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Abstract
The evolutionary and biological bases of the Central African “pygmy” phenotype, a characteristic of rainforest hunter-
gatherers defined by reduced body size compared with neighboring farmers, remain largely unknown. Here, we perform a 
joint investigation in Central African hunter-gatherers and farmers of adult standing height, sitting height, leg length, and 
body mass index (BMI), considering 358 hunter-gatherers and 169 farmers with genotypes for 153,798 SNPs. In addition 
to reduced standing heights, hunter-gatherers have shorter sitting heights and leg lengths and higher sitting/standing height 
ratios than farmers and lower BMI for males. Standing height, sitting height, and leg length are strongly correlated with 
inferred levels of farmer genetic ancestry, whereas BMI is only weakly correlated, perhaps reflecting greater contributions 
of non-genetic factors to body weight than to height. Single- and multi-marker association tests identify one region and 
eight genes associated with hunter-gatherer/farmer status, and 24 genes associated with the height-related traits. Many of 
these genes have putative functions consistent with roles in determining their associated traits and the pygmy phenotype, 
and they include three associated with standing height in non-Africans (PRKG1, DSCAM, MAGI2). We find evidence that 
European height-associated SNPs or variants in linkage disequilibrium with them contribute to standing- and sitting-height 
determination in Central Africans, but not to the differential status of hunter-gatherers and farmers. These findings provide 
new insights into the biological basis of the pygmy phenotype, and they highlight the potential of cross-population studies 
for exploring the genetic basis of phenotypes that vary naturally across populations.

Introduction

Central African hunter-gatherers have smaller body size 
compared with their agricultural neighbors (“farmers” 
henceforth)—a phenomenon commonly termed the “pygmy” 
phenotype (Froment 1993; Hewlett 2014). Although no 
discontinuity in adult standing height exists between 
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hunter-gatherers and farmers, and contemporary popula-
tions are distinguished mostly by cultural criteria rather than 
height (Bahuchet 1993a, b, 2012; Froment 1993; Hewlett 
1996, 2014), hunter-gatherer populations do tend to have 
reduced stature compared to farming populations. Among 
hunter-gatherer males, mean standing height ranges from 
142 cm for the Efe from eastern Democratic Republic of 
Congo (DRC) to 161 cm for the Twa from western DRC, 
averaging 150.6 cm across 23 Central African hunter-gath-
erer populations [standard deviation (SD) 6.7 cm] (Froment 
1993; Hiernaux 1974). This mean is notably lower than the 
mean male standing height of 167.3 cm for 252 sub-Saharan 
farming populations that speak Niger-Congo, Nilo-Saharan, 
or Afro-Asiatic languages (SD 5.7 cm) (Froment 1993).

It has been hypothesized that the diminutive body size of 
Central African hunter-gatherers is the outcome of adaptive 
processes in response to hunter-gatherer lifestyles in tropical 
rainforests with high levels of pathogen exposure (Perry and 
Dominy 2009). Hypotheses for the basis of this adaptation 
have considered morphological adaptation to thermoregula-
tion in a hot and humid environment (Cavalli-Sforza 1986), 
metabolic costs of hunting and gathering in an environment 
in which food is scarce (Bailey et al. 1989; Bailey 1991; Dia-
mond 1991), and an early onset of reproduction in a context 
of high mortality rates (Migliano et al. 2007). Physiological 
studies have found distinctive glucose homeostasis, insulin 
secretion, and free fatty-acid profiles, and normal human 
growth hormone (HGH) levels between Central African 
hunter-gatherers and farmers (Merimee et al. 1972; Rimoin 
et al. 1969). Reduced growth rates compared with farmers 
during the first 2 years of life (Rozzi et al. 2015) as well 
as during adolescence (Hagino et al. 2013; Merimee et al. 
1987) have been reported, possibly reflecting perturbation of 
the insulin-like growth factor 1 (IGF1) (Geffner et al. 1995; 
Hattori et al. 1996) and HGH (Bozzola et al. 2009) recep-
tor-signaling pathways (Becker et al. 2013). Limitations on 
physiological data, however, and a paucity of demographic, 
epidemiological, and paleoanthropological data for Central 
Africa have contributed to the importance of genetics for 
assessing hypotheses about the contemporary pygmy phe-
notype and its evolution (Hewlett 2014).

Population-genetic studies have inferred a shared ances-
tral origin for West Central African hunter-gatherer popu-
lations ~ 3000 years ago (Verdu et al. 2009, 2013) and for 
West- and East-Central African hunter-gatherer popula-
tions ~ 25,000 years ago (Batini et al. 2011; Patin et al. 
2009). Though a common origin has also been inferred for 
Central African hunter-gatherers and farmers, estimates 
for the time of their divergence range from ~ 50,000 to 
70,000 years ago based upon microsatellite, targeted rese-
quencing, and mitochondrial data (Batini et al. 2011; Patin 
et al. 2009; Verdu et al. 2009) to ~ 30,000–150,000 years 
ago based upon whole-genome or exome sequences (Hsieh 

et al. 2016; Lopez et al. 2018). Genetic signals of appreci-
able admixture with farmers have been detected in hunter-
gatherers (Batini et al. 2011; Destro-Bisol et al. 2004; Patin 
et al. 2009, 2014, 2017; Verdu et al. 2009, 2013), correlating 
positively with standing height (Becker et al. 2011; Jarvis 
et al. 2012; Perry et al. 2014a). The genetic differences 
between hunter-gatherers and farmers and the correlations 
of standing height and admixture suggest that their contem-
porary adult body size differences are attributable in part to 
genetic factors, arguing against a view that the contemporary 
pygmy phenotype results solely from phenotypic plasticity 
in challenging nutritional and parasitic environments (Perry 
and Dominy 2009).

Numerous genome-wide association studies (GWAS) 
have sought to identify genetic factors contributing to stand-
ing height (Berndt et al. 2013; Gudbjartsson et al. 2008; 
Lango Allen et al. 2010; Lettre et al. 2008; Weedon et al. 
2008; Wood et al. 2014), a high-heritability trait (≥ 69%) 
(Hemani et al. 2013; Perola et al. 2007; Zaitlen et al. 2013) 
despite strong influences of environmental factors (Katzmar-
zyk and Leonard 1998; Silventoinen et al. 2000). The largest 
study to date identified 697 common single-nucleotide pol-
ymorphisms (SNPs) significantly associated with standing 
height in ~ 250,000 individuals of recent European ances-
try (Wood et al. 2014). Together, these variants explained 
16% of the variