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Abstract

Researchers would generally adjust for the possible confounding effect of population struc-
ture by considering global ancestry proportions or top principle components. Alternatively,
researchers would conduct admixture mapping to increase the power to detect variants with
an ancestry effect. This is sufficient in simple admixture scenarios, however, populations
from southern Africa can be complex multi-way admixed populations. Duan et al. (2018) first
described local ancestry adjusted allelic (LAAA) analysis as a robust method for discovering
association signals, while producing minimal false positive hits. Their simulation study, how-
ever, was limited to a two-way admixed population. Realizing that their findings might not
translate to other admixture scenarios, we simulated a three- and five-way admixed popula-
tion to compare the LAAA model to other models commonly used in genome-wide associa-
tion studies (GWAS). We found that, given our admixture scenarios, the LAAA model
identifies the most causal variants in most of the phenotypes we tested across both the
three-way and five-way admixed populations. The LAAA model also produced a high num-
ber of false positive hits which was potentially caused by the ancestry effect size that we
assumed. Considering the extent to which the various models tested differed in their results
and considering that the source of a given association is unknown, we recommend that
researchers use multiple GWAS models when analysing populations with complex
ancestry.

Introduction

Differential assortment of ancestral allele frequencies across a genome results from selection,
mutation or genetic drift, when previously isolated populations interbreed [1, 2]. Taking
advantage of these differences in allele frequencies can help identify population-specific disease
risk alleles associated with disease phenotypes due to various ancestries being exposed to dis-
tinct environments and pathogens [3]. Admixed populations present unique opportunities to
identify ancestry-specific disease risk alleles for various populations simultaneously. African
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ancestries harbour the most genetic diversity and contain more complex linkage disequilib-
rium (LD) blocks than other continental populations and the precise evolutionary events that
shaped their genomes are mostly unknown [4, 5]. When the historical events are unknown, it
is often difficult to know beforehand which effect (allele, ancestry or the interaction between
them) has the most significant effect on the disease phenotype under study. Therefore, study-
ing admixed African populations presents a rich opportunity for the discovery of ancestry-spe-
cific disease risk alleles, however, the complex genomic architecture of admixed African
genomes warrants careful consideration of both global and local ancestry.

A genome-wide association study (GWAS) is commonly used to discover associations
between single nucleotide polymorphisms (SNPs) and a diverse spectrum of complex traits of
interest [6]. Attributing associations at the SNP level, however, requires large sample sizes
when the SNP being tested has a small effect on the trait of interest. GWAS is further compli-
cated when individuals have admixture-induced linkage disequilibrium (admixture LD)
blocks. Admixture mapping uses the admixture LD blocks inherited from a specific ancestral
population to test for an association with the trait of interest [2]. Hence, the ancestry rather
than the genotypes are traced in the association process [7] and the SNPs that affect the trait of
interest can only be localised to their respective ancestral blocks (presented as an admixture
peak on a Manhattan plot). There are also smaller LD blocks within admixture LD blocks that
originated prior to admixture that are inherited from the parent populations that contributed
to the admixture (ancestry LD). Admixture LD and ancestry LD cause population stratification
in a GWAS which reduces the power to detect a significant association and could lead to
increased false positive hits and false negative hits [8]. Therefore, at a given locus within an
admixed population there will be groups of individuals with similar LD. If one or more of
these groups is disproportionately represented within a given phenotype, a false association
will exist between that group and that phenotype. Many approaches address this problem by
including global ancestry and local ancestry in GWAS models [9-11].

Duan et al. [8] expanded on these approaches by additionally modelling the interaction
between allelic effects and ancestry effects. They proposed a two-step approach, called the
Local Ancestry Adjusted Allelic (LAAA) testing procedure, that first detects associations by
jointly modelling allelic effects, ancestry effects and interaction effects and then determines the
source of the association. Their approach proved robust and powerful, but it was only assessed
in a two-way admixed population. Therefore, it remains to be determined if this model will be
able to capture the correct association signals with minimal power loss and spurious associa-
tions (including both false positive hits and false negative hits) in complex multi-way admixed
populations exhibiting genetic heterogeneity (i.e. ancestry patterns that differ between
admixed populations formed by the same source populations). We believe that testing this will
go a long way to identifying robust models that can be used in a wide array of demographic
scenarios.

