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ARTICLE

Population structure and migration in the Eastern
Highlands of Papua New Guinea, a region
impacted by the kuru epidemic

Liam Quinn,1,2 Jerome Whitfield,1 Michael P. Alpers,3,4 Tracy Campbell,1 Holger Hummerich,1

William Pomat,4 Peter Siba,4 George Koki,4 Ida Moltke,2,6 John Collinge,1,6,* Garrett Hellenthal,5,6

and Simon Mead1,6
Summary
Populations of the Eastern Highlands of Papua New Guinea (EHPNG, area 11,157 km2) lived in relative isolation from the rest of the

world until the mid-20th century, and the region contains a wealth of linguistic and cultural diversity. Notably, several populations

of EHPNGwere devastated by an epidemic prion disease, kuru, which at its peak in the mid-twentieth century led to some villages being

almost depleted of adult women. Until now, population genetic analyses to learn about genetic diversity, migration, admixture, and the

impact of the kuru epidemic have been restricted to a small number of variants or samples. Here, we present a population genetic analysis

of the region based on genome-wide genotype data of 943 individuals from 21 linguistic groups and 68 villages in EHPNG, including 34

villages in the South Fore linguistic group, the group most affected by kuru. We find a striking degree of genetic population structure in

the relatively small region (average FST between linguistic groups 0.024). The genetic population structure correlates well with linguistic

grouping, with some noticeable exceptions that reflect the clan system of community organization that has historically existed in

EHPNG.We also detect the presence of migrant individuals within the EHPNG region and observe a significant excess of females among

migrants compared to among non-migrants in areas of high kuru exposure (p ¼ 0.0145, chi-squared test). This likely reflects the

continued practice of patrilocality despite documented fears and strains placed on communities as a result of kuru and its associated

skew in female incidence.
Introduction

The Eastern Highlands region of Papua New Guinea

(EHPNG) that covers an area of 11,157 km2 was more or

less isolated from the rest of the world until the early de-

cades of the 20th century.1 At the beginning of the 20th

century, western observers held the belief that the high-

lands of New Guinea were largely uninhabited.2 Explora-

tion by Christian missionaries and gold prospectors, how-

ever, revealed the highlands to contain heavily populated

valleys that were home to close to one million people.3,4

From 1918 until the independence of Papua New Guinea

in 1975, the region was subjected to Australian colonial

rule.5 Colonial authorities divided the peoples of EHPNG

into administrative groups based on the language spoken

in particular areas and to date, most studies of the people

in EHPNG and the PNG Highlands in general have used

these linguistic groupings as convenient population

labels.1

The people of EHPNG are notable for their complex cul-

tural6,7 and trade systems,8 cosmology, and linguistic di-

versity.1,9 The number of separate languages spoken in

the broader highlands of PNG is believed to be in the hun-

dreds and in the EHPNG region alone there are 37 distinct
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linguistic groups.1 Historically, each linguistic group con-

sisted of clans,10,11 with clan composition dynamic, de-

pending on clan disputes and other cultural factors.12

The region has extreme terrain including mountains, val-

leys, and fast-flowing river systems that impeded travel.1,13

Yet, anthropological studies have pointed to a complex

picture of migration of individuals and groups over both

long and short distances within EHPNG.12,14 In addition

to this, theories abound from other fields of study about

possible admixture within wider Melanesia and Australia:

linguists, archaeologists, and historians have discussed

competing theories as to how these regions were originally

populated and the origin of the current groupings.15–17

The presence of non-indigenous products in EHPNG evi-

dence long-distance trade networks, proving EHPNG not

to have been completely isolated, and that trade may

have led to genetic exchange.1 Furthermore, there are hy-

potheses of migration both within and into the region in

the literature.18,19 Genetic data could help reveal how fac-

tors like linguistic diversity, cultural and agricultural prac-

tices, migration, and extreme geography can shape popula-

tion genetic structure.

Several of the linguistic groups in the EHPNG (mainly

the Fore and groups with whom the Fore traditionally
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intermarried) were devastated by an epidemic of the prion

disease kuru during the 20th century.4,20 Prion diseases are

fatal transmissible neurodegenerative disorders caused by

the propagation of prions, infectious agents composed of

assemblies of misfolded prion protein.21 Kuru was trans-

mitted by endocannibalistic mortuary feasts at which a

deceased relative was consumed by kith and kin in a ritual-

istic manner.6 The epidemic resulted in 2,700 recorded

deaths and predominantly affected adult women and chil-

dren of both sexes because they consumed themost highly

prion-infected tissues.4 During the height of the epidemic,

observers noted many villages were depleted of adult

women.22 Hence the epidemic likely had an impact on es-

tablished cultural and demographic processes, like migra-

tion in the region.23 Moreover, kuru imposed strong selec-

tion pressure on the affected populations, with evidence of

strong balancing selection acting at the prion protein gene

locus.24 Whether kuru imposed selection pressure at other

loci is currently unknown, but a prerequisite of answering

this question is a deeper understanding of the population

structure of the region.

To date, relatively few genetic studies of the EHPNG re-

gion have been performed.19,25,26 These have shown that

groups that populate the broader highlands region of

PNG display high levels of genetic differentiation.18,19

However, no studies have yet had enough data from

EHPNG to fully explore population diversity, structure,

and migration in this subregion of the highlands, and

its correlations with language, topography, and kuru dis-

ease. Motivated by this, we analyzed genetic data for

943 individuals from EHPNG sampled from 21 of the 37

distinct linguistic groups in the region. Moreover, with

dense sampling from a total of 68 villages, we have fine-

scale village-level data for several of the linguistic groups,

including the kuru-affected Fore. We present an in-depth

analysis of the population structure in EHPNG that re-

veals a striking complexity of the small region. Subse-

quently, we apply knowledge of this population structure

to address questions regarding the population genetic

impact of kuru. Finally, we discuss the likely causes of

this complex population structure, what it can tell us

about the history and population dynamics of the region,

and what this might entail for potential future studies of

EHPNG and of kuru.
Material and methods

Ethical aspects
Laboratory studies were approved by the Papua New Guinea Med-

ical Research Advisory Committee and by the local Research Ethics

Committee of UCL Institute of Neurology. Participation of the

communities involved was established and maintained through

discussions with village leaders, communities, families, and indi-

viduals. The field studies followed the principles and practice of

the Papua New Guinea Institute of Medical Research (PNGIMR),

which included individual oral consent from all participants

before any samples were obtained.
The Ame
EHPNG samples and genome-wide genotyping
Blood samples were taken from 4,217 individuals from commu-

