation of the difference for the mean genotypic
values, if there was individually ancestry correlated envi-
ronmental effects independently of its family’s genetic
ancestry. However, this bias would be very limited rela-
tive to the variance in the estimates (Fig. S6) and much
lower than for phenotypic difference (AY), where ances-
try-by-environmental interaction had a large effect.

Further, we used simulation to assess the potential effect
of participation bias where individuals with a certain phe-
notype were less likely to participate in the study. These
simulations showed an underestimation of the absolute
value of mean phenotypic values as expected, but little bias
in the estimation of the difference in mean genotypic val-
ues (Fig. S7, S8) because it only uses information based on
the difference within the admixed sibling pair.

Finally, since the ancestry proportions used for estimat-
ing the difference in mean genotypic values were esti-
mated from genetic data, it will not be the true values.
Therefore, we performed simulations to investigate how
errors in genetic ancestry estimation can affect the esti-
mates of the difference in mean genotypic values between
the two ancestral populations. The simulations revealed
that inaccurate estimation of Inuit ancestry proportion
will lead to underestimation of AAG(Fig. S9). The size of
the bias depends on the absolute size of the error, the
larger the error, the larger the bias. Based on the inferred
Fls, we estimated that the average error of dQ in our
study was 0.24%. In our simulations, this size of error
leads to a slight underestimation of AG of 0.4%.

Discussion

In this study, we estimated differences in mean pheno-
type values and mean genotypic values for metabolic
phenotypes between Inuit and European genetic ances-
try using a novel study design based on admixed full-
sibling pairs. As previously observed, Inuit and European
genetic ancestry differed with respect to mean pheno-
type values of most metabolic phenotypes, with the
mean phenotypic value generally being smaller for Inuit
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genetic ancestry than European genetic ancestry. In line
with this, we showed that Inuit genetic ancestry was
associated with significantly smaller mean genotypic val-
ues, primarily for body composition-related phenotypes
and also fasting insulin levels. However, surprisingly for
height, we observed a large difference in mean phenotype
value between Inuit and European genetic ancestry, but
no significant difference in mean genotypic value.

We showed that there is a significant difference in
mean phenotype values between Inuit and European
genetic ancestry for 13 out of the 26 metabolic pheno-
types we analysed in the admixed Greenlanders. Par-
ticularly for measures of body composition, we observed
lower mean phenotype values for Inuit genetic ancestry.
These findings were supported by analyses comparing
the phenotype values in the admixed Greenlandic sib-
lings with Danes, and also by previous studies showing
the same directions of effect estimations for fat percent-
age, height, body weight, hip circumference, triglyceride
levels and 2-h serum insulin levels [24, 36, 37]. However,
we observed larger magnitudes of effect in our study of
admixed siblings, likely because in previous studies par-
ticipants recruited as non-admixed ethnicities, may con-
tain admixed individuals, which would underestimate the
difference between ethnicities. Of note, for fasting insulin
we observed opposite directions of effect when estimat-
ing the mean phenotype difference between Inuit and
European genetic ancestry based on the admixed Green-
landic siblings and by comparing the admixed Greenlan-
dic siblings with the Danes from the independent Inter99
cohort. This discrepancy could be caused by environ-
mental differences between Greenland and Denmark.

For mean genotypic values, we primarily observed dif-
ferences between Inuit and European genetic ancestry for
phenotypes related to body composition, namely body
weight, fat percentage, hip circumference, waist circum-
ference and BMI. For these phenotypes, our results indi-
cated that differences in mean genotypic values at least
partly explained the difference in phenotype values, as
Inuit genetic ancestry both had lower phenotype values
and lower mean genotypic values. For body weight, this
is consistent with previous observations of alleles having
significantly negative effect sizes in Inuit but little or no
effect in Europeans [13]. We did not necessarily expect
the same direction of effect for estimates of difference in
mean phenotype and mean genotypic values across traits,
as effects in opposite directions can easily occur unless
the two populations that are being compared have the
exact same environment [2]. Notably, it has also been
shown that differences in mean genotypic values between
two populations can occur both under neutrality and
under selection [2]. Hence, importantly, differences in
mean genotypic values between populations or ancestries
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do not imply that one population or genetic ancestry
is superior to the other in terms of fitness in any given
environment.

