Norriset al. Genome Biology  (2020) 21:29 Page 2 of 12

populations as an ideal system to study the effects of adexpected 17-20], the four LA populations show genetic
mixture on rapid adaptive evolution in humans]. ancestry contributions from Arican, European, and Native
A number of previous studies have considered the possiAmerican source populationsand they are distinguished
bility of admixture-enabled selection in the Americas, yield- by the relative proportions okach ancestry. Overall, these
ing conflicting results. On the one hand, independent populations show primarily European ancestry followed by
studies have turned up evideacfor admixture-enabled se- Native American and African components. Puerto Rico has
lection at the major histocompatibility complex (MHC) the highest European ancestry, whereas Peru shows the
locus in Puerto Rico §], Colombia PB], and Mexico fL0], highest Native American ancestr Mexico shows relatively
and another study found evidence for admixture-enabledeven levels of Native American and European ancestry,
selection on immune system signaling in African- while Colombia shows the highest levels of three-way ad-
Americans, particularly as it relates to influenza and malariamixture. Individual genoms vary greatly with respect to
response 11]. Together, these studies highlighted the im- the genome-wide patterns of local ancestry, i.e., the
portance of the immune systenas a target for admixture- chromosomal locations of arestry-specific haplotypes
enabled selection among a diverse group of admixedAdditional file 1: Figure S4). If the process of admixture is
American populations. However, a follow-up study on a largely neutral, then we expe@ncestry-specific haplotypes
different cohort of African-Americans found no evidence to be randomly distributed throughout the genome in pro-
for admixture-enabled selection in the Americad?]. The portions corresponding to the genome-wide ancestry
latter study concluded that the laserved differences in local fractions.
ancestry reported by previoustudies, which were taken as
evidence for selection, couldave occurred by chance alone Ancestry enrichment and admixture-enabled selection
given the large number of hypotheses that were tested (i.eFor each of the four LA populatios, local ancestry patterns
the number of loci analyzed across the genome). This workwere used to search for spedfioci that show contributions
underscored the importanceof controlling for multiple  from one of the three ancestral source populations which
hypothesis testing when investigating the possibility ofare greater than can be expected based on the genome-
admixture-enabled selection in the Americas. wide ancestry proportions for the entire population (Add-
We attempted to resolve this conundrum by performing itional file 1: Figure S5). The ancestry enrichment metric
integrated analyses that conrie information from (1) sin- that we use for this screeref,J is expressed as the number
gle loci across multiple populations and (2) multiple loci of standard deviations above or below the genome-wide an-
that encode polygenic traits. We also used admixture simu-cestry fraction. Previous studs have used this general ap-
lation, along with additional lines of evidence from proach to look for evidence of@mixture-enabled selection
haplotype-based selection scans, to increase the stringen@t individual genes within specific populations, yielding
of, and confidence in, our seen for admixture-enabled se- mixed results B-12]. For this study, we have added two
lection. This combined evidence approach has proven to benew dimensions to this general approach in an effort to
effective for the discovery oddmixture-enabled selection simultaneously increase theconfidence for admixture-
among diverse African populationsl, 14]. We found evi- enabled selection inferences and to broaden the functional
dence for admixture-enabled selection at the MHC locus scope of previous studies. To achieve these ends, we
across multiple Latin Ameigan populations, consistent searched for (1) concordant signals of ancestry enrichment
with previous results, and oupolygenic screen uncovered for single genes (loci) across multiple populations, and (2)
novel evidence for adaptive evolution on a number of in- concordant signals of ancestry enrichment across multiple

flammation, blood, and immune-related traits. genes that function together to encode polygenic pheno-
types. The first approach can be considered to increase spe-

Results cificity, whereas the second ppoach increases sensitivity.