nities in EHPNG by members of PNGIMR. Information was ob-

tained about the individual’s village of residence, language spoken

in that village, and the sex of the individual. After initial process-

ing locally, these samples were transported to the Medical

Research Council Prion Unit (MRCPU) in the United Kingdom.

The samples were then further processed and genotyped in several

stages. The first 488 samples were genotyped on the Illumina 670

genotyping platform. The following 1,106 samples were geno-

typed on the Illumina Omni Express genotyping platform. 83 in-

dividuals were genotyped on both the Illumina 670 (678,000 var-

iants) and Illumina Omni Express (748,000 variants) platforms to

permit downstream analysis of possible biases introduced by the

different genotyping platforms, leaving 1,511 different individ-

uals in the primary dataset.

Other samples and genotype data used for context
In addition to the EHPNG samples, we also included samples from

previous studies in a subset of the analyses. Specifically, we

included 380 samples19 from 84 PNG linguistic groups and sur-

rounding islands. Among these samples were 26 individuals

from 10 EHPNG linguistic groups. All of these 380 samples were

genotyped using the Illumina InfiniumMulti-Ethnic Global Array

(MEGA). We also included samples from the IBS (Spanish), FIN

(Finnish), CEU (Americans of European descent), CHB (Han Chi-

nese), and YRI (Yoruba Nigerian) populations from the 1000 Ge-

nomes Project. For these populations we downloaded phase 3

Omni genotyped data from the International Genome Sample

Resource portal (https://www.internationalgenome.org/category/

omni/).27 Additional data were added to create a phasing panel

with as much population breadth as possible. In addition to the

EHPNG data, 1000 Genomes phase 3 data (all samples in addition

to the five populations above), data obtained through separate

group access agreements, including 33 African populations, 2

indigenous South American populations, 4 ancient European indi-

viduals, a Denisovan, and a Neanderthal individual, were merged.

This gave a haplotype phasing panel of 4,632 individuals (see

Table S1 for breakdown).

Relatedness checks of primary data
Relatedness checks were performed on the primary dataset of

1,511 individuals from 21 linguistic groups in EHPNG. A related-

ness threshold was applied in PLINK 1.928 of PIHAT <0.2 (using

the –genome option after data for each linguistic group were link-

age disequilibrium pruned with the command –indep-pair-wise 50

5 0.4 to extract between 70,000 and 75,000 independent markers

for relatedness analysis). After using this threshold, 943 individ-

uals from 21 linguistic groups remained for further analysis (see

Table S2 for breakdown of samples by locality). For samples used

from other sources, only unrelated samples were used based on

the relatedness analysis thresholds used in the publications they

were based upon.

Datasets used for analysis and nomenclature
Analyses were performed on two datasets based on the primary

collection of EHPNG data after the removal of related individuals.

These are subsequently referred to as the ‘‘linguistic group anal-

ysis’’ dataset and the ‘‘village analysis’’ dataset. The linguistic

group analysis dataset concerns analyses performed on genome-

wide genotype data, free from the effects of genotype platform
rican Journal of Human Genetics 111, 668–679, April 4, 2024 669
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batch bias and unequal sample size effects. This was achieved by

taking 16 individuals from the 20 linguistic groups that had

more than three samples, who were all genotyped on the same

platform, leaving 320 individuals. The village analysis dataset

uses the whole dataset of 943 individuals merged across multiple

genotyping platforms and is based primarily on methods that

require phased genotype data. It contains 623 additional individ-

uals, predominantly from the kuru-affected region (see Figure 1A

for map of region). We analyzed these data using haplotype-based

approaches, which can achieve finer resolution29 and alleviate

concerns of ascertainment bias that arise from using chip data.30

Below, more details are provided for each of the analyses per-

formed using each of the two datasets. For a detailed summary

of sites, samples, and filters used for each analysis in this investiga-

tion, please refer to Table S3.

Principal components analysis
We performed principal components analysis (PCA) using the

PLINK 1.9 command ‘—pca’, on the linguistic group analysis data-

set. PCA revealed numerous individuals who clustered distantly

from others in their own linguistic groups. To avoid any potential

effect on FST, LD, ROH, heterozygosity, ADMIXTURE, and related-

ness analyses of individuals who have likely moved across the re-

gion since European contact, we removed the seven most extreme

of the outliers from these analyses (circled in Figure 1B), leaving

313 individuals. We identified these outliers as individuals with

a value that is 3.2 3 IQR greater than the third quartile or 3.2 3

IQR less than the first quartile on either PC1 or PC2 within each

linguistic group. We on purpose used stricter outlier detection

criteria than usual in an attempt to avoid biasing the results by

accidently removing natural variation within each linguistic

group, which was not caused by individuals who have moved

across the region since European contact.

Tree of relationship of EHNPG languages
An unrooted bifurcating tree of 20 EHPNG languages representing

the linguistic groups in our analyses was created. This was done us-

ing the glottolog tool and is based on consensus estimates based

on accepted classifications of the languages.

Pairwise FST estimations of EHPNG linguistic groups
Pairwise FST calculations were performed between linguistic

groups of the remaining 313 individuals from the 20 linguistic

groups in the linguistic group analysis dataset. This was done in

PLINK 1.9 using the –fst command after applying amissingness fil-

ter using the –geno command. As a comparison, 13 random indi-

viduals were taken from the 1000 Genomes populations IBS

(Iberian Spanish) and FIN (Finnish) using the same SNPs as in

our analysis.

