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Evolution of the Pygmy Phenotype: Evidence of Positive Selection from
Genome-wide Scans in African, Asian, and Melanesian Pygmies
Abstract

Human pygmy populations inhabit different regions of the world, from Africa to Melanesia. In Asia, shortstatured populations are often referred to as "negritos." Their short stature has been interpreted as a
consequence of thermoregulatory, nutritional, and/or locomotory adaptations to life in tropical forests. A
more recent hypothesis proposes that their stature is the outcome of a life history trade-off in high-mortality
environments, where early reproduction is favored and, consequently, early sexual maturation and early
growth cessation have coevolved. Some serological evidence of deficiencies in the growth hormone/insulinlike growth factor axis have been previously associated with pygmies’ short stature. Using genome-wide
single-nucleotide polymorphism genotype data, we first tested whether different negrito groups living in the
Philippines and Papua New Guinea are closely related and then investigated genomic signals of recent positive
selection in African, Asian, and Papuan pygmy populations. We found that negritos in the Philippines and
Papua New Guinea are genetically more similar to their nonpygmy neighbors than to one another and have
experienced positive selection at different genes. These results indicate that geographically distant pygmy
groups are likely to have evolved their short stature independently. We also found that selection on common
height variants is unlikely to explain their short stature and that different genes associated with growth,
thyroid function, and sexual development are under selection in different pygmy groups.
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Abstract Human pygmy populations inhabit different regions of the world,
from Africa to Melanesia. In Asia, short-statured populations are often referred
to as “negritos.” Their short stature has been interpreted as a consequence of
thermoregulatory, nutritional, and/or locomotory adaptations to life in tropical
forests. A more recent hypothesis proposes that their stature is the outcome of a
life history trade-off in high-mortality environments, where early reproduction
is favored and, consequently, early sexual maturation and early growth cessation have coevolved. Some serological evidence of deficiencies in the growth
hormone/insulin-like growth factor axis have been previously associated with
pygmies’ short stature. Using genome-wide single-nucleotide polymorphism
genotype data, we first tested whether different negrito groups living in the
Philippines and Papua New Guinea are closely related and then investigated
genomic signals of recent positive selection in African, Asian, and Papuan
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pygmy populations. We found that negritos in the Philippines and Papua New
Guinea are genetically more similar to their nonpygmy neighbors than to one
another and have experienced positive selection at different genes. These results
indicate that geographically distant pygmy groups are likely to have evolved
their short stature independently. We also found that selection on common
height variants is unlikely to explain their short stature and that different genes
associated with growth, thyroid function, and sexual development are under
selection in different pygmy groups.

The term negrito has been used in the literature to refer to short-statured huntergatherers living in Asia, Southeast Asia, and Melanesia (Andaman Islands, Peninsula
Malaysia, and the Philippines). The term pygmy has sometimes been used to refer
to short-statured populations in Africa, but in other publications, the term pygmy is
used to refer to short-statured populations in general (both in and outside of Africa).
Here we are concerned with the evolution of short stature in human populations; we
use the term pygmy to refer to all the short-statured populations, and when necessary
to distinguish Asian and Melanesian groups, we use the term negrito. We do not
intend to imply common origin when applying the terms pygmy and negrito; we
use the terms to describe a particular phenotype. Pygmy populations, characterized by their extremely short adult stature (average adult male height < 155 cm;
Cavalli-Sforza 1986; Migliano et al. 2007), exist in Africa, the Andaman Islands,
Peninsula Malaysia, the Philippines, and Papua New Guinea (Figure 1). While early
researchers speculated that existence of short-statured peoples in scattered locations
across the world (known as pygmies in the west of the Old World and negritos in the
east) was associated with a single primordial migration of pygmy peoples, recent
work has shown that, by and large, short-statured populations worldwide are more
closely related to their neighbor populations than they are to one another (Endicott
et al. 2003; HUGO Pan Asian SNP Consortium 2009). However, the relatedness
among different pygmy groups in Asia and Melanesia is less clear, and the great
degree of admixture between pygmies and neighbor nonpygmy populations in the
Philippines and Malaysia might have weaken signals of ancestral communalities
(Heyer et al. this issue; Jinam et al. 2012; Scholes et al. 2011; Rasmussen et al.
2011). A diverse body of evidence supports the view that short stature in African
and Asian pygmies is not caused by poor nutrition but has a distinct genetic basis
(Migliano et al. 2007; Perry and Dominy 2009). Independently from whether
“negrito phenotypes” have evolved once or a few times convergently, various
adaptive hypotheses have been put forward to explain the phenotype, relating it to
locomotion in dense tropical forests (Turnbull 1986), reduced heat production in
hot and humid environments (Cavalli-Sforza 1986), or low caloric intake (Shea and
Bailey 1996). None of these hypotheses, however, fully explains the observed range
of height variation in populations living in hot tropical forests. Moreover, the fact
that some pygmy-sized populations live in nontropical cool and dry environments
contradicts these hypotheses (Diamond 1991). An alternative hypothesis proposes

Figure 1. Locations of pygmy populations in Africa, Asia, and Oceania included in this study.
Pictures are included for populations for which samples were collected for this study.
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that short stature itself is not an adaptation but, rather, a consequence of a trade-off
between growth and reproduction in high-mortality environments, where selection
for early reproduction (to ensure reproduction before death) leads to early sexual
maturation, early growth secession, and, consequently, short stature (Migliano et
al. 2007). Although it is possible that a combination of different selective pressures
led to the evolution of extreme short stature and that different populations suffered
different selective pressures (Perry and Dominy 2009), the life-history hypothesis is
the only explanation that has been shown to affect reproductive fitness in pygmies
(Migliano et al. 2007). Recent advances in genomics allow the search for signatures
of natural selection (Sabeti et al. 2006; Voight et al. 2006; Pickrell et al. 2009) and,
consequently, enable us to track the adaptive history of human populations in the
recent past, even if those adaptations no longer contribute with the populations’
reproductive fitness. Furthermore, genomics might allow us to explore whether
similar phenotypes (such as the short stature of different pygmy groups) are likely
to have evolved convergently or are a result of a shared common ancestry.
Previous genetic studies on the history of pygmy populations, using mitochondrial DNA, Y-chromosome, or autosomal markers, have shown that these
populations are not uniquely related (Endicott et al. 2003; Thangaraj et al. 2005;
Reich et al. 2009). Within Africa, demographic modeling using approximate
Bayesian computation suggests that western African and eastern groups of Central
African pygmies separated from local nonpygmy groups 60–70 kya and from each
other around 20 kya (Verdu et al. 2009; Patin et al. 2009; Batini et al. 2011). The
evolutionary history of negrito populations outside Africa has been much less
explored. Although negritos in the Malay Peninsula and the Philippines have been
shown to be genetically more similar to their local neighboring populations than to
one another (Thangaraj et al. 2005), little is known about other negrito populations
within Asia and Melanesia. The adaptive evolution of the pygmy phenotype is even
less understood. Studies show that in Africa, genes of the growth hormone/insulinlike growth factor (GH/IGF) signaling pathway (IGF2R, PIK3R3) and the thyroid
hormone pathway (TRIP4, IYD) are under selection in Biaka and Mbuti pygmies,
leading to the suggestion that these genetic variants may explain the evolution of
short stature among African pygmies (Pickrell et al. 2009; Herráez et al. 2009).
Recently, genes such as DOCK3, associated with height variation in Europeans,
and CISH, a growth hormone inhibitor, have been associated with height variation
in western African pygmies (Jarvis et al. 2012; Lachance et al. 2012).
Here, we investigate three questions regarding the evolution of human
pygmies: (1) Do different negrito populations share a private history? (2) Did their
extreme short stature evolve independently? (3) Among those groups of genes that
have been previously associated with particular aspects of the pygmy phenotype,
which, if any, have been under positive selection in pygmy populations?
To address these questions, we have generated genome-wide genotyping data
from three Philippine pygmy groups and their nonpygmy neighbors, as well as two
pygmy groups from different regions of the Papuan Highlands and their nonpygmy
neighbors (see Figure 1, Table S1, Appendix). A total of 113 individuals from these
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five pygmy groups and neighboring populations were genotyped using Illumina
HumanHap 610K arrays (see Appendix). The data were analyzed in combination
with similar data available for 728 samples from the Human Genome Diversity
Panel (HGDP)–Centre d’Etude du Polymorphisme Humain (CEPH) Human
Genome Diversity Cell Line Panel (Li et al. 2008), including two African pygmy
groups (Biaka and Mbuti) (see Appendix).

Material and Methods
Populations and Sampling Strategy
Philippines. From the Philippines, three groups of pygmies were included in
the analyses: the Aeta, the Batak, and the Agta. The Appendix provides a short
description of these groups, sample collection, and their similar phenotypes.
The new data on the Aeta, Batak, and Agta presented in this article were
obtained during two seasons of fieldwork in 2007 and 2008. Aeta and Batak
individuals were measured to record their variation in body size, and extensive
interviews were conducted in order to record the genealogies and the levels of
relatedness between individuals; saliva samples were collected using Oragene DNA
Self-Collection Kits (DNA Genotek, ON, Canada), after informed consent. Besides
the negrito groups, the analyses also included samples from the Tagbanua tribe,
“phenotypically Asian” small-scale agriculturalists from Palawan island, with an
estimated population of 181,567 people by the National Commission on Indigenous
Peoples (NCIP) (Cariño 2012). We also included Filipinos from Zambales Province
and from the Casiguran municipality in Aurora Province, who lived in the areas
surrounding the Agta and Aeta territory (see Appendix and Table S1).
Papua New Guinea. From Papua New Guinea two groups of pygmies were
included in the analyses, one from the Koinambe village in the Western Highlands
Province, and the other from Kosipe mission in the Goilala District of Central
Province. Saliva samples and body measurements were also collected for nonpygmy individuals from the Western Highlands Province: speakers of Trans-New
Guinea languages, with no ascendants from the Jimi River area (see Appendix
and Table S1).
Sampling.
Data collection in the Philippines and Papua New Guinea took
place during July and August 2007 and July and August 2008. Saliva samples
were collected as part of a larger anthropological project recording phenotypes
and demography of the different pygmy groups (coordinated by A.B.M.; samples
in the Philippines collected by A.B.M., K.S., C.S., and K.T.; in Papua New Guinea,
by A.B.M., M.L., E.K., C.S., and A.B.). Permits for sampling were obtained from
the National Research Institute in Papua New Guinea and from the NCIP in the
Philippines (the two governmental organizations responsible for regulating research on the local indigenous peoples in those countries).
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Ethics. Approval was obtained from the University of Cambridge, following
local approvals by the governments of the two countries involved in the studies. We obtained ethical clearance from the NCIP for the Philippine sample and
from the National Research Institute for the Papuan samples. Approval was also
obtained at the local community level, from the elders’ committee in each of the
locations, and informed consent was obtained from all participants (written in
their own languages) after a presentation of the research objectives in Tagalog for
the Philippine populations and in Pidgin for Papuan populations.
Samples from the HGDP-CEPH Human Genome Diversity Cell Line Panel
From the 938 unrelated individuals of the 51 global populations in the HGDPCEPH panel included in analyses by Li et al. (2008), 38 populations (728 individuals) were selected to represent the relevant world regions (see Appendix
for selection criteria). The HGDP-CEPH panel includes two groups of pygmies,
the Biaka (western Africa) and the Mbuti (eastern Africa), which are used in the
comparisons with negritos.
Genotyping and Quality Control. Around 150 samples were collected for
each of the pygmy populations, from which a subset of unrelated individuals (ascertained through genealogies) were selected for genotyping (see Appendix and Table
S1 for genotyped samples). Samples were genotyped with Human610-Quadv1.0
BeadChips on the Illumina platform with standard protocols and BeadStudio GT
Module, version 3.1 (Illumina, CA, USA), was used to assign genotypes. The new
data were combined with a subset of the publicly available HGDP genotypes (Li
et al. 2008). We used PLINK version 1.05 (Purcell et al. 2007) for data management and quality control and to exclude from selection scans individuals related by
identity-by-descent values higher than 0.125 (see Appendix).
Structure-like Analysis We ran ADMIXTURE (Alexander et al. 2009) with
random seed number generator on the linkage disequilibrium (LD)-pruned data
set 100 times at K = 2 to K = 10. Several “structure-like” algorithms are available for capturing population genetic structure in large multilocus data sets.
These model-based approaches construct a predefined number (K) of “ancestral
populations” (defined by allele frequencies at all loci) and simultaneously assign
respective ancestry proportions for each sample in the study. Compared with
the original Bayesian approach (Pritchard et al. 2000; Falush et al. 2003), recent
maximum-likelihood approaches have pronounced computational advantages
(Tang et al. 2005; Li et al. 2008; Alexander et al. 2009) that make them more suitable for inferring structure in large data sets. Following an established procedure
(Rasmussen et al. 2010; Behar et al. 2010), we examined the log-likelihood scores
(LLs) of the individual runs and found that the maximum difference between LLs
in the 10% fraction of the runs with the highest LLs was minimal (<1.2 LLs units).
We used this as a pointer and assumed that, at all values of K, the independent runs
in the top fraction of LLs converged on the global maximum likelihood.
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One constant problem of structure-like analyses is the choice of K. Because
it is specified by the researcher, it is not obviously clear at which K most of the real
structure is captured. This is more important in applications that need to account
for population structure as a confounding effect (association studies). In our case,
the population structure itself was under study, so we took the ancestry proportion
patterns of consecutive values of K as (hierarchical) increases in resolution for the
population structure. The upper limit for useful K is set by informal pointers. First,
if the new emerging components have a relatively even distribution over all (most)
populations under study, it is likely that this signal comes from noise (Hubisz et al.
2009). Alternatively, if the new components that appear start to be restricted to only
one population, the increase of K loses informativeness in population comparisons.
In our case, the most informative level of resolution was at K = 8. However, in
the Results section we refer to the succession of K values (see Figure 2b). For a
recent and more detailed discussion on application of ADMIXTURE, see Behar
et al. (2010: supplementary note 3).
Estimating the Effect of Admixture on Adult Height. We used the results
from ADMIXTURE to estimate individual ancestry proportion (K = 5 for estimating pygmy ancestry, and K = 8 for Asian ancestry) and its correlation with
adult height for 43 men and 27 women from the different pygmy groups of the
Philippines (Aeta, Agta, and Batak) and for the nonpygmy groups (Tagbanua,
Zambales, Casiguran). Because K = 5 separates negritos and Asians, we used
individual “negrito” ancestry proportion to correlate with their adult height. This
procedure allows us to estimate the effect of genetic contribution on adult height.
Population FST Values.
We calculated average pairwise FST values (shown
in Table S2) for all sampled populations using the formula given by Weir and
Cockerham (1984). All 531,315 autosomal single-nucleotide polymorphisms
(SNPs) in common between our samples and the HGDP data were used for these
calculations.
Heterozygosity. Average autosomal observed heterozygosity for all populations outside Africa was calculated as described in Nei (1978) and plotted against
the population FST distance from Bantu Kenya (data not shown; see Appendix for
a description of this method).
Selection Estimations. We used integrated haplotype score (iHS) and crosspopulation extended haplotype homozygosity (XP-EHH) (Sabeti et al. 2006;
Voight et al. 2006), which are methods that rely on linkage disequilibrium (LD)
to investigate selective sweeps in African, Philippine, and Papuan pygmies and in
their closest related nonpygmy populations. The two methods are complementary:
XP-EHH has increased power to detect selected alleles near fixation (>80% frequency), and iHS is better at detecting alleles at moderate frequencies (40–80%)
(Voight et al. 2006). Both statistics were calculated using tools available at http://
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hgdp.uchicago.edu. Genetic distances between markers were calculated using the
HapMap genetic map (Frazer et al. 2007). It is important to note, however, that we
focus here on relatively recent positive selection processes (no more than 40 kya)
(Pritchard and Di Rienzo 2010; Sabeti et al. 2007); other biological processes
involved in the evolution of pygmy phenotypes may not be identified in this study
because of methodological limitations.
Following quality control, we phased all 477,950 autosomal SNPs overlapping with HapMap3 data using Beagle version 3.3.2 (Browning and Browning
2007). For phasing African data we used HapMap Yoruba trios, and for phasing
non-African data we used HapMap CEU trio data. Genetic distances between
markers were calculated using the HapMap genetic map (Frazer et al. 2007). For
iHS, ancestral and derived states for each SNP were established by comparison with
the UCSC snp128OrthoPanTro2RheMac2 table taken from the Ensembl variation
database (Chen et al. 2010). Data were split into contiguous nonoverlapping 200-kb
windows and normalized as described in Pickrell et al. (2009), resulting in a final
set of ~13,000 data points for each population or population pair that spans most
of the autosomal genome. The highest XP-EHH score in a window and the fraction
of SNPs in a window with an iHS score > |2| were used as test statistics; windows
with fewer than 15 SNPs were excluded from further analyses for this statistic.
Windows were ranked as described in Pickrell et al. (2009), and the top 1% and
5% outliers for each comparison were examined as detailed below (see Appendix).
XP-EHH requires two populations; because the African Mandenka, Yoruba,
and Bantu farmers have clustered together in previous analyses of population
structure (Li et al. 2008; Rosenberg et al. 2002), they were grouped together in our
analyses and used as the outgroup population for all comparisons; HGDP Europeans
were used as the outgroup for analyses where the focal population was African farmers. We calculated XP-EHH scores for Mbuti and Biaka pygmies; for the Aeta and
Batak from the Philippines; for the Han Chinese and Cambodians combined; and in
Papua New Guinea, for the Koinambe pygmies and for Papuan nonpygmies, drawn
both from our own samples (nonpygmies from the Western Highlands Province)
and from the HGDP-CEPH panel (Papuans). XP-EHH scores will vary according
to the reference population; this allows for using different reference populations
(which shared a common ancestral with the negrito groups at different times in
the past) to infer the adaptive trajectory of the different negrito groups. Therefore,
we also calculated XP-EHH scores for the pygmies outside Africa using as reference groups their closest related nonpygmy groups (i.e., Han Chinese combined
with Cambodians for the Aeta and Batak, and Papuan nonpygmies for Koinambe
pygmies). These local comparisons are likely to reveal complete selective sweeps
that happened more recently after the separation of pygmies and nonpygmies in
each geographic region (see Appendix).
iHS scores were calculated for Mbuti and Biaka pygmies and the combined
African farmer groups; Aeta and Batak from the Philippines; the combined Han
Chinese and Cambodians; the combined Koinambe and Kosipe pygmies from Papua
New Guinea (iHS analyses require a larger sample size than XP-EHH [Pickrell et
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al. 2009], so Kosipe and Koinambe pygmies had to be combined for iHS analyses);
and for Papuan nonpygmies (see Appendix).
Shared Windows Calculations.
We calculated the percentage of shared windows across populations in the extreme tails of iHS and XP-EHH distributions
(1% and 5%), by comparing the number of windows at the 1% of the population
of interest that was also present in the 5% tail of distribution in the other populations, as described in Pickrell et al. (2009). The shared top XP-EHH signals of
selection for these populations are shown in Table 1. We have also calculated
percentages of shared windows for XP-EHH scores for the pygmies using local
reference populations (see Table S3). iHS percentages of shared windows among
populations are shown in Table 1.
Enrichment Analyses.
We first subjected the results of the top 1% iHS and
XP-EHH signals to enrichment analysis of Gene Ontology (GO) terms using a
modified algorithm in DAVID (Huang et al. 2009), exploring the functional annotation of the 200-kb windows that were used in selection scanning. In order
to avoid biases due to physical clustering of functionally related genes (Lee and
Sonnhammer 2003; Huang et al. 2009), in these analyses the GO terms that appeared twice or more per window when found associated with different genes
were considered only once in our analyses (see Table S11). Enrichment analysis
was done per window.
We applied hypothesis-free enrichment analysis on the outliers of the iHS
and XP-EHH scans for positive selection in different pygmy groups, looking for
enrichment of GO terms. We also performed targeted searches for genes previously associated with height in nonpygmy populations, development of sexual
characteristics, thermoregulation, GH/IGF pathway, and thyroid function (see
Tables S4–S7 and S12 for gene lists). For genes included in the lists for each
category, see the Appendix.
Calculating Enrichment. For all pygmy and nonpygmy populations included
in the iHS and XP-EHH analysis, we used Fisher’s exact test (Fisher 1922) to
perform searches for gene enrichment of GO terms and the targeted gene lists on
all genes in the top 1% windows of the iHS and XP-EHH test statistic distributions. We tested for enrichment of windows rather than genes associated with each
of the phenotypes of interest; we used windows in order to correct for positional
clustering (Huang et al. 2009).
Top 20 Signals Analyses.
We manually checked all genes present in the windows with the top 20 signals for the iHS and XP-EHH analyses (Tables S8–S10)
and their association with the phenotypes of interest.
Analyses of SNPs Associated with Height Variation.
In a recent meta-analysis of genome-wide association studies of a combined 183,727 individuals, 180
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genetic loci were reported to influence adult height (Lango Allen et al. 2010). Of
these, 51 were directly genotyped in our data, and for another 91 markers we were
able to find a proxy SNP on the basis of LD with the height-associated marker (r2 =
0.8) using SNAP tool (www.broadinstitute.org/mpg/snap/). We grouped all pygmy
samples in the Philippines as one group, and all pygmy samples in Papua New
Guinea into another group, and compared them with local nonpygmy groups. For
each group we determined allele frequencies and genotype counts using PLINK.
We used Fisher’s exact test and the chi-square test to assess whether negrito and
non-negrito groups differ in allele frequencies at the 142 height-associated loci
(Table S13).

Results and Discussion
Pygmy Populations Have Independent Evolutionary Histories in Each Continent.
In order to assess the genetic relatedness of Asian, Melanesian, and
African pygmy populations, we surveyed the genome-wide SNP variation in 111
pygmies (from the seven pygmy populations) and 730 nonpygmy samples using
principal component analysis (PCA). A plot of the first two principal components
shows clustering of individuals according to their geographic origin (Figure
2a). All pygmy groups cluster with nonpygmies in their geographic region: the
Aeta, Batak, and Agta from the Philippines cluster with other Southeast Asians,
and the Kosipe and Koinambe pygmies cluster with other Papuans and Island
Melanesians.
We further assessed the population structure (Figure 2b) of the pygmy
groups against global reference populations using the ADMIXTURE approach
(see Appendix) (Alexander et al. 2009). African and Asian pygmies are separated
already at K = 2, along with their taller neighboring populations. At K = 4 and K
= 5, Papuan and Philippine clusters, respectively, are distinguished from continental Asians, again with no discrete distinction between neighboring pygmy and
nonpygmy groups. However, nonpygmy groups from the Philippines consistently
show higher frequency of the mainland Asian ancestry component than do the
three Philippine pygmy populations. Despite their isolation and small population
sizes, the Aeta, Batak, and Agta show genomic heterozygosity values similar to
other populations in East Asia (data not shown). From K = 8 to K = 10 (Figure
2b), a separation emerges between the Philippine Aeta and Batak, where both
groups are characterized by an ancestry component dominant in, but not restricted
to, either of the populations. This is consistent with the fact that Aeta and Batak
inhabit different islands in the Philippines (Luzon and Palawan, respectively).
In contrast, the Agta (inhabiting the opposite extreme of Luzon Island from the
Aeta), who were undistinguishable from the Batak until K = 7, do not acquire a
largely population-specific ancestry component. Instead, starting from K = 8, their
ancestry palette consists of roughly 45% Aeta, 25% Batak, and 25% continental
Asian ancestry components. The nonpygmy Filipinos show somewhat different
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Table 1. Percentage of Shared Windows in the Top 1% and 5% Tails of the XP-EHH
and iHS Distributions among Populations
1%
XP-EHH