We used the complex demographic history of the Nama and the South African Coloured
(SAC) populations to simulate a three-way admixed population (as represented by the Nama)
and a five-way admixed population (as represented by the SAC). The genotypes from these
simulated populations were used to simulate three phenotypes, each with a different associa-
tion signal. Therefore the aim of this study was to determine if the LAAA model will be able to
robustly capture the true causal variants regardless of the source of the association or the com-
plexity of the admixture compared to other frequently used GWAS models. We also compare
other models commonly used in GWAS and we investigate the efficacy of each model when
presented with true versus inferred ancestry.
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Material and methods
Simulating genotypes

msprime [12] was used to jointly simulate the demographic history (Fig 1) of the Nama, South
African Coloured (SAC), Han Chinese in Beijing, China (CHB), British From England and
Scotland (GBR), Gujarati Indians in Houston, Texas, USA (GIH), Gumuz, Luhya in Webuye,
Kenya (LWK) and Mende in Sierra Leone (MSL). The model describing the demographic his-
tory was defined in a Demes Specification (https://github.com/popsim-consortium/demes-
python) that was then converted to a msprime demographic model using the demes python
library. Demes Specifications are YAML files that contain information about populations,
their properties (like effective population size changes) and the relationship of a population to
other populations.

The demographic history of the Nama, an indigenous population of southern Africa [13], is
complex and extends back to the emergence of modern humans. Furthermore, the Nama also
integrated and received ancestral contributions from the indigenous Khoe-San group from
southern Africa. The Khoe-San are reported to have the most divergent lineages compared to
other living populations [14-18] and it is believed that they have largely remained isolated
until ~2000 years ago [13, 14, 19]. The Nama is reported to have experienced 5-25% gene flow
from eastern African caprid and cattle pastoralists ~2000 years ago [20]. These events were
finally followed by recent admixture with European colonists ~250 years ago. The demo-
graphic model for the Nama (Fig 1) was based on the above mentioned events and a confer-
ence poster by Ragsdale ef al. [21] where they inferred detailed parameterized demographic
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Fig 1. The demographic histories of the simulated populations (Nama and SAC). Thick solid lines with open
arrowheads indicate an ancestor -> descendant relation, dashed lines indicate an admixture pulse and faint solid lines
with closed arrowheads indicate continuous migration. The two admixture events for the Nama is indicated with the
dashed lines with arrowheads (purple and light pink). The one admixture event for the SAC is indicated by the four
solid lines with open arrowheads (green, dark pink, light pink and light brown).

https://doi.org/10.1371/journal.pone.0264657.g001
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Simulations

Simulating genotypes with msprime
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Simulating phenotypes with PhenoypeSimulator
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Fig 2. Overview of the methods used to simulate genotypes using the software msprime and phenotypes using the software PhenotypeSimulator.

https://doi.org/10.1371/journal.pone.0264657.9g002

models for five present day populations (GBR, Gumuz, LWK, MSL and Nama) using joint
allele frequency and LD statistics. The Khoe-San also contribute a significant ancestral compo-
nent to a South African population that represents a highly admixed group from multiple
ancestral populations (SAC) [22, 23]. Many non-African and African populations moved into
southern Africa over the last ~600 years and integrated with the Khoe-San [22]. Uren et al.

[13] found that the SAC has Khoe-San (32-43%), Bantu-speaking African (20-36%), European
(21-28%) and East and South-East Asian (9-11%) ancestral contributions. The demographic
model for the SAC (Fig 1) was based on the above ancestral proportions with a single admix-
ture event, for simplicity, between the ancestral populations ~400 years ago.

The demographic models were used to simulate DNA sequence evolution of 5000 Nama
and 5000 SAC individuals as tree sequences (Fig 2). We assumed a generation time of 25 years,
a mutation rate of 1.29e-08 and a recombination rate as specified by the Combined HapMap II
recombination map. The CHB, GBR, GIH, LWK and MSL (1000 individuals of each) were
simulated to act as reference populations for the Nama and the SAC. The Nama acted as a ref-
erence population for any Khoe-San ancestral contribution in the Nama and the SAC. Our
aim with this simulation was not to create models that accurately represent the demographic
history of the Nama or the SAC, but to simulate realistic genotype data for a three-way and
five-way admixed population as represented by the Nama and the SAC. The tree sequence was
then used to create VCFs using tskit [24]. The number of SNPs in the resultant VCFs was
reduced to ~400 000 SNPs to reduce model runtime by randomly selecting variants. We also
wrote a custom script that works its way up the tree sequence to find the ancestry at a given
locus at a given time using the migration history of that locus, thereby enabling us to recover
the true ancestry of an individual at a given locus.
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Simulating phenotypes

PhenotypeSimulator [25] was used for phenotype simulation, because it allows very fine con-
trol over individual effects. It entails a three-step process: (1) simulating phenotype compo-
nents of interest, (2) scaling the components according to the amount of variance explained
and (3) combining the phenotype components for each individual. The phenotype compo-
nents are further divided into genetic effects and noise effects. Genetic effects are made up of
genetic variant effects, population structure, local ancestry and the interaction between variant
effects and local ancestry effects. Noise effects are made up of observational noise effects and
confounding variable such as sex and age.

Three kinds of phenotypes were simulated for the Nama (Table 1) and the SAC (Table 2)—
phenotypes with an allelic only (AO) effect, phenotypes with an ancestry plus allelic (APA)
effect and phenotypes with an APA and local ancestry adjusted allelic (LAAA) effect. Three
replications, each with a different set of 10 causal SNPs of each kind of phenotype were simu-
lated randomly and a replication was simulated with each ancestral population (three for the
Nama and five for the SAC) as the source of the local ancestry effect. Therefore, in total 27 phe-
notypes were simulated for the Nama and 45 phenotypes we simulated for the SAC.

For all phenotypes, genetic effects were assumed to account for 60% of the total variance.
When genetic variant effects were present, they were assumed to account for 20% of the total
genetic effect or 12% of the total effect, when local ancestry effects are present, they were
assumed to account for 10% of the total genetic effect or 6% of the total effect and when the
interactions between variant effects and local ancestry effects were present, they were assumed
to account for 6.67% of the total genetic effect or 4% of the total effect. After these effects were
accounted for, the proportion of the genetic effect that remains was attributed to population
structure and kinship. Observational noise was assumed to be 40% of the total noise effect or
16% of the total effect and the non-genetic covariates, sex and age, was assumed to account for
the remaining 60% of the noise effect or 24% of the total effect. These proportions are
completely arbitrary and only the genetic variant effects are based on literature—complex dis-
eases, such as type 2 diabetes and systemic lupus erythematosus, have been associated with
4-40 loci with a total heritability explained by variant effects of 1.5-50% [26].

Ancestry inference

The simulated Nama and SAC datasets were merged with their respective appropriate source
populations using PLINK v2.0 (https://www.cog-genomics.org/plink/2.0/) [27] in order to
infer both global and local ancestry. For the Nama, the GBR (n = 1000), LWK (n = 1000) and

Table 1. Breakdown of the effect sizes that make up the phenotypes simulated for the Nama.

Phenotype
AO

AO

AO

APA

APA

APA
LAAA
LAAA
LAAA

Ancestry of interest

Nama
GBR
EP
Nama
GBR
EP
Nama
GBR
EP

Genetic effects Noise effects
Variant Local ancestry Interaction Population structure Observational Covariates

0.12 0.00 0.00 0.48 0.16 0.24
0.12 0.00 0.00 0.48 0.16 0.24
0.12 0.00 0.00 0.48 0.16 0.24
0.12 0.06 0.00 0.42 0.16 0.24
0.12 0.06 0.00 0.42 0.16 0.24
0.12 0.06 0.00 0.42 0.16 0.24
0.12 0.06 0.04 0.38 0.16 0.24
0.12 0.06 0.04 0.38 0.16 0.24
0.12 0.06 0.04 0.38 0.16 0.24

https://doi.org/10.1371/journal.pone.0264657.t001
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Table 2. Breakdown of the effect sizes that make up the phenotypes simulated for the SAC.