Genetic ancestry and admixture in Latin America Loci that showed evidence for ancestry enrichment using

We inferred patterns of genetic ancestry and admixture forthis combined approach were interrogated for signals of
four Latin American (LA) populdions characterized as part positive selection using the integrated haplotype score
of the 1000 Genomes Project: Colombia € 94), Mexico (iHS) [2]] to further narrow the list of potential targets of
(n = 64), Peru i = 85), and Puerto Ricon(= 104) (Fig.1). admixture-enabled selection.

Genome-wide continental ancestry fractions were inferred

using the program ADMIXTURE [5), and local (haplo- Single gene admixture-enabled selection

type-specific) ancestry wadnferred using the program Gene-specific ancestry enrichment values, ) were com-
RFMix [16]. The results from both programs are highly puted for each of the three continental ancestry compo-
concordant, and local ancestrassignments are robust to nents within each of the four admixed LA populations
the use of distinct reference populations or variable recom-analyzed here. We then integrated gene-speciig. values
bination parameters (Additional filel: Figures S1-S3). As across the four LA populations using a Fisher combined
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Fig. 1 Genetic ancestry and admixture in Latin Ame&cEhe global locations of the four LA populations analyzed here (green) are shown|along
with the locations of the African (blue), European (orange), and Natérecan (red) reference populations. The sources of the genomic data are

indicated in the keyo ADMIXTURE plot showing the three-way continental ancestiyonents for individuals from the four LA populatiefi®olombia,
Mexico, Peru, and Puerto Riemompared to global reference population§he mean (29 continental ancestry fractions for the four LA populat@ns.
Chromosome painting showing the genomic locations afesstry-specific haplotypes for an admixed LA genome.

J

score Fc9. The strongest signals of single gene ancestncould be generated by chance alone (i.e., by genetic
enrichment were seen for African ancestry at the major drift). The first genome-wide simulation was parameter-
histocompatibility complex (MHC) locus on the short arm ized by populations ancestry proportions; the second
of chromosome 6 (Fig2a). Three out of the four LA popu- simulation focused on chromosome 6 and included add-
lations show relatively high and constant African ancestryitional known demographic features of LA populations.
enrichment across this locus, with the highest levels of en-The demographic features taken from the literature on
richment seen for Mexico and Colombia (Figb). This sig- these LA populations, starting effective population size
nal is robust to control for multiple statistical tests using (n = 100) and generations since admixturg € 10), were
the Benjamini-Hochberg false discovery rate (FDR). chosen to simulate a recent bottleneck that could be ex-
We used two independent approaches to simulate ran-pected to yield a high variance in local ancestry fractions
dom admixture across the four LA populations in an ef- by chance alone 72, 23]. Based on the first genome-
fort to further assess the probability that this signal wide simulation, the observed levels of cross-population
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Fig. 2 African ancestry enrichment at the major histocompatibility complex (MHC)dddashattan plot showing the statistical significance
African ancestry enrichment across the gendmidaplotype on chromosome 6 with significant African ancestry enrichment for three of thg
LA populations: Colombia, Mexico, and Puerto Rico. This region corresponds to the largest peak of African ancestry enrichment on ch
6 seen ima. Population-specific African (blue), European (orange), and Native American (red) ancestry enrichmepb\aieeh¢wn for
chromosome 6 and the MHC locesintegrated haplotype score (iHS) values for African continental population from the 1KGP are showr
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MHC locus; peaks correspond to putative positively selected human leukocyte dftigegefes.

African ancestry enrichment at the MHC locus are used to demonstrate that the cross-population approach

highly unlikely to have occurred by chancePg5 x

to single locus ancestry-enrichment is sufficiently pow-

10°°), whereas the observed patterns of European ancred to detect selection at the population sizes analyzed
Native American ancestry enrichment are consistenthere (Additional file 1: Figures S7 and S8). The demo-

with the range of expected levels generated by the rangraphic simulation of admixture on chromosome 6 a
dom admixture simulation (Additional filel: Figure S6). confirmed that African ancestry enrichment at the MH
Results of the admixture simulation analysis were alsdocus could not have occurred by chance alone, whe
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https://github.com/jordanlab/tagore
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