5%
a

Aeta pygmies
Batak pygmies
Han/Cambodians
Koinambe pygmies
PNG nonpygmies
Biaka pygmies
Mbuti pygmies
IHS

Aeta pygmies
Batak pygmies
Han + Cambodians
Koinambe + Kosipe
Papuans + PNG
Biaka
Mbuti
Bantus + Mandenkas
+ Yorubas (BMY)

AETA

BATAK

HAN/CAM

KOI

PAPUANS

BIAKA

MBUTI

0.54

0.57
0.66

0.28
0.25
0.21

0.31
0.28
0.26
0.66

0.05
0.07
0.05
0.09
0.07

0.08
0.05
0.04
0.10
0.07
0.26

0.57
0.54
0.25
0.32
0.10
0.05

0.61
0.32
0.26
0.12
0.12

0.23
0.23
0.09
0.11

0.68
0.07
0.07

0.07
0.07

0.19

AETA

BATAK

HAN/CAM

KOI/KOS

PAPUANS

BIAKA

MBUTI

BMY

0.11

0.07
0.11

0.04
0.04
0.07

0.10
0.07
0.11
0.44

0.04
0.10
0.07
0.17
0.12

0.07
0.09
0.10
0.07
0.02
0.08

0.04
0.08
0.08
0.13
0.09
0.11
0.10

0.04
0.06
0.07
0.08
0.07
0.06

0.12
0.04
0.08
0.04
0.09

0.11
0.11
0.15
0.11

0.38
0.09
0.06

0.10
0.10

.018

0.03

0.06

0.12

0.08

0.10

0.10

0.11

Papuans + PNG = combined Papua New Guinea nonpygmies.
a
XP-EHH values were calculated using African reference group, including HGDP data for Yoruba,
Mandenka, and Bantu samples.

combinations of same three ancestral components. It is notable that the pairwise
genome-wide FST genetic distance between the Aeta and Batak (0.092) is greater
than that between the Biaka and Mbuti African pygmies (0.051) and comparable
to differences between West and East Eurasian populations, such as French versus
Han Chinese (FST = 0.10; see Table S2).
In Papua New Guinea, the genetic distances between populations, regardless
of their average height, are less pronounced (all FST < 0.06) than in the Philippines.
Despite the fact that the two pygmy groups are phenotypically similar and speak
languages of the same linguistic family (see Appendix and Table S1), Koinambe
pygmies are more closely related to their nonpygmy neighbors (Figure 2a, Table
S2) than to Kosipe pygmies. The FST distances we observe between Philippine and
New Guinean pygmies (0.18–0.19) are comparable to the lower range of differences
seen between African and non-African populations.
Overall, these results suggest that African, Philippine, and Papuan pygmies
are genetically more similar to their taller neighboring populations than they are
to one another and that there is no detectable ancestry component that might relate

Figure 2. Genetic distances between pygmies and their geographic neighbors. (A, this page) PCA analysis showing genetic distance of different pygmies and nonpygmies worldwide. (B, opposite page) ADMIXTURE analysis showing pygmies in the context of their neighboring populations.
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pygmy populations across broad geographic regions. Within different continents,
the pattern of genetic differentiation between pygmies and nonpygmies is variable—greatest in the Philippine Aeta and Batak (discrimination at K = 5 in the
ADMIXTURE analysis), followed by African pygmies (K = 7), and undetectable
in Melanesia (up to K = 10). These analyses were based on summary genome-wide
analyses of total genetic similarities. However, it is possible that pygmy populations
across the world might share signs of a unique common ancestry in just a few genes
that underlie their short stature. Alternatively, the genetic basis of short stature in
pygmies might be explained by convergent evolution at many height-related genes.
We therefore went on to explore whether there is any evidence for signals of positive
selection (selective sweeps) being shared between different pygmy populations.
Genetically Distinct Pygmy Populations from Africa, Asia, and Melanesia
Share Fewer Positive Selection Signals with Each Other Than with Their
Geographic Neighbors. We used two long-range haplotype methods for
detecting partial (iHS) (Voight et al. 2006) and complete selective sweeps (XPEHH) (Sabeti et al. 2006) to assess whether different pygmy groups share signatures of recent positive selection in similar parts of the genome (see Table S1 and
Appendix for population descriptions). XP-EHH uses a reference population (see
Appendix for further discussion), which allowed us to employ different references to infer the adaptive trajectory of the various pygmy groups. Percentages
of genomic windows that are shared among these populations are shown in Table
1. As expected from their more recent population divergence, groups outside
Africa share more than 20% of complete sweep signals (Table 1). Nevertheless,
Asian and Papuan pygmies do not share more windows with each other than with
nonpygmy groups. For instance, the Aeta and Batak each share more windows
with the Han Chinese/Cambodian sample than between themselves. Since the
XP-EHH method is designed to identify signals of complete selective sweeps,
which can persist for tens of thousands of years, the high level of sharing outside
Africa may partly result from selective sweeps in the ancestral Asian population.
The fact that most of the top 20 XP-EHH signals observed in the Aeta, Batak, and
Koinambe pygmies occur as top 5% signals in their neighbors (Table S7) suggests
that no major selection signals are uniquely shared between pygmy populations
in different continents. Therefore, using a distantly related African population as
the reference group might not be sufficiently sensitive to reveal local adaptations
in Southeast Asian and Papuan pygmies.
In order to differentiate between such ancestral processes and selection that
might be specific to pygmy groups, we also calculated the XP-EHH scores for the
pygmies outside Africa using their most closely related nonpygmy groups as reference populations (i.e., Han Chinese/Cambodians for the Aeta and Batak, and Papuan
nonpygmies for the Koinambe pygmies; Table S10). These local comparisons are
likely to reveal complete selective sweeps that occurred more recently, after the
separation of pygmies and nonpygmies in each geographic region. We observed
only a small proportion of selection signals being shared between the Aeta and
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Batak (23–25%; Table S3), despite their similar phenotypes and environment. This
result reinforces the findings from our ADMIXTURE analysis and suggests that
these two populations have experienced long-term independent demographic and
adaptive histories.
In terms of partial selective sweeps, the top iHS signals (Table 1) show very
little top 1% versus top 5% signal sharing between pygmy groups across continents,
typically less than 10%. Within continents, shared signals among pygmies are only
slightly greater than between continents, with the highest value of 18% observed
between the Mbuti and Biaka. Comparing the extent of shared selection signals
between pygmy groups within a region and between pygmies and their neighbors
reveals the highest shared signal among Papuan pygmy and nonpygmy groups.
These results again complement those of the PCA and ADMIXTURE analyses by
suggesting a recent common adaptive history of all the Papuan populations studied
here, independent of their body size.
The fact that pygmies do not share more signals of positive selection among
themselves than with nonpygmy populations suggests that, despite their overall
phenotypic similarity, adaptation in each pygmy population could be the result of
selection acting on different genes.
Pygmies in Africa, Asia, and Melanesia Have Different Genes under Selection Associated with Similar Phenotypes.
We first subjected the results of
the top 1% iHS and XP-EHH signals to enrichment analysis of GO terms using
a modified DAVID algorithm that circumvents gene clustering problem by considering the 200-kb windows rather than genes as units of enrichment analyses
(see Appendix for details). Consistent with previous reports on global populations
(Herráez et al. 2009), we found that terms related to immunity, neural development, and metabolic processes are enriched in several pygmy groups, albeit with
minimal overlap of specific enriched GO terms. Previous study has found genes
related to reproduction and steroid hormone synthesis to be enriched in western pygmies (Jarvis et al. 2012). East African and Papuan pygmies both show
significant enrichment of terms related to sexual development and reproduction,
while Papuan pygmies also show enrichment of terms related to growth (Table
S11). These GO terms bear relevance to the evolutionary hypotheses that have
been proposed to explain pygmy height.
In order to investigate the selective forces that may have been particularly
likely to lead to short stature, we examined in detail allelic differentiation and
enrichment of genes associated with the relevant phenotypes (among the strongest
signatures of selection of genes in the pygmies). We have tested for enrichment
of genes previously associated (in Europeans and Asians) with height variation,
growth (genes of the GH/IGF pathways), sexual development and puberty (to
account for the possibility that short stature in pygmies could be a by-product of
selection for early reproduction), thyroid function, and thermoregulation (see Tables
S4–S7 for gene lists). We tested each population of pygmies for enrichment of
windows (genomic 200-kb windows) containing genes associated with the relevant
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phenotypes (growth, sexual development, thyroid function, thermoregulation, and
height). We analyzed windows containing SNPs significantly associated with these
phenotypes, represented in the top 1% tail of distributions for iHS and XP-EHH
tests. In the case of XP-EHH, we used regional nonpygmy populations as reference
groups (see Appendix for descriptions of reference populations).
Genes Related to Height, Growth, and Thyroid Function.
The combined
frequency of the common alleles at 31 loci associated with height variation in
Europeans (Aulchenko et al. 2009) does not differentiate pygmies from their
nonpygmy neighbors (Figure 3). The Philippine Aeta appear genotypically as the
shortest population analyzed, while African Biaka pygmies carry one of the world’s
highest frequency of the “tall” alleles. These results are consistent with those of
Pickrell et al. (2009) and Jarvis et al. (2012), who failed to find an enrichment of
SNPs with high FST between Bantus and West African pygmies among the loci associated with height variation in Europe. Our analyses of 142 loci associated with
height variation in the GIANT consortium data (Lango Allen et al. 2010) revealed
32 SNPs in Philippines and 10 SNPs in Papua New Guinea with significant allele
frequency differences (p < 0.05) between negrito and non-negrito groups (Table
S13). Considering the observed allele frequency differences at other loci across
the genome, however, these results do not indicate enrichment but, rather, the
existence of population structure: when taking random sets of 142 markers over
the genome for Philippine pygmy and nonpygmy groups, 55.3% of the time we
observed 32 or more SNPs with p-values < 0.05. If using more stringent threshold
of p < 1 × 10–5, two height-associated markers passed the threshold, but again, by
random sampling of the genome we observed two or more low p-value markers
in 14.7% of the tests. Also, the number of markers at which pygmies had lower
frequency of the taller height-associated allele did not differ significantly from the
opposite case (Table S13). Although several height genes appeared among the top
20 selection hits in pygmy groups (e.g., ZFAT was the second strongest iHS signal
among Papuan pygmies), the combined set of 180 genomic loci associated with
height variation in either European or Asian populations (Table S4) did not appear significantly enriched in our scans of positive selection in any of the pygmy
populations. Furthermore, the loci that appeared in the top 1% of the selection
signals in individual pygmy groups did not show any overlaps across populations
(Table 2). These results indicate that the set of common SNPs currently believed
to determine (an admittedly small fraction of) height heritability (Lango Allen et
al. 2010; Aulchenko et al. 2009; Shriner et al. 2009; Okada et al. 2010; Yang et
al. 2010) has contributed only weakly—if at all—to the evolution of short stature
in pygmy populations worldwide. Furthermore, they suggest that any such potential contributions of these small effects have affected different genes in different
pygmy groups.
In spite of not finding genes significantly explaining height differences
between pygmies and their nonpygmy neighbors, ADMIXTURE results indicate
that adult height is heritable in the Philippine pygmies, as Becker et al. (2011) found