Genetic effects Noise effects
Phenotype Ancestry of interest Variant Local ancestry Interaction Population structure Observational Covariates
AO Nama 0.12 0.00 0.00 0.48 0.16 0.24
AO GBR 0.12 0.00 0.00 0.48 0.16 0.24
AO MSL 0.12 0.00 0.00 0.48 0.16 0.24
AO CHB 0.00 0.00 0.00 0.60 0.16 0.24
AO GIH 0.00 0.00 0.00 0.60 0.16 0.24
APA Nama 0.12 0.06 0.00 0.42 0.16 0.24
APA GBR 0.12 0.06 0.00 0.42 0.16 0.24
APA MSL 0.12 0.06 0.00 0.42 0.16 0.24
APA CHB 0.12 0.06 0.00 0.42 0.16 0.24
APA GIH 0.12 0.06 0.00 0.42 0.16 0.24
LAAA Nama 0.12 0.06 0.04 0.38 0.16 0.24
LAAA GBR 0.12 0.06 0.04 0.38 0.16 0.24
LAAA MSL 0.12 0.06 0.04 0.38 0.16 0.24
LAAA CHB 0.12 0.06 0.04 0.38 0.16 0.24
LAAA GIH 0.12 0.06 0.04 0.38 0.16 0.24

https://doi.org/10.1371/journal.pone.0264657.t1002

Nama (n = 1000) were included to represent their contributing ancestral source populations.
For the SAC, the GBR (n = 1000), MSL (n = 1000), Nama (n = 1000), GIH (n = 1000) and
CHB (n = 1000) were included to represent their contributing ancestral source populations.
After merging of admixed and source ancestral populations, all minor alleles with a

frequency < 0.05 were excluded from analysis. The final dataset after quality control and data
filtering consisted of 387 959 autosomal variants and 5000 Nama and 5000 SAC, in addition to
3000 ancestral individuals for the Nama and 5000 ancestral individuals for the SAC. The soft-
ware RFMix was used to infer global and local ancestry for both the Nama and SAC datasets
[28]. REMix is 30X faster than other local ancestry inference software and is accurate in multi-
way admixture scenarios [28, 29]. Default parameters were used, except for the number of gen-
erations since admixture, which was set to 13 for the Nama and 16 for the SAC.

GWAS models

The following five regression models were tested simultaneously for each simulated phenotype
for both the Nama and SAC:

1. The standard model—only allelic effects are considered and no global or local ancestry
effects are modeled.

E(Y) =a, + o, E, + o,E, + ﬁXx

E(Y) is the continuous outcome (Y). E; and E, represent the covariates (age and gender)
and ; and @, is the corresponding marginal effect. X, represents the number of reference
alleles at the locus under investigation and 3 is the corresponding marginal effect.

2. The global ancestry (GA) model—frequently used in GWAS to account for the possible con-

founding effect of population structure in the study population.
E(Y) = o, + o, E, + o,E, + o,P + X,

P represents the estimated global ancestry and a, is the corresponding marginal effect.
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3. The local ancestry (LA) model—used in admixture mapping studies to localise potential
associations to ancestral blocks. The model is sensitive to frequency disparities across ances-
tral populations.

E(Y) = o, + B, + %,E, + a,P + yX'

X' represents the number of ancestry alleles (separate model for each contributing ancestry)
at the locus under investigation and y is the corresponding marginal effect.

4. The ancestry plus allelic (APA) model—tests for both an allelic association and an associa-

tion with an ancestry in the phenotype. Therefore jointly testing the associations modelled
in model 1 + 2.

E(Y) = o, + o, E, + 0,E, + o,P + pX, 4 yX'

5. The local ancestry adjusted allelic (LAAA) model—an extension of the APA model that also
includes an interaction term between the allele present at a specific locus and the ancestry.

E(Y) = o, + o, E, + 0B, + o, P + X, 4 yX' 4+ X',

X', represents the number of ancestry-specific reference alleles at the locus under investiga-
tion and 1 is the corresponding marginal effect.