Linkage disequilibrium decay curves
For linkage disequilibrium (LD) decay curves, all linguistic groups

in the linguistic group analysis dataset were downsampled to 13

individuals to give equal numbers of individuals per linguistic

group (after taking into account the observed outlier individuals

in PCA), as these statistics are impacted by sampling size differ-

ences. LD decay curves were created for each of the linguistic

groups. This was performed using data from chromosome 22

and the commands (–ld-window 1000000, –ld-window-kb 600,

–ld-window-r2 0, –maf 0.05, –r2 dprime with-freqs). The same an-

alyses were also performed on 13 randomly chosen individuals
670 The American Journal of Human Genetics 111, 668–679, April 4,
from each of the 1000 Genomes populations CEU (Northern Euro-

peans fromUtah) and YRI (Yoruba Nigeria) to allow comparison to

other populations outside PNG. Average LD over 300 kb was calcu-

lated to allow comparisons between populations.

Runs of homozygosity and proportion of heterozygous

sites
Proportion of heterozygous sites per individual in the linguistic

group analysis dataset was calculated using the –het command

in PLINK 1.9 (excluding the seven outlier individuals highlighted

in Figure 1B). Total runs of homozygosity (ROH) length values for

each individual in the linguistic group analysis dataset (excluding

the seven outliers identified in Figure 1B) were also calculated us-

ing PLINK 1.9 and the –homozyg setting. A sliding window of 50

SNPs was used and a SNP density of 50 SNPs per kilobase, and a

minimum ROH length threshold of 1 Mb was applied. Mean total

length in Mb per linguistic group were then tabulated.

ADMIXTURE
We ran ADMIXTURE on the linguistic group analysis dataset. We

ran the analysis up to 500 times in order to check for statistical

convergence. Statistical convergence was achieved for K ¼ 2 to

K ¼ 13 but not for higher K values. The convergence criterion

was defined as observing 3 runs with the differences of maximum

likelihood less than 5 units. If there were 3 runs with log likelihood

differences less than 5, the process stopped before reaching 500

iterations.

We tested for admixture between all 943 individuals in the

EHPNG village analysis dataset and 1000 Genomes CEU (94 indi-

viduals) and CHB (103HanChinese fromBeijing individuals) pop-

ulations using ADMIXTURE31 with K¼ 3. The analyses of each da-

taset were run with the same convergence criteria as the

ADMIXTURE analysis performed on the linguistic group analysis

dataset (see above).

Phasing of the EHPNG data
Our phasing panel consisting of 4,632 individuals, including

1,374 from EHPNG, and contained 122,662 variants available

for phasing after a missingness filter of –geno 0.01 was applied

in PLINK 1.9 (see Table S1 for populations used in phasing panel).

We then jointly phased the autosomal chromosomes for all indi-

viduals using SHAPEIT32 with default parameters and the linkage

disequilibrium-based genetic map build 37.

ChromoPainter and fineStructure analyses
Three ChromoPainter and complementary fineStructure analyses

were performed using different subsets of the village analysis data-

set.29 The first was performed using the same 320 individuals as

from the linguistic group analysis dataset to provide a comple-

mentary analysis based on phased data methods. A second

ChromoPainter/fineStructure analysis was performed using all

943 EHPNG samples available to explore population structure at

a fine-scale in the region, taking advantage of the dense sampling

of villages particularly in the kuru-affected region. A third analysis

included an additional 350 individuals from other PNG regions to

examine the contribution of these groups to population structure

in EHPNG.

ChromoPainter is a ‘‘painting’’ technique that compares haplo-

type patterns within a target chromosome to those within a set of

sampled ‘‘donor’’ chromosomes. In a genetic region, if a target’s

haplotype patterns are more similar to a particular donor relative
2024



Figure 1. Population structure of EHPNG described through linguistic group membership
(A) Map of 20 sampled linguistic groups in EHPNG region, with pies indicating the proportion of individuals in each region assigned to
each fineStructure cluster (colors). The Kanite, the 21st linguistic group in the village analysis dataset, are also shown on the map but
were excluded from population structure analysis as n ¼ 3. Arrows indicate individuals highlighted in PCA analysis who are positioned
far away from other individuals in the same linguistic group.
(B) PC1 and PC2 from a PCA analysis of the same 320 individuals as in the fineStructure analysis in (A). Circled individuals are placed
distantly from others from the same linguistic group.
(C) Best estimate language tree for 20 EHPNG linguistic groups (source http://glottolog.org). fineStructure clustering profiles for each
linguistic group are placed alongside their labels.
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to the other donors, this suggests the target shares a more recent

ancestor with that donor relative to the others for that genetic re-

gion. ChromoPainter provides a ‘‘painting profile’’ for each target

individual reflecting the amount of genome-wide DNA for which

the individual is inferred to share amost recent ancestor with each

donor individual.

For each analysis, we painted each of the individuals as a recip-

ient when using all other individuals in the same dataset as do-

nors. To do so, we first estimated two ChromoPainter model

parameters, the switch (‘‘-n’’) and emission (‘‘-M’’) rates, by paint-

ing each recipient individual for chromosomes 1, 5, 7, 15, and 21

while using 10 Expectation-Maximization (E-M) iterations (‘‘-i 10

-in -iM’’). Within each individual, we averaged the estimated

values of the switch and emission rates across these five chromo-

somes, weighting by SNP number. We then averaged these values

across all individuals and re-painted each recipient individual

while fixing these average switch and emission values, giving

our final painting of each person. The fixed {switch, emission}

values used for these final ChromoPainter runs were {50.230,

0.000169} for the linguistic group analysis, {26.076, 0.000103}

for the village analysis dataset, and {55.214, 0.000328} for the

village analysis datasetþ external samples. For the linguistic group

analysis and village analysis dataset, we ran ChromoPainter with

‘‘-k 15’’ to use when calculating the normalization parameter ‘‘c’’

in fineStructure, while we ran ChromoPainter with ‘‘-k 50’’ for

the village analysis dataset and external samples.