Evolution of the Pygmy Phenotype / 267

Figure 3. Combined frequency (%) in pygmy and nonpygmy populations of the “tall” allele of 31
SNPs associated with height variation. The 31 SNPs for which the genotype data were
available for given populations and their tall versus short height-associated allele assignments were taken from Aulchenko et al. (2009). Pygmy populations in the present study
are shown in light gray.

for African pygmies. Our results show that individuals with higher proportions of
Asian ancestry (nonpygmy neighbors) are significantly taller than individuals with
higher proportions of “negrito” ancestry (Figure 4). The proportion of “negrito
ancestry” estimated using ADMIXTURE (yellow component in K = 5) significantly
explains 49.6% and 49.8% of the height variability of women and men, respectively,
in our Philippine samples (Figure 4c), while the proportion of “Asian ancestry”
(orange component in K = 8) explains 35.7% and 45.5% of the adult height variation in men and women, respectively (data not shown). Therefore, a small number
of genes with major effects may be involved in the evolution of extreme short
stature in pygmies. Notably, in the case of the Aeta, two genes among the top 20
iHS signals have been implicated in pathological syndromes causing dwarfism:
mutations in the RNU4ATAC gene are a cause of microcephalic osteodysplastic
primordial dwarfism type 1 (He et al. 2011), and disruptions in NAALADL2 have
been associated with Amsterdam dwarfism (Tonkin et al. 2004). Other such largeeffect genes in the GH/IGF signaling pathways (Table S12) have already been
implicated in the pygmy phenotype. Low serum levels of GH/IGF-pathway proteins
have been observed in Philippine (Davila et al. 2002), Papuan (Davila et al. 2002),

HEIGHT VARIATION (TABLE S4,

iHS data.
XP-EHH data (using continental reference populations).

a

b

CLPBb

PLCG1b

SHH,a BCL2L11,b
NOBOXb

rs6569648,a rs6473015,a
rs6714546b

Mbuti, Democratic
Republic of Congo

SULT1B1,b TRIP4,b
CREB1b

IGF2R,a GHITMb

AGTR1,a SOD2,a
TNFRSF11A,a ECE1,a
AVPR1Ab

NR4A3,b MED30,b
FOXE1b

PDGFRA,a MAS1a

rs4665736,a rs806794,a
rs9456307b

Biaka, Central
African Republic

RPS6KA1b

JAK2,a CSNK2A2b

KCNMA1,a GUCY1A3,b
CSDA,b NRIP1b
KCNJ8,a PTGS1,b
CACNA1Cb

GH/IGF
(TABLE S12, 71 WINDOWS)

TRPA1,a CIRBP,b GCLCb

LHCGR,a IMMP2La

DAPP1,b CSDA,b CCNE1,b
COPS2b
NRIP1b

THYROID FUNCTION
(TABLE S6, 71 WINDOWS)

rs12680655,a rs12474201a FOXO3,b COL9A3b

rs10748128,a rs8052560,a
rs2629046b
rs7567288,a rs2341459,a
rs17346452,a rs1325598a

180 SNPS)

RESPONSE TO THERMAL
STIMULUS AND
THERMOREGULATION
(TABLE S7, 282 WINDOWS)

Kosipe/Koinambe,
Papua New Guinea

Batak, Philippines

Aeta, Philippines

PYGMY POPULATION

DEVELOPMENT OF SEXUAL
CHARACTERISTICS AND AGE
OF SEXUAL MATURATION
(TABLE S5, 194 WINDOWS)

Table 2. Top 1% iHS and XP-EHH Signals in Pygmies Related to Height, Thermoregulation, Thyroid Function, Sexual Development,
and GH/IGF axis.

268 /
MIGLIANO ET AL.