When global ancestry is included in a given model, the smallest ancestry proportion was
excluded as a covariate to avoid complete separation of the data for both the Nama (GBR) and
SAC (CHB). Thus, two ancestral components (Nama and LWK) for the Nama and four ances-
tral components (Nama, MSL, GBR, GIH) for the SAC were included as covariates in associa-
tion testing, together with gender and age. A total of 5000 Nama and 5000 SAC and 387 959
autosomal variants were included in statistical analysis. The Im() function in R was used for
linear regression association testing. The conventional significance threshold of 5 x 10™® for
association testing was used. Dosage files were compiled at each locus for the allelic state (0, 1
or 2 copies of the major allele), for the ancestry (0, 1 or 2 copies of the ancestry of interest) and
for the interaction between the allelic state and the ancestry (0, 1 or 2 copies of the major allele
that is from the ancestry of interest).

Results
Local ancestry inference accuracy

We inferred the local ancestry for the simulated Nama and SAC populations, since the true
local ancestry will not be available in a GWAS using real data. Therefore, we could also assess
the impact of LAT accuracy on the GWAS models in different phenotypic scenarios. An overall
84.90% accuracy for the Nama (Table 3) and an overall 85.40% accuracy for the SAC was
attained. For the ancestral components of the Nama we attained 76.07% for the LWK, 88.35%
for the GBR and 84.90% for the Nama (Khoe-San). For the ancestral components of the SAC

Table 3. The ancestral proportions and the accuracy of the inferred local ancestry for the Nama.

LWK GBR Nama Total
Ancestral proportion 0.100 0.150 0.750 1.000
LAI accuracy 0.761 0.884 0.853 0.849

https://doi.org/10.1371/journal.pone.0264657.t1003
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Table 4. The ancestral proportions and the accuracy of the inferred local ancestry for the SAC.

CHB
Ancestral proportion 0.100
LAI accuracy 0.831

https://doi.org/10.1371/journal.pone.0264657.1004

GBR MSL Nama GIH Total
0.175 0.250 0.350 0.125 1.000
0.892 0.846 0.847 0.854 0.854

(Table 4) we attained 83.13% for the CHB, 89.24% for the GBR, 84.56% for the MSL, 84.73%
for the Nama and 85.38% for the GIH.

Comparison of GWAS models applied to simulated GWAS data for the
Nama and the SAC

We compared the true positive (the number of times when the source of association could be
correctly identified) and the false positive hits (the number of times when the source of the
association was incorrectly identified as a true association) from each GWAS model applied to
all of the simulated phenotypes to get an indication of model success rate in the simulated
Nama and SAC populations. Three iterations of each phenotype were simulated with different
sets of causal SNPs, the GWAS models were run for each iteration and the number of true pos-
itive and false positive hits (excluding sites in LD with causal SNPs) were averaged to produce
the results in Figs 3—-6. Across all phenotypes in both populations, whether true (Figs 4 and 6)
or inferred (Figs 3 and 5) ancestry was used, the LAAA model achieved the highest or tied for
the highest true positive hit count. However, the AO phenotypes in the Nama (Figs 3 and 4)
sometimes identified more true positive hits using the standard model, but this only for the
AO phenotype. As expected, the standard model was tied with the LAAA model for the highest
hit count in phenotypes with only an allelic effect (Figs 5 and 6) in the SAC. In phenotypes
that have an ancestry effect in the Nama, either the APA model or the standard model achieved
the second highest hit count after the LAAA model (Figs 3 and 4). However, in the SAC the
APA model identified more true positive hits in all phenotypes (Figs 5 and 6). The LA model
did not identify any true positive hits in many cases and produced a substantial number of
false positive hits when there is an ancestry effect present (Figs 3-6). The GA model identified
more true positives than the LA model, but fewer than the standard model. The standard
model produced the lowest number of false positive hits regardless of the phenotype it was
applied to, but when there is an ancestry effect present, the standard model never identified
more than 6/10 causal variants whereas models such as LAAA sometimes identified 9/10.