We next used fineStructure29 to group individuals into geneti-

cally homogeneous clusters based on the ChromoPainter output

of the three datasets. Importantly, these groupings are free from

any bias due to a priori classifications of individuals, e.g., based

on linguistic group classifications. Following the recommended fi-

neStructure approach described by a previous publication,29 we in-

ferred a normalization parameter c and performed two million it-

erations of Markov Chain Monte Carlo (MCMC), sampling an

inferred clustering every 10,000 iterations after a burn-in of one

million iterations. Starting from the single MCMC sampled clus-

tering with highest posterior probability, we then performed

100,000 additional hill-climbing steps in fineStructure to find a

nearby state with even higher posterior probability. fineStructure

then created a bifurcating tree that presents the relationship of

these clusters to one another, using a greedy approach thatmerged

two clusters at a time based on which merging minimized the

decrease in posterior probability.
SOURCEFIND
We used SOURCEFIND to form the painting profile of each of

the 12 EHPNG clusters identified in the village analysis dataset

painting (Figures S5 and S6) as a mixture of other groups.33

SOURCEFIND uses a Bayesian approach that puts a prior on

the number of groups contributing > 0% to this mixture, hence

eliminating contributions that cannot be reliably distinguished

from background noise. For this analysis, we used the painting

profiles from the external analysis painting (Figure S8). Specif-

ically, we used SOURCEFIND to form each EHPNG cluster’s

painting profile as a mixture of those of 21 ancestry surrogate

groups: the 10 non-EHPNG geographically labelled groups (as

defined in a previous study) and the 11 other EHPNG clusters.

The painting profile of each population was defined as a vector

with 25 values, corresponding to the average amount of DNA

that members from that population match (as inferred by

ChromoPainter) to all individuals in the 12 EHPNG clusters,
672 The American Journal of Human Genetics 111, 668–679, April 4,
the 10 non-EHPNG groups, and each of the single Anga,

Gahuku, and Tairora individuals from Bergström et al.19

included in this painting. We ran SOURCEFINDv2 with default

settings, which ran for 200,000 MCMC iterations, sampling the

posterior values of surrogates’ contributions every 5,000 itera-

tions after 50,000 iterations discarded as ‘‘burn-in.’’ A maximum

of 8 surrogate groups were allowed to contribute at any itera-

tion, with an expected value of 4 surrogates contributing and

surrogates’ contributions rounded to the nearest whole percent.

Our final results reported average contributions across the poste-

rior samples.
Testing for sex-biased migration in the kuru-affected

region
To test whether there was a sex-bias among migrants into kuru-

affected areas of EHPNG, we identified migrants in our fineStruc-

ture analysis of the village analysis dataset comprising 943

EHPNG individuals from 21 linguistic groups. We did not use

PCA to highlightmigrants in this dataset due to the extensive sam-

ple size biases in the dataset which can greatly impact PCA. Mi-

grants were classified using fineStructure clustering K ¼ 12

(Figure S6; Table S6) at the village level. This level of clustering

was selected as it allowed the identification of individuals origi-

nating from distinct populations to where they were sampled

and not due to very local population structure. In each village a

‘‘migrant’’ was defined as someone who was in a genetic cluster

at K ¼ 12 that did not match the cluster assignment of the major-

ity of the other individuals in that village. We excluded villages

that had fewer than four individuals and individuals where village

information was not available. One caveat to this was based on the

formation of two clusters in the village analysis dataset based on

two South Fore dialect groups (clusters 4 and 5). This resolution

was only possible due to the bias of sampling within the South

Fore linguistic area, so individuals would not be classed as mi-

grants if they were placed in cluster 4 while residing in a predom-

inantly cluster 5 village, and vice versa. After filtering for low-sam-

ple-size villages and individuals lacking sex or village information,

866 individuals remained. We then divided the dataset into three

cohorts of kuru exposure based on kuru incidence in village local-

ities in EHPNG: high (276 individuals from 19 villages), medium

(201 individuals from 12 villages), and low/zero (389 individuals

from 17 villages). These cohorts were based on previously pub-

lished exposure indices from a 2009 study of kuru that assessed co-

localization of genetic variants with kuru incidence.24 In each of

the three kuru disease cohorts, we then used a chi-squared statistic

to test whether there were more female migrants than expected

given the proportion of females among the sampled non-

migrants.

To test whether the effect of sex on the chance of being a

migrant significantly differed between the three kuru exposure

groups, we compared the following logistic regression models by

performing a likelihood ratio test with 2 degrees of freedom using

the anova function in R:

logðyi = ð1-yiÞÞ ¼ binterceptþbsex sexiþ bkuru kurui

logðyi = ð1-yiÞÞ ¼ binterceptþbsex sexiþ bkuru kurui

þbsex3 kuru sexi3 kurui

where yi is the probability that individual i is a migrant, sexi is the

sex of individual i, and kurui is the level of kuru incidence in the
2024



area where individual i was sampled (no/low, medium, or high,

modeled as an ordinal variable and with betas as effect sizes).
Results

Analyses of population structure of EHPNG region

To infer large-scale population structure in EHPNG

(Figure 1) while controlling for effects of sampling size,34

we analyzed a reduced dataset of 320 individuals contain-

ing 16 individuals from each of 20 linguistic groups, which

we refer to as the linguistic group analysis dataset (see ma-

terial and methods).

First, we performed principal components analysis

(PCA) and plotted the results with individuals colored ac-

cording to their linguistic group membership (Figure 1B).