Evolution of the Pygmy Phenotype / 269

and African pygmies and are associated in the latter with the absence of adolescent
growth spurt (Merimee et al. 1987). Baka and Biaka pygmies show low levels of
serum GH binding protein, IGF-1, and GH receptor protein after puberty (Merimee
et al. 1987; Bozzola et al. 2009). Jarvis et al. (2012) found SNPs near genes in the
IGF-1 pathway to be under selection in western African pygmies. Our analysis of
pygmy versus nonpygmy FST differences shows that, although there is no general
overrepresentation of genes of the GH/IGF axis under selection in pygmies, there
are a few genes with alleles that are highly differentiated between pygmy groups
and their nonpygmy neighbors. These include GHRHR in the Mbuti, IGF2R and
IGF2BP2 in the Biaka, IGF2BP3 in both the Aeta and Batak, and CSNK2A1 in
both Koinambe and Biaka (Figure 5).
Our selection analyses (iHS and XP-EHH) show that some of these genes
have been the focus of natural selection in pygmies (Table 2). For instance, the
IGF2R gene is among the top 20 iHS windows in the Biaka (Table S9), and other
GH/IGF genes appear in the top 1% of different pygmy groups (Table 2), such
as RPS6KA1 in the Aeta, JAK2 and CSNK2A2 in the Papuan pygmies, PLCG1 in
the Mbuti, and GHITM in the Biaka. In the context of our results on population
histories presented above, this indicates that different genes in the GH/IGF pathway
may be involved in the convergent evolution of extreme short stature in pygmy
populations in different continents. Convergent evolution of short stature within
Africa is supported by anatomic differences between western and eastern pygmies
(Rozzi and Sardi 2010). However, given that differences in caloric intake, regulation
of timing of growth cessation, and timing of growth spurts are all regulated by
alterations in the GH/IGF axis, it is not possible to infer from these results exactly
which phenotypes have been the targets of selection.
Genes involved in the thyroid hormone pathway (TRIP4, IYD) have similarly
been identified among the primary signals of selection in Biaka and Mbuti pygmies
(Herráez et al. 2009). Herráez et al. (2009) suggested that selection on these
genes in African pygmies is the result of a nutritional iodine deficiency in tropical
forests, which leads to short stature. We therefore tested genes involved in thyroid
function for enrichment in each of the pygmy populations (using genes from 71
genomic loci; Table S7). Three thyroid function genes were found both in Biaka
and Mbuti XP-EHH top 1% lists, but in neither population was the enrichment
significant, nor did the two pygmy populations share the same genes. Interestingly,
the topmost XP-EHH signal in Biaka (Table S8) mapped to one of thyroid function
genes, FOXE1. Batak and Koinambe pygmies showed no thyroid function genes
in their top 1% of either selection tests, and only one gene was observed in case
of the Aeta (Table 2).
These results indicate that thyroid-related hormones might play a role in
determining pygmies’ stature but, also, that this effect may be largely limited to
African pygmies. As with the GH/IGF pathway, thyroid hormones are involved in
diverse metabolic processes, such as directly regulating growth during adolescence
(Gothe et al. 1999), regulating heat production and thermoregulation (Beard et al.
1990), and regulating the timing of puberty and lactation (Anasti et al. 1995). These
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C

Figure 4. Correlation between “pygmy ancestry” proportion and adult height in the Philippine
populations. (A, opposite) The percentage of “pygmy ancestry proportion” in each of
the Philippine pygmy (Aeta, Batak, and Agta) and nonpygmy (Tagbanua, Zambales, and
Casiguran) populations was estimated using ADMIXTURE (K = 5) (yellow component).
(B, opposite) Average proportions of K = 4 component per population. NAN, NAN Melanesian. (C, above) Correlation between individual adult height and K = 5 ancestry component for men (blue; n = 43, r = 0.706, r2 = 0.498, p < 0.001) and women (green; n = 27, r
= 0.704, r2 = 0.496, p < 0.001).

results shed light upon possible genetic mechanisms leading to the evolution of
short stature in pygmies. In order to explore further the possible selective pressures
behind these genetic mechanisms, we tested enrichment in selection analyses for
genes that are directly related to thermoregulation and sexual development.
Thermoregulation-Related Genes. No significant enrichment was found in
any of the pygmy groups for genes involved in thermoregulation (282 genomic
loci were included in the test; Table S6). Among the top 20 signals (Tables S8–
S10), we observed two thermoregulation genes (MSTN and FOCS2) in Batak and
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Figure 5. FST values for genes of the GH/IGF pathways for pygmies in relation to their nonpygmy neighbors. Maximum pairwise
FST values of 200-kb windows containing
GH/IGF gene products previously associated (Table S12) with short stature (black
circles) and other GH/IGF genes (gray
circles) are shown on the background of
the empirical genome-wide distribution
of FST in the given population pairs (bars).
The two dashed lines indicate the cutoff
points of the 5% and 1% tails of the empirical distribution.
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one gene (PPARA) in the Aeta (also ranking third in Koinambe) as the topmost
XP-EHH genes. The CLPB gene ranked second in Mbuti and Biaka pygmies, and
other genes associated with thermoregulation appear in the top 1% signals of the
selection analyses (Table 2, Table S8).
Selection Acting on Genes Related to Sexual Development. We tested for
enrichment of genes implicated in the development of primary and secondary
sexual characteristics and puberty in the top 1% tail of the selection analyses
for all pygmy groups (a total of 194 genomic windows with relevant GO term
association were included; Table S5). None of the populations showed significant
enrichment; however, in the XP-EHH scans that used African references (Table
S8), two top 20 hits at sexual development windows were shared by at least two
pygmy groups—one at the progesterone receptor gene in Aeta and Batak, and
the DMRT1 and DMRT3 genes shared by Aeta, Batak, and Kosipe/Koinambe.
The DMRT1 gene guards the male testis cells from differentiation into female
cells, and DMRT3 regulates transcription during sexual development (Matson and
Zarkower 2012). In iHS and XP-EHH scans on local references, we observed
selection signals at 13 additional genes related to sexual development, but each
signal occurred in only one pygmy population. These results reinforce the results
of the general analysis for GO terms, which showed significant enrichment for
sexual development and reproduction in both Papuan and Mbuti (East Africa)
pygmies. Our results also agree with Jarvis at al. (2012) and Lachance et al.
(2012), who found that genes involved in neuroendocrine signaling pathways
related to reproduction were the only pathway enriched in selection analyses for
the western African pygmy population. One gene previously associated with age
at menarche, DAPP1 (Liu et al. 2009; Ong et al. 2009), is also found in the top
1% of selection signals in the Aeta. Thus, genes involved in sexual development
are enriched in two pygmy groups (Mbuti and Koinambe; Table S11), and similar
results have previously been found in a third pygmy population (Baka, Bakola,
and Bedzan combined samples from Cameroon; Jarvis et al. 2012), which offer
some support to the hypothesis (although more evidence is needed) that short
stature in pygmy populations might have evolved as a consequence of selection
for other phenotypes.
Finally, a few other results and caveats from the selection scans deserve attention. First, the top 20 strongest signals for the selection analyses in different pygmy
groups present regions of the genome that are not known to contain protein-coding
genes; some of these regions are shared among different populations (Tables S8 and
S9). The functional significance of such regions has yet to be determined. Second,
sharing in the top 20 signals among different pygmy groups is rare, but some
important patterns are revealed: CSMD1, an important regulator of inflammation
of the nervous systems and epithelial tissues (Kraus et al. 2006), appears among
the top 20 iHS signals in the Aeta, Biaka, and Mbuti, and in the XP-EHH analysis
using continental reference for all pygmy groups (Tables S9 and S10). CDC42SE2,
involved in immunological synapses (Chen et al. 2006), was among the top 20 iHS
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signals in both Mbuti and Biaka, and CRHR2, which plays an important role in
coordinating endocrine and behavioral responses to stress and immune challenges
(Refojo et al. 2011), was among the top 20 XP-EHH signals in the Batak and among
the top 1% in the Aeta. Third, many different genes involved in immune response,
such as cytokines, appear individually among the top 20 signals in different pygmy
groups. Sharing of important immunity genes in the top 20 signals among different
pygmy groups across continents suggests that immunity-related genes might have
been important in the evolution of the pygmy phenotype, due to either living in
high-mortality environments (Migliano et al. 2007), or trade-offs between immunity
and growth (Jarvis et al. 2012).