All models produced a low number of false positive hits for the AO phenotypes relative to
the other phenotypes. Overall, models with a local ancestry component (APA, LA, LAAA) pro-
duced substantially more false positive hits than models that only account for allelic effects and
global ancestry effects (Figs 3-6). There are more false positive hits across phenotypes and
models when inferred ancestry was used for the Nama and the SAC instead of the true ancestry
(Figs 3-6). For the SAC there are slightly more false positive hits for phenotypes with the CHB
and GBR as the source of the ancestral effect when using the true ancestry (Fig 6) compared to
the inferred ancestry (Fig 5). In every phenotype, except the AO phenotypes, the LWK had the
lowest number of false positive hits in the Nama (Figs 3 and 4) and the CHB had the lowest
number of false positive hits in the SAC when the inferred ancestry was used (Fig 6). This pat-
tern holds true for the other inferred ancestries (except the GIH) in the SAC phenotypes (Fig
5). In the Nama, the use of inferred local ancestry in the APA, LA and GA models (Fig 3) also
produced more false positive hits in the AO phenotypes than using the true ancestry in these
models. Using inferred ancestry over the true ancestry noticeably decreased the number of
true positive hits detected by the APA, LA and the GA, whereas the LAAA model is less
affected by inaccurate inferred local ancestry.
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Discussion

Generally, researchers adjust for the possible confounding effect of population structure by
considering global ancestry proportions or top principal components in statistical models.
Conversely, researchers would conduct admixture mapping, which involves inferring ancestry
at each genomic loci along the genome of an admixed individual (local ancestry inference), to
increase the power to detect variants with an ancestry effect [30, 31]. This is sufficient in simple
admixture scenarios, such as two-way admixed populations (African-Americans) and three-
way admixed populations (Latinos/Hispanics) [1, 32, 33]. Populations from southern Africa,
however, can be complex multi-way admixed populations, with up to five contributing ances-
tries [34, 35]. Furthermore, the underlying genetic architecture is mostly unknown and can be
complex due to various historical events in southern Africa [4]. Thus, conventional admixture
mapping strategies might result in either increased false positive hits or false negative hits for
complex multi-way admixed populations. Duan et al. [8] first described LAAA analysis as a
robust method for discovering association signals, while producing few false positive hits, by
comparing the LAAA model to other well-known models used for GWAS in admixed popula-
tions [8]. Their simulation study, however, was limited to a two-way admixed population.
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https://doi.org/10.1371/journal.pone.0264657.9g004

Realising that their findings might not translate to other admixture scenarios, we simulated a
three- and five-way admixed population to compare the GA, LA, APA and LAAA models that
they tested and added a conventional GWAS model that does not model any local ancestry
effects (the standard model). Our main objective is was to discern if the LAAA model robustly
captures the true causal variants in complex multi-way admixed populations without prior
knowledge of admixture dynamics compared to other traditional GWAS models.

The GA model is the most widely used model to control for population structure in GWAS,
because it has been shown to improve GWAS results when the phenotype exhibits a differen-
tial allelic effect across ancestral populations (scenario AO). Therefore, adjusting for only
global ancestry proportions or the top principle components should be sufficient to control for
the confounding effect of population structure. In phenotypes where there is no ancestry effect,
we expected that the GA model would improve upon the standard model, however, this was
not the case.

The LA model identified the least amount of true positive causal variants and sometimes
none at all. This makes sense, since only local ancestry is considered in statistical analysis and
the possible allelic effect is not accounted for. The LA model is more successful in phenotypes
where the ancestral component that causes the ancestry effect is small, which is expected, since
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the effect is concentrated in fewer SNPs. We only observed this effect in the five-way admixed
population and not in the three-way admixed population (Figs 4 and 6). This effect could be
due to chance, since causal SNPs were drawn randomly from the dataset without any regard
for the local ancestry of the SNP. Our simulations would have to be adjusted to ensure that all
of the causal SNPs are found in or outside of the contributing ancestry’s ancestral LD blocks
and many more iterations would have to be done to test this. Any success in identifying true
causal variants with this method is negated by the large number of false positive hits that are
produced. The number of false positive hits produced by this model are generally organised
into admixture peaks where all the SNPs that share an ancestral LD block with the causal vari-
ant will have a strong association with the phenotype. This approach only indicates the ances-
tral LD block associated with the disease trait and, therefore, requires more information to
identify which variant is responsible for the association perceived in the admixture peak. Fur-
thermore, when the simulated local ancestry effects are sufficiently large, over inflation of test
statistics could occur.