Principal component (PC) 1 and PC2 revealed that individ-

uals from the same linguistic group broadly clustered

together. PC1 correlated with placement of linguistic

groups along a northwest-southeast cline, whereas PC2

separated the Anga and Pawaian linguistic groups from

the other groups. Notably, the linguistic groups that over-

lapped on the plot tended to be geographically neigh-

boring linguistic groups, for example individuals from lin-

guistic groups in the northwest of the region (Asaro, Siane,

Yabiyufa, Labogai, and Gahuku) clustered closely together.

Examination of further PCs showed that several of the

other linguistic groups separated out on some of the higher

PC axes, including Tairora, Awa, Auyana, Kamano, Agar-

abi, and Gadsup, all groups situated in the eastern part of

the region (see Figure S1 for PC3–10). Other linguistic

groups, including the groups in the northwest, did not

entirely separate out within the first 10 PCs. It is also worth

noting that in the PC1-PC2 plot there were several clear

outlier individuals including three Pawaian, one Bena-

bena, one Gahuku, one Siane, and one Tairora individual

who did not cluster near other individuals from the same

linguistic group and may represent migrant individuals

or descendants of migrants within the region who moved

across the region after European contact (Figure 1B).

Next we estimated genetic differences between groups

using pairwise FST values from the linguistic group analysis

dataset after removing the above-mentioned seven outliers

(Figure 1B; Table S4). On average, the pairs of linguistic

groups had greater genetic differences than those found

between groups of individuals from nations in Europe as

distant as Finland and Spain (average FST in EHPNG

0.024 vs. 0.011 for Finland and Spain [>3,000 km]) when

estimated using the same sites, despite being on average

only 45 km apart. Consistent with the PCA analysis results,

the Anga and Pawaian groups had the largest average pair-

wise FST values to other groups (Anga average 0.046, range

0.039–0.060; Pawaian average 0.050, range 0.043–0.064).

At the other end of the spectrum, smaller-than-average

values were seen between the linguistic groups in the

northwest of the region that grouped together in the

PC1-PC2 plot (average 0.0037, range 0.0021–0.0057).
The Ame
Additionally, we observed very small values for a few of

the geographically neighboring group pairs like the South

Fore and Gimi. More broadly, the affinities and differences

between groups according to FST, combined with the PCA

results, seemed to suggest genetic structure that roughly

follows linguistic grouping (Figure 1C for linguistic tree

of 20 languages) as well as the geographical sub-regions

in EHPNG: northwest (blue colors in PCA), upper-mid

(red colors in PCA), lower-mid (purple colors in PCA),

northeast (light green colors in PCA), southeast (dark green

colors in PCA), and south (gray colors in PCA), Pawaian,

and Anga.

Next, to further assess the genetic structure among the

linguistic groups and the presence of potential migrants,

we ran ADMIXTURE on the linguistic group analysis data-

set assuming the number of ancestral populations (K) is

equal to 2–20. Statistical convergence was reached for

K ¼ 2–13. Notably, the clustering for K ¼ 13 (Figure S2)

showed a similar pattern to the FST and PCA results with

greater heterogeneity and cleaner clustering of linguistic

groups in the southeast compared to the northeast. Addi-

tionally, all the individuals highlighted as clear outliers

and thus possible migrants in PCA displayed

ADMIXTURE profiles that differed from the profiles of

the other samples from the same linguistic groups.

As haplotype-based approaches can sometimes capture

more fine-scale structure than techniques like PCA and

ADMIXTURE,29 we next phased data using SHAPEIT and

then used ChromoPainter to infer the genome-wide pro-

portion of haplotype segments for which each of 320

EHPNG individuals shares a most recent ancestor with

each of the other 319 individuals. Visual inspection of

these proportions (Figure S4) confirmed the structure in-

ferred by PCA, ADMIXTURE, and FST, with increasing het-

erogeneity between linguistic groups along the northwest

to southeast cline.

We next used fineStructure to assign individuals into

discrete clusters based on the patterns of recent ancestry

sharing inferred by ChromoPainter. While the maximum

posterior sample from fineStructure assigned the 320 indi-

viduals into 38 clusters, fineStructure then merged these

clusters sequentially to generate a bifurcating tree. At the

level of the fineStructure tree with 13 groups, individuals

fell into groups broadly consistent with the patterns

observed in FST and PCA and ADMIXTURE (Figure 1C).

Moreover, several individuals clustered outside of their

own linguistic group at this level of the tree, in a manner

broadly consistent with the clear outliers observed in

PCA and supporting evidence of recent migration within

the region.

To further investigate genetic differences between lin-

guistic groups, we measured the mean proportion of het-

erozygous sites, mean length of runs of homozygosity

(ROH) above 1Mb, and linkage disequilibrium (LD) within

each of the 20 EHPNG linguistic groups in the linguistic

group analysis dataset (Table S5). As was done for FST calcu-

lations, we excluded the most extreme outliers identified
rican Journal of Human Genetics 111, 668–679, April 4, 2024 673



Figure 2. LD decay curves for 20 EHPNG
linguistic groups
13 individuals analyzed per linguistic
group, and 13 individuals from each of the
1000 Genomes YRI and CEU populations
whose curves are below the EHPNG curves.
using PCA to avoid potential recent migrants affecting re-

sults, and for LD we subsequently downsampled all groups

to 13 individuals to obtain the same number of samples

from each linguistic group. For the proportion of heterozy-

gous sites per linguistic group, we observed a trend of

decreasing values when moving through the region from

northwest to southeast and south (Figure S3A) with espe-

cially the groups in the southeast and south being lower

than the rest. The fraction of ROH followed the same

trend, but with an increase instead of a decrease and thus

with the groups in southeast and east being the highest

(Figure S3B). The latter did not seem to be driven by differ-

ences in relatedness (Figure S3C). Consistent with the

trends observed for the proportion of heterozygous sites

and fraction of ROH, groups at the southern fringes, east,

and southeast exhibit higher LD (Table S5; Figure S3D).

Notably, LD seemed to decay over physical distance

much slower in the EHPNG groups than in CEU or YRI

samples (Figure 2), likely reflecting the region’s history of

isolation and small population sizes.