Conclusions
The foremost finding from this study is the very low overlap of genes under
selection among different groups of pygmies, even within continents. This result
indicates that if the phenotype evolved under positive selection, the targeted
genes were different in each population. We therefore conclude that, even within
geographic regions—for example, in Africa (Mbuti and Biaka) or the Philippines
(Aeta and Batak)—the evolution of the human pygmy phenotype has occurred in
a convergent manner.
If the pygmy phenotype evolved in a convergent manner, there is no clear
evidence of the selective pressures involved, as the genes found to be under selection in the different populations studied here are likely to be involved in different
pathways and phenotypes. However, as Jarvis et al. (2012) found for western
African pygmies, we found significant enrichment for genes related to sexual
development and reproduction in both Papuan and Mbuti (eastern African) pygmies.
These findings suggest that the short stature of different pygmies in West and East
Africa and Papua New Guinea might have evolved as a by-product of selection for
fast life histories in these populations (Migliano et al. 2007).
We were able to detect only weak evidence for selection on genes associated with height variation in pygmy populations, leading to the conclusion that
these genes are unlikely to explain short stature in different pygmy populations
in Africa, Asia, and Oceania. Classical explanations for pygmies’ short stature
such as locomotion in closed forests and thermoregulation (Cavalli-Sforza 1986;
Turnbull 1986) imply direct selection for short stature. The lack of enrichment
for height-related genes indicates that short stature among pygmies is more likely
to be a by-product of other biological processes. Pygmies in different continents
are exposed to high loads of infectious diseases and thus have very high mortality
rates (Migliano et al. 2007); therefore, trade-offs between immunity responses and
growth would be expected (Jarvis et al. 2012). Different immunity-related genes
appear in our top 20 selection signals for all pygmy groups, offering some support
to this hypothesis. However, because targets of selection from standing variation,
polygenic adaptations, and older selective processes (>40 kya) are difficult to
identify (Pritchard and Di Rienzo 2010; Sabeti et al. 2007), we cannot discard
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the possibility that other biological processes involved in the evolution of pygmy
phenotype were not identified in this study because of current methodological
limitations. Finally, this work does not cover the possibility that small body size is
an ancestral trait in all populations that left Africa (in which case, selection scans
would not detect any signal).

Supplementary Tables. Supplementary Tables S1–S13 are available at www.ucl.ac.uk/
anthropology/people/academic_staff/a_migliano.
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Appendix
Populations Included in the Study and Sampling Strategy.
Southeast Asian
pygmies have been much less studied than African pygmies, and there are still
many questions regarding their genetic affinities, biology, and adaptations.
The Philippines. Philippine pygmies are a minority group: they represent only 3%
of the 120 tribal groups; the other 97% are phenotypically Asians (like the other 72
million Philippine nontribal people) and subsist on agriculture, unlike the pygmies,
who are hunter-gatherers (NCIP; Cariño 2012). Despite the distinctive phenotype of
the Philippine pygmies, some degree of admixture with other tribes has existed for
a long time (Eder 1987; Early and Headland 1998). Three groups of pygmies from
the Philippines were included in the analyses: the Aeta, the Batak, and the Agta.
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• The Aeta. The Aeta are hunter-gatherers living in the area of Zambales,
in the southwest of Luzon Island (15°16ʹN 120°05ʹE; Figure 1), and they
speak Zambal, an Austronesian language. The number of Aeta living today
is estimated to be somewhere between 5,000 and 8,000 people (Migliano
et al. 2007). The Aeta included in this study are from four different villages
in the mountains of Castilleros, Iba, and San Marcelino municipalities in
Zambales. The average height was 149.5 ± 5.2 cm for men (n = 134) and
139.6 ± 5.2 cm for women (n = 79). The number of genotyped samples was
35; 31 samples were used for admixture analyses, and 22 for selection scans
(see Table S1 for further information)
• The Batak. The Batak are hunter-gatherers living in the northeast of Palawan
Island (Philippines) (10°00ʹN 118°59ʹE). They speak Batak, an Austronesian
language. Their environment did not change drastically this century; however,
they are demographically a very small group: around 200 people (Migliano et
al. 2007). The Batak have a recent history of intermarrying with the Tagbanua
tribe (a phenotypically “Asian” group), due to their demographic decrease
(NCIP; Cariño 2012). The Batak included in this study come from three
different communities from Puerto Princesa and Roxas municipalities. The
average height was 153.6 ± 4.4 cm for men (n = 33) and 144 ± 5.1 cm for
women (n = 26). The number of genotyped samples in this study was 33; 26
samples were used for the ADMIXTURE analyses, and 15 for the selection
scans (see Table S1 for further information).
• The Agta. The Agta in this study are hunter-gatherers from the San Idefonso
Peninsula in the Casiguran municipality of Aurora Province (northeast of
Luzon, 16°08ʹN 122°04ʹE). The Agta population in the peninsula is estimated
in 600; they speak Agta, an Austronesian language (Early and Headland
1998). The average height was 153.62 ± 6.8 cm for men (n = 20) and 142 ±
4.5 cm for women (n = 33). Only three individuals were genotyped in this
study, so the Agta we included in the ADMIXTURE analyses but not in the
selection scans (see Table S1 for further information).
Papua New Guinea
• Koinambe. The expedition to Koinambe village in 2008 had as its main
objective to find the Suitani pygmies described by Vogel (1953). They are
small-scale horticulturalists and speak Kalam and Maring languages (TransNew Guinea family). To find them, we followed the original route and map
described by Vogel. In the location where these pygmies were first found,
there is now the Koinambe mission (Figure 1), which we used as a base for
visiting the villages nearby (05°29ʹN 144°35ʹE). The villages around the
mission in the lower Jimi River area were inhabited by pygmies (see Table
S1 for phenotype description), and villages in the middle and upper Jimi
River were inhabited by taller peoples. The whole lower Jimi area had an
estimated 18,000 people, although not all of them were pygmies. The main
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pygmy villages in the region spoke Kalam (Lewis 2009), a language of
the Western Highlands branch of the Trans-New Guinea family, although
some of the villages, farther up the valley toward the provincial border with
Madang, spoke Maring, a language also from the Western Highlands branch
of the Trans-New Guinea family that is spoken more widely (Lewis 2009).
These pygmies are particularly short compared with nearby populations: the
average height was 152.4 ± 5.9 cm for men (n = 66) and 145.2 ± 5.2 cm for
women (n = 50). We genotyped 15 individuals, and 11 were used for all the
analysis; for selection analyses the Koinambe were grouped with the Kosipe
(see Table S1 for further information).
• Kosipe. The first described group of pygmies in the Goilala District of
the highlands of Central Province was the Mafulu (Fuyege speakers)
(Williamson 1912). Kosipe Mission and its surrounding villages, close to
the described location where Williamson studied the Mafulu people, are
inhabited by Fuyege and Tauade speakers both from the Goilalan branch
of the Trans-New Guinea family (Lewis 2009). They are small-scale horticulturalists. Sampling included members of the two linguistic groups, as
they intermarried and inhabited the same villages. Kosipe people had taller
average heights than the other pygmies included in this study: 156.2 ± 5.3
for men (n = 41) and 149.1 ± 5.4 cm for women (n = 56). However, these
averages are compatible with Williamson’s (1912) description and shorter
than the nonpygmy groups (see Table S1). Five samples were genotyped
and used for the ADMIXTURE analyses. For selection analyses, because of
sample sizes, Kosipe and Koinambe were grouped (see Table S1 for further
information).
Sampling permits. Permits for sampling in Papua New Guinea were obtained
from the National Research Institute. Permits for the Philippine samples were
obtained from the NCIP. The sampling methods were in accordance with the ethical
regulations of the respective governmental institutions and were approved by the
institutions committees. Samples were obtained after informed consent.
Samples from the HGDP-CEPH Cell Line Panel. From the 938 unrelated individuals of the 51 global populations in the HGDP-CEPH panel included in Li et
al. (2008) analyses, 38 populations (728 individuals) were selected to represent the
relevant world regions. The American populations were excluded because they are
not relevant to the analysis; the Makrani from Pakistan were excluded because of
their admixture with Africans; the Kalash from Pakistan were also removed because
of the small population size and increased drift; some Europeans (Sardinians and
Basques) and some Siberian Mongols (Hezhen, Mongols, Daur, Oroqen, and Tu)
were excluded to reduce overrepresented numbers of Europeans and Asians in
the analyses. The HGDP-CEPH panel include two groups of pygmies, the Biaka
(western Africa) and the Mbuti (eastern Africa), which are used in the comparisons
with pygmies outside of Africa.