The APA model is expected to perform better than the first two models when there is both
an allelic and ancestry effect, because both of these effects are modelled at each genomic locus.
When testing genetic markers that are proxies for a disease causal loci, the differential LD
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within admixed populations can result in heterogeneity of effect estimates by local ancestry
[36]. Therefore, additional adjustments beyond global ancestry are required to increase power
when the admixture-induced LD is in the opposite direction as the LD in the ancestral popula-
tion [8, 36]. This agrees with what we observe from our results where the GA model identified
fewer true positive hits in comparison to the APA and LAAA models when the simulated phe-
notypes displayed a local ancestry effect. The APA model is also more readily affected by LAI
accuracy than the LAAA model. Hence, the APA model could be more prone to false negative
hits and false positive hits. The APA model might also be insufficient for certain admixture
scenarios, such as scenarios where admixture induced LD blocks mask the allelic effect of the
causal SNP when the tagging SNP is located in a different ancestral LD block to the causal
SNP.

The LAAA model outperforms the other statistical models by either achieving the most
true positive hits or achieving the second highest hit count. Most importantly, the LAAA is
particularly robust in the presence of genetic effect heterogeneity. Interestingly, Duan et al. [8]
and Liu et al. [36] both recommend to first identify admixture peaks and then to use the inter-
action term as a secondary follow-up test to elucidate the source of the association obtained in
the admixture peak. However, our results demonstrate the possible true causal variants that
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might be missed when not including the interaction term from the beginning in complex
multi-way admixed populations. Importantly, the LAAA model was robust against inaccurate
local ancestry inference (0.849 for the Nama and 0.854 for the SAC) with only minor changes
in the number of true positive hits between GWAS performed with inferred ancestry versus
true ancestry.

We assumed independence of ancestry-specific effects across chromosomes. Therefore, the
effect of other ancestral LD blocks (besides the ancestral LD blocks in which the causal SNPs
are found) on a given phenotype was not simulated. This is important to note when consider-
ing our results in terms of real data, since this omission can have an impact on elucidating the
true causal SNPs. Future studies should consider including all five ancestries in a linear mixed
model to account for cases where traits are affected by the interaction between multiple ances-
tral LD blocks and their interaction with the causal SNPs. Another unexpected observation in
the results, is the large number of false positive hits for both the APA and LAAA models com-
pared to the other three models (Standard, GA and LA). This could be due to the simulated
local ancestry effect size being too large, causing associations of whole ancestral blocks with
the trait of interest. This study was limited by only conducting three replications of the simu-
lated genotypes and phenotypes. Ideally, we would perform a few thousand replications to
allow us to calculate the power of each model to identify causal SNPs. However, we were lim-
ited by the computational resources required for such an experiment. Alternatively, we could
have reduced the number of SNPs used in the analysis and we could have simulated a single
population instead of two. The impact of changes of the mutation rate and recombination rate
on the statistical models ability to capture true variants could also be tested in the future. The
simplification of the SAC as one admixture event could have implications for the admixture-
induced LD blocks, since colonisation and admixture that occurred in the Cape was complex,
at different time points and still ongoing. Hence, the simulations should be expanded to multi-
ple admixture events at different time points in the future.

In conclusion, investigating admixed individuals can be advantageous, due to diverse pat-
terns of LD across continental populations. Nevertheless, the differential allele frequencies and
LD patterns that exist between the ancestries should be incorporated correctly for true causal
variants to be identified. The findings of this study show that jointly testing an allele effect,
ancestry effect, and allele effect heterogeneity across ancestry (LAAA) in a regression model
guards against missing genuine associations from any of the three sources. However, it is evi-
dent from the large number of false positive hits detected by some models, that the ancestry
effect size we assumed across our simulated phenotypes was too large. Therefore, we were
unable to fully assess the suitability of the LAAA model in a complex multi-way admixture sce-
nario. Considering the extent to which the various models we tested differed in their results
and considering that the source of a given association is unknown, we recommend that
researchers use multiple GWAS models when analysing populations with complex ancestry.
Specifically when the population under study exhibits extensive genetic diversity and compli-
cated LD patterns, which are often observed for southern African populations.
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