With respect to height, we observed a very signifi-
cant difference in the mean phenotype values between
Inuit and European genetic ancestry, but no difference
in mean genotypic values. This is consistent with previ-
ous observations of alleles having similar effect sizes for
height in both Inuit and Europeans [13]. This discrep-
ancy between difference in mean phenotype value and
mean genotypic value observed for height is likely driven
by recent changes in environmental exposures, including
the general Greenlandic diet and a reduction in infec-
tious-disease burden, which pushes the mean height
in the population towards the genetic potential for the
population. This was supported by our observation of
significant correlation between birth year and height,
where Greenlanders born in 1990 were substantially
taller than those born in 1930, and by a previous study
showing that Greenland is among the countries with the
largest increase in human height from 1896 to 1996 [1].
Also, it has previously been shown that dietary quality
in Greenland is significantly associated with a higher
socio-economic position and higher degree of urbanisa-
tion [38], and that higher socio-economic position is sig-
nificantly associated with greater height [39]. Similarly,
we observed differences in mean phenotype values for
lipid phenotypes, but no differences in mean genotypic
values, suggesting that the differences in these mean
phenotypic values are caused by differences in environ-
mental exposures alone. This is supported by a previous
study showing that cholesterol and triglyceride varied
according to westernisation, diet, alcohol consumption
and smoking [37].

Our simulations showed that our admixed sibling
design leads to a bias in the estimates of the difference
in mean genotypic value due to the fact that the true
ancestry proportions are not known, but were inferred.
However, this bias was small and importantly, our simu-
lations also showed that our estimation of difference in
mean genotypic value between ancestries remains quite
robust in regard to differences in environmental expo-
sure between siblings. This robustness towards envi-
ronmental confounding is one of the great advantages
of our method compared to methods testing the corre-
lation between a phenotype and the degree of genetic
ancestry [40, 41]. We note that a sibling design, similar
to ours, has been explored where PGS are used instead
of genetic ancestry [8, 42]. And importantly, Abdellaoui
et al. [42] recently showed that the effect of PGS within
a family can be confounded by regional environmen-
tal differences. Although this confounding is not large,
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this result suggests that sibling designs might not be
entirely robust. However, we emphasise that admixture
proportions are generally not easily confounded unlike
PGS, which are easily confounded by genetic ancestry.
Hence, all in all the admixed sibling design proposed
in this study can be confounded, but the effects of the
confounding seem to be relatively small, suggesting that
the design is quite robust.

Another major strength of the study is the inclu-
sion of a large proportion of the Greenlandic popula-
tion with precise measures of phenotypes. However,
although we have genetic data for more than 10% of the
adult present-day Greenlandic population in our data-
set, the sample size varied across the investigated phe-
notypes, and we only found six phenotypes, BMI, body
weight, waist circumference, hip circumference, fat
percentage and fasting serum insulin, with a significant
difference in mean genotypic value between ancestries
after FDR correction for multiple testing. And notably,
some of the confidence intervals for the effect size esti-
mates were wide, suggesting that an even larger sam-
ple size would be needed to fully assess exactly which
phenotypes have significant differences in mean geno-
typic value. It is also worth noting that our estimates of
the difference in mean genotypic values (AG) for body
weight was unrealistically high between Inuit and Euro-
pean genetic ancestry, compared to the difference in
mean body weight (AY) between these two ancestries.
The reason is most likely due to extrapolating outside
the data range for difference of ancestry proportion
between the full siblings that were analysed. Another
possible limitation of our study is the possible con-
founding by treatment, as we only accounted for the
use of glucose-lowering medication.

To more fully explore the potential of the presented
novel study design, it would be very useful to increase
the sample size in Greenland even further. Also, it would
be interesting to apply it to other admixed populations.
However, we emphasise that our current approach can
only be applied to admixed populations that are the
result of a simple two-way admixture between popu-
lations that are so genetically distinct that admixture
proportions can be accurately estimated. Thus, we
acknowledge that this method cannot be applied to all
admixed populations unless better data or methods
are available for genetic ancestry estimation. We also
acknowledge that there is a risk that the method could
be misused with the purpose of showing that genetics
contribute to differences that can be argued to make
some populations superior to other populations, e.g. in
terms of educational attainment. We of course highly
discourage such misuse and hope that the method will
instead, like other family-based studies, be used to
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disprove such hypotheses because they are more robust
to environmental differences [11, 43, 44].

Conclusion

In conclusion, this study is the first to show that differ-
ences in mean genotypic values do explain part of the
differences in the mean value of metabolic phenotypes
observed between any two human populations. Com-
paring genetic Inuit and European genetic ancestry, we
primarily observed differences in mean genotypic val-
ues for phenotypes related to body composition, but
also fasting insulin. We leveraged the unique genetic
properties of the highly admixed Greenlandic popula-
tion, and by focusing on this underrepresented popu-
lation, we were able to estimate differences in mean
genotypic value based on admixed full-sibling pairs,
which markedly reduces the confounding by environ-
mental exposures.
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