Analysis of population structure at ‘‘FineScale’’

The above analyses using the linguistic group analysis da-

taset permitted investigation of the relevance of the lin-

guistic group classification in defining population struc-

ture without concerns of sample size biases impacting

inferences. However, our data collection has an additional

623 samples largely from multiple villages within the

North and South Fore groups, which allowed us to explore

population structure at a finer scale. This village analysis

dataset contained 940 individuals from the same 20

EHPNG linguistic groups plus 3 individuals from a 21st lin-

guistic group, the Kanite.

We used ChromoPainter/fineStructure to cluster these

943 EHPNG individuals, with the resulting groupings

largely mirroring the linguistic group analysis (Figures S5
674 The American Journal of Human Genetics 111, 668–679, April 4, 2024
and S6). However, within several

groups we observed notable popula-

tion differentiation at the village level

(Figure 3). For example, when consid-

ering the level of the fineStructure

tree where there are only four groups,

one such group predominantly con-

tained South Fore individuals from vil-

lages speaking the Pamusagina dialect

and another predominantly contained

North and South Fore individuals from

villages speaking Atigina and Ibusa di-

alects. When considering the level of
the fineStructure tree where there are 29 groups, individ-

uals from the South Fore village of Ilesa clustered more

with people from a nearby Awa village than with people

from other South Fore villages. Similarly, at this level of

clustering individuals in the village Kalu in the North

Fore appeared more genetically related to the Auyana

than to people from the other two North Fore villages.

Furthermore, people from the two sampled Yagaria villages

largely clustered separately, and people from the two Anga

sampled villages clustered completely separately.

Relationship of EHPNG populations to other groups

We next investigated the relationship of EHPNG individ-

uals and groups to external populations in order to assess

whether migration from and admixture with such popula-

tions has played a role in shaping the population structure

in the EHPNG described above and also to allow contextu-

alization of evidence of migration on a broader scale.

As EHPNG groups came into contact with Europeans in

the 20th century for the first time and contact with Euro-

peans has led to admixture in many other places in the

world, we included Europeans among potential external

populations fromoutside PNG.We also included East Asians

due to their geographical proximity and to serve as a proxy

for Austronesian ancestry. Specifically, we performed an

ADMIXTURE analysis of all 943 individuals in the village

analysis dataset combined with all the 1000 Genomes indi-

viduals fromCEU(northAmericanswithEuropeanancestry)

and CHB (Chinese individuals from Beijing) assuming the

presence of 3 ancestral populations (K ¼ 3). This analysis

(Figure S7) revealed minor amounts of ancestry related to

the two external sources in almost all EHPNG individuals

and this amount was similar within each group, which is

inconsistent with recent admixture. Only four individuals

showed elevated levels (10%–20% admixture proportions)

from the external sources, represented mainly by CHB.



Figure 3. fineStructure clustering output
taken from analysis of 943 EHPNG individ-
uals from 21 linguistic groups
fineStructure dendrogram (A) with branches
highlighted to match clustering of individ-
uals for village sampling locations when
K ¼ 4 (B) and K ¼ 29 (C).
We also explored the relationship between EHPNG to

other PNG populations by performing a ChromoPainter/

fineStructure analysis on a joint dataset containing the

943 EHPNG individuals in the village analysis dataset

and publicly available data from 350 individuals sampled

from other PNG regions. Visual inspection of the

ChromoPainter heatmap and corresponding fineStructure

tree (Figure S8) showed differential patterns of copying be-

tween the different EHPNG populations in relation to non-

EHPNG populations. For example, individuals originating

from northwest EHPNG (individuals who are in EHPNG

cluster 10 in the village analysis dataset K ¼ 12) clustered

closely with individuals from the neighboring Chimbu

population, which is administratively in a region neigh-

boring EHPNG to the west. Also, Anga and Pawaians pop-

ulations had markedly different patterns of copying in this

analysis compared to other EHPNG clusters and to each

other (Figure S8), with both groups clustering more closely

with non-EHPNG populations including non-Highland

populations (Figure S9). 11 individuals in the village anal-

ysis ChromoPainter and fineStructure analysis who ap-

peared as recent long-distance migrants from other

EHPNG groups in this analysis clustered with other High-

land populations entirely, possibly reflecting inter-region

migration. All of these individuals were born in the

1960s or later (after European contact) and included 2 in-

dividual outliers identified in PCA (Figure 1B).

To control for factors such as unequal sample size and

incomplete lineage sorting that ChromoPainter does not

directly address, we used SOURCEFIND to infer the pro-

portion of DNA for which each of the 12 EHPNG clusters

shares most recent ancestry with a set of other ‘‘surro-

gate’’ groups meant to represent ancestral sources of

EHPNG populations. For these surrogate groups, we

used the 10 geographically labeled populations from

non-EHPNG regions as defined in a previous study and
The American Journal of Huma
the 12 EHPNG populations defined

as fineStructure clusters in the village

analysis fineStructure analysis

(Figures S5 and S6; Table S6). Our

SOURCEFIND analysis allowed each

EHPNG population to select ancestral

sources from the 11 other EHPNG

populations and the 10 non-EHPNG

populatiopns (Table S7). Results

from SOURCEFIND were consistent

with fineStructure clustering,

showing the same distinct relation-
ships for Anga, Pawaian, and northwestern EHPNG clus-

ters to external groups (Figure S9). For each of these

groups, the largest ancestry sources (contributing >5%)

were populations outside of EHPNG. Anga and Pawaian

populations derived the majority of their ancestry from

non-Highland sources (Anga 92% and Pawaian 82.5%).

For all other EHPNG populations, nearest neighbors

within EHPNG were the major contributing source.