282 /

MIGLIANO ET AL.

Appendix Materials and Methods
Genotyping and quality control. We used PLINK version 1.05 (Purcell et al. 2007)
for data management and quality control. In addition to minor allele frequency filter
(1%), samples and SNPs with success rates below 97% were removed. Because
background LD can distort both PCA (Patterson et al. 2006) and structure-like
analysis (Alexander et al. 2009) results, one member of any pair of SNPs in strong
LD (r2 > 0.4) in windows of 200 SNPs (sliding the window by 25 SNPs at a time)
was removed using the indep-pairwise routine in PLINK.
Principal component analyses (PCA). We used the smartpca routine with standard
settings of the Eigensoft package (Purcell et al. 2007) to identify the first 10
principal components. The first two principal components were most informative
(explaining 6% and 4.4% of the variation defined as the ratio of the respective
eigenvalues to the sum of all eigenvalues) in the global context and were plotted
using MS Excel.
Heterozygosity. The negative correlation between genetic distance from Africa
and average number of heterozygotes has implications for the interpretation of FST
values, where lower within-population diversity (lower heterozygosity) will lead
to an apparent higher regional differentiation (pairwise FST distances), even if the
populations within regions are closely related (Friedlaender et al. 2008).
Selection estimations. For iHS, ancestral and derived states for each SNP were
established by comparison with the UCSC snp128OrthoPanTro2RheMac2 table.
Where the chimpanzee allele was known, it was taken to be the ancestral allele;
where the allele was unknown (17,868 SNPs, 3.36% of the data), the SNP was
excluded from all downstream calculations. Windows were ranked as described
in Pickrell et al. (2009), and the top 1% and 5% outliers for each comparison were
examined as detailed below. We chose not to merge any adjacent outlier windows,
because this procedure can significantly affect the final ranking of windows (data
not shown).
Enrichment analyses. Enrichment analysis was done per window, not per gene,
because we compared the number of windows supporting GO terms. The number
of background windows was defined by all the windows for which we were able
to calculate the statistic.
We used the DAVID (Huang et al. 2009) p-value, also called the EASE
score (Hosack et al. 2003), which is a modified Fisher exact p-value. In short,
it penalizes (subtracts) the count of positive agreement by 1. The EASE score is
offered as a simple conservative adjustment to the Fisher exact probability that
weights significance in favor of terms supported by more genes. Therefore, it
improves the family-wise true discovery rate as a whole, particularly excluding
ones coming from skewed/extreme cases. We preferred the EASE score to using
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multiple test corrections because some enrichment studies (Bluthgen et al. 2005)
have noted that applying the traditional multiple test correction techniques may not
improve specificity as much as previously believed (Huang et al. 2009). In fact,
the sensitivity (type II error) may actually be negatively affected because of the
conservative nature of these corrections.
In order to understand what types of genes (related to which phenotypes) have
been affected by positive selection in different pygmy populations and the selective
forces leading to short stature in pygmy groups, we analyzed genes under selection
in the different groups and their association with phenotypes of interest (height,
thermoregulation, and life history). We specifically looked for genes previously
associated with height in nonpygmy populations (to check whether height itself
was selected for), development of sexual characteristics (to check whether short
stature in pygmies would be a by-product of selection for early reproduction),
thermoregulation (to check whether small body size is one of the adaptations related
to thermoregulation), genes of the GH/IGF pathway (to cover genes of major effect
on height previously associated with pygmy short stature), and genes associated
with thyroid function (also previously associated with pygmies short stature) (see
Tables S4–S7 and S12 for gene lists).
• Gene list for height. We used gene list derived from Lango Allen et al. (2010)
study (Table S4).
• Gene list for sexual development. We used reference groups GO:0045137
and GO:0045136 associated with development of primary and secondary
sexual characteristics, respectively. A total of 179 genes appeared under at
least one of these terms and were included in the list; a few other genes have
been associated with variation in timing of puberty in Europeans (Ong et al.
2009) and age at menarche (Liu et al. 2009) and were also included in the
enrichment analyses (see Table S5).
• Gene list for thermoregulation. Different processes are involved in thermoregulation. We compiled a list of 228 genes (289 genomic windows) involved
in thermoregulation using the following terms from Online Mendelian Inheritance in Man (OMIM) and AmiGO databases (version 1.8): (a) response to
temperature stimulus, GO:0009266 (97 genes); (b) temperature homeostasis,
GO:0001659 (29 genes); (c) regulation of blood vessel size, GO:0050880
(81 genes); and (d) brown adipose tissue related to thermogenesis (51 genes)
(Cioffi et al. 2009; Frederich et al. 1995; Hancock et al. 2008; Hondares et
al. 2010; Kajimura et al. 2010; Watanabe et al. 2006) (Table S6).
• Gene list for thyroid function. Different processes related to thyroid function
where compiled using the following terms from AmiGO (version 1.8) and
OMIM: (a) thyroid hormone receptor binding, GO:0046966; (b) thyroid
hormone generation, GO:0006590; (c) thyroid-stimulating hormone receptor
activity, GO:0004996; (d) thyroid hormone metabolic process, GO:0042403;
(e) thyroid hormone binding, GO:0070324; (f) thyroid hormone synthesis,
transport of thyroxine; (g) thyroid hormone receptors and receptor associated
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proteins; and (h) deiodinases. A total of 58 genes (71 windows) were included
in the analyses (Table S7).
• Gene list for GH/IGF pathway. Genes previously associated with short stature
from the GH/IGF pathway (10 genes) (Amselem et al. 1989; Godowski et
al. 1989; Ayling et al. 1997; Holmes et al. 1997; Walenkamp et al. 2005;
Woods et al. 1996; Phillips et al. 1981; Petkovic et al. 2010; Wajnrajch et al.
2003; Domené et al. 2005; Hwa et al. 2006; Fofanova-Gambetti et al. 2009;
Walenkamp et al. 2006; Fang et al. 2009; Kofoed et al. 2003) and all other
genes from the GH/IGF pathway (50 genes) were included in the analyses
(Table S12).
Calculating enrichment. We performed searches for gene enrichment for GO
terms and the other gene lists on all genes in the top 1% windows of the iHS and
XP-EHH test statistic distributions using the Fisher exact test (Fisher 1922), for
all pygmy and nonpygmy populations included in the iHS and XP-EHH analyses.
We tested for enrichment of windows rather than genes associated with each of
the phenotypes of interest; we used windows, in order to correct for positional
clustering (Lee and Sonnhammer 2003) (see Table 2).
Top 20 signals analyses We manually checked all genes present in the windows
with the top 20 signals for the iHS and XP-EHH analysis (Tables S8 to S10), and
their association with the phenotypes of interest.
GH/IGF pathway analyses. Pairwise FST between populations for all autosomal
SNPs was calculated as described in Weir and Cockerham (1984). FST distributions
for all autosomal SNPs are plotted in Figure 5, in different graphs for each of the
pygmy group, which plots the FST values for genes from the GH/IGF pathways
in each pygmy population over the overall genome-wide distribution of FST in
the given population. The distribution of FST values associated with the GH/IGF
pathway did not differ from the overall distribution for all other autosomal SNPs;
however, a few genes from the GH/IGF pathway presented high FST values in more
than one pygmy group (Figure 5).