Investigation of sex-biased migration informed by

population structure

Clustering of individuals from different ethno-linguistic

groups in fineStructure, ADMIXTURE, and PCA analyses

(e.g., Figure 1) may reflect individual migrants within

EHPNG. Assuming this is the case, we investigated

whether there is evidence for sex-biased migration into

kuru-affected areas. To do so, we inferred migrants based

on the fineStructure clustering (and not PCA as per

Figure 1B due to sample size biases in this dataset) of the

village analysis dataset (see material and methods for de-

tails) and compared the number of such female and male

migrants in three areas with differing kuru incidence rates

(high, medium, and zero/low) to the number of females

andmales among non-migrants in the same areas (Table 1).

We observed a higher proportion of females among mi-

grants relative to among non-migrants in each kuru inci-

dence classification, consistent with patrilocal practices,

but we note that the difference in proportion of females be-

tween migrants and non-migrants was significant only in

the high kuru incidence area (chi-squared test

p¼ 0.0145) and not in themedium and low/zero kuru inci-

dence areas (chi-squared test p ¼ 0.130 and 0.067, respec-

tively). However, when using a logistic regression that

jointly models all individuals to test how the probability

of being a migrant depends on sex and kuru incidence,

we did not find evidence that the effect of sex differs
n Genetics 111, 668–679, April 4, 2024 675



Table 1. Summary of migrant assignments and test of sex bias

Kuru disease
exposure

Male
non-migrants

Female
non-migrants

Proportion of
females among
non-migrants

Male
migrants

Female
migrants

Proportion of
females among
migrants p value

High 92 137 0.598 10 37 0.787 0.0145

Medium 67 95 0.586 11 28 0.718 0.130

Zero/low 180 166 0.480 16 27 0.628 0.0669
significantly between the three kuru exposure groups

(p ¼ 0.7863).
Discussion

We have presented an in-depth study of the population

structure of a remote highland region of PNG, based on a

dataset that includes most of the linguistic groups and

extensive sampling by village, affording a level of resolu-

tion that has not previously been possible. We show that

despite covering an area of only 11,157 km2, roughly the

size of the island of Jamaica, the genetic differentiation be-

tween linguistic groups in the EHPNG region is strikingly

high (maximum FST ¼ 0.066, average FST ¼ 0.024, average

distance 45 km). This differentiation is comparable to that

previously reported for the entire PNGHighlands region,19

of which EHPNG is only a small sub-region. Furthermore,

our analyses reveal the presence of complex population

structure even at dialect and village level. While of interest

for understanding the origins of modern populations,

these findings also provide the background for study of

the genetic impact of the large-scale prion disease

epidemic, kuru.

A key question is what factors have contributed to such

strong population structure in such a small region. One

possible factor is that while the Western Highlands had

optimal conditions for taro cultivation, which originated

there, whereas the conditions were suboptimal in

EHPNG.10 Indeed, some groups in EHPNG have been

described as having been ‘‘proto-agriculturalists’’ retaining

elements of hunter-gatherer subsistence in their life-

styles.10 Analogous to other hunter-gatherer groups, most

EHPNG linguistic groups have greatly reduced population

densities compared to other highland regions1 and lower

historical effective population sizes.19 These reduced pop-

ulation densities have likely led to increased effects of ge-

netic drift between groups.

In addition to geography, overall broad-scale population

structure correlates with linguistics. For example, the best

estimated linguistic tree for these groups analyzed shows

the Pawaian and Anga as outgroups (Figure 1C), echoing

the genetic analysis. We even see examples of fine-scale

parallels between linguistic and genetic differences in the

Fore dialect groups. However, the correlation between lin-

guistic groupings and geographical regions makes it diffi-

cult to disentangle the relative role of these two factors.
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Whenmore linguistic data become available for these pop-

ulations in the future, approaches that quantitatively

explore these relationships will add greatly to our under-

standing of these dynamics.

The colonial era definition of linguistic groups, which

has been used in previous genetic studies, does not always

satisfactorily describe population structure in the region.

For example, linguistic groups are barely distinguishable

from one another genetically in the northwest of

EHPNG. This relative homogeneity may be due to more

intensely practised agriculture and higher population den-

sities in this sub-region,35 where the geography is different,

with wide valleys in contrast to the highly dissected terrain

in the southeast. Furthermore, in the village-level analyses

of the Fore, we found genetic affinity of some villages to be

closer to non-Fore groups. This observation is not

completely surprising, as it is well understood that the

clan structure of political, economic, and social unions

that comprised the pre-colonial landscape in EHPNG often

spanned linguistic group boundaries. This observed signa-

ture (for example as observed with Ilesa in the South Fore,

Figure 3) could also be the result of a village founding event

when a whole village is uprooted (e.g., due to conflict) and

moves considerable distance to new territory, with mem-

bers acquiring the language of their new residence. Such

founding events in the past have been observed in the

anthropological record within EHPNG.12

Several analyses revealed the presence of recent long-dis-

tancemigration in the region. For instance, we found three

potential migrants from the Fore linguistic group into the

Pawaian (Figure 1A). One individual moved to the Pawaian

linguistic area after marrying into a family there. However,

marriages across the Fore/Pawaian divide are believed to be

very rare or possibly nonexistent in pre-European-contact

times, due to the considerable barriers of endemic warfare

and extreme terrain. Consistent with this we found that

all three observed migrants were born after European con-

tact (although these individuals may be the descendants

of migrants), which resulted in a cessation of warfare and

the development of transport infrastructure which may

have facilitated these movements. Hence it is possible

that such long-distancemigration is a recent phenomenon,

consistent with the two groups being so genetically distant.

A final example demonstrating that analysis of popula-

tion structure using linguistic group labels is not fully satis-

factory was where we observed a clear resolution of village

differences based on South Fore dialect spoken within the
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linguistic group (Figure 3C). This suggests that pooling all

South Fore into a single population may not adequately

capture population structure, though in this case the small

genetic difference does correlate with a small linguistic

one. Certainly, it reveals the dynamic and ongoing pro-

cesses of cultural and demographic change that has been

unfolding in the region. Given the small genetic differ-

ences between the fineStructure clusters that represent

the two dialect groups, the small geographic differences be-

tween different dialect villages, and the fact that marital

exchange and migration was known to occur between vil-

lages across the dialect divide, it is likely that such a split

was recent in origin. This echoes oral origin histories

held among the Fore that details the expansion and frag-

mentation of the Fore people into the three distinct dialect

groups.

One of the population structure patterns that very

clearly follows the linguistic groupings is that the Anga

and Pawaian linguistic groups appear highly genetically

distant not only from all other groups, but also from

each other. Clusters comprising these groups had highest

genetic similarity with groups outside of EHPNG, rather

than EHPNG neighbors, in contrast to all other EHPNG

clusters except a cluster of northwest individuals (EHPNG

cluster 10) who were genetically related to the neighboring

Chimbu. In the case of the Pawaian, the inferred closest

ancestry source was the southern Kiwai, a coastal popula-

tion more than 300 km from EHPNG. Interestingly, the Pa-

waian linguistic group is known to live semi-nomadically

in forests at lower elevations and lower population den-

sities than the rest of the region,1 which may in itself

explain why they have ended up somewhat genetically

distinct from the rest of the EHPNG groups. The oral his-

tories held by the Pawaian speak of originating from

coastal regions and undertaking long migrations through

uninhabited forest regions.26

Our results do not support significant genetic influence

on EHPNG populations other than the Anga and Pawaian

from outside of the PNG highlands. In particular, unlike

in many other regions of the world that have been colo-

nized by countries with people of European descent,36

we found no clear signs of European ancestry in EHPNG

individuals (Figure S5). And while we did in our

ADMIXTURE analyses observe some signatures that are

consistent with a few individuals having a small amount

of admixture with people of East Asian ancestry, this

could just as well be caused by other PNG populations

not being represented in those analyses.19 Our findings

of support previously suggested population histories1,19

with an expansion of groups (‘‘neolithic expansion’’)

emanating from the Western Highlands as a result of

the development of taro agriculture and displacement of

previous groups that lived there, possibly ancestral to

the Anga who have greatly distinct ancestry profiles in

our analyses and who now live in the southern fringes

of the region. In fact ‘‘Anga-like’’ artifacts, believed to be

ancient, have been found as far north as in the Kamano
The Ame
linguistic group, reflecting a more widely dispersed settle-

ment in the region.1

Our observation of recent migrant individuals in multi-

ple analyses allowed the examination of the impact of

kuru on migration dynamics in the region. While we

observed a higher proportion of females among migrants

relative to non-migrants throughout EHPNG, likely due

to the general practice of patrilocality, the largest and

only significant skew toward femalemigrants was observed

in areas of high kuru incidence. This observation is consis-

tent with accounts from the region that notes during the

epidemic the near absence of adult women in villages

with high kuru incidence.24 Men would frequently marry

multiple times as a result of their previous wives dying

from kuru, and strains were also placed on communities

as a result of increased child care burden.23 Thus it seems

plausible that the need to replace lost adult women and

mitigate the impact of kuru on Fore society could have

led to an excessive inflow of recent female migrants into

villages with high kuru incidence. However, we note that

previously the opposite has been reported: that kuru led

to a decrease or even a complete cessation of intermar-

riages between the Fore and neighboring communities,

because those communities linked kuru to sorcery, which

made them fearful of the Fore.37 In our data, we observed

no evidence either for less overall migration into areas

with high kuru incidence or for a stop of patrilocal

practices in these areas. On the contrary, we observed a sig-

nificant bias toward females among migrants into high

kuru incidence areas. Moreover, the observed difference

in the proportion of females among migrants versus mi-

grants is �25% higher in the ‘‘high’’ incidence kuru areas

relative to the ‘‘zero/low’’ kuru incidence areas. While

this difference was not statistically significant using the

data here, it may reflect kuru causing a sex bias beyond

that driven by patrilocal practices. We note that our

approach considers only genetically distinct individuals

to be migrants. This means we are also counting migrants

that came from greater distances away than would have

typically been the case for marital exchange. Hence, it is

possible that bachelors within highly kuru-affected com-

munities have sought wives from further afield than usual

due to the lack of availability of potential wives more

locally and that this led to the observed sex-bias in migra-

tion in the high kuru incidence areas. However, additional

data and analyses are necessary to validate this. What our

current data and analyses do suggest is that there was

sex-biased migration into the high-kuru areas despite

documented fears and strains placed on communities as

a result of kuru.

In summary, our results suggest that the observed popu-

lation structure is not driven by admixture from outside

the highland PNG region, which is consistent with the his-

torical record of the EHPNG region being isolated until

recently. Also, while the population structure does to

some extent mimic the linguistic groupings in the area,

we observe several patterns of population structure that
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suggest that the different linguistic groups are not entirely

genetically distinct and isolated from each other. This is

consistent with previous knowledge of clans playing a

key role in the cultural grouping in the area and of the pres-

ence of cultural features that aided possible migration be-

tween neighboring linguistic groups in the region. Finally,

we observed signs that long-distance migration has taken

place, likely in more recent times. Importantly this, in

combination with the understanding of population struc-

ture, has permitted an analysis of sex-biased flows ofmigra-

tion that are likely to have been impacted by kuru. This

highlights that it is essential to understand the population

structure of a region prior to attempting to investigate hy-

potheses regarding the impact of epidemics on affected

populations.

The population structure of EHPNG reveals a complex

multi-layered set of factors that have caused high popula-

tion differentiation, likely including both geographic and

cultural factors. Furthermore, it suggests that the current

population structure may still be evolving. Overall our re-

sults demonstrate that simplistic descriptions of the popu-

lation structure in regions like EHPNG based on linguistic

groupings presumed to be static are likely to neglect the far

richer texture of dynamic forces and history that has

shaped communities.

Data and code availability

There are restrictions to the availability of the EHPNG ge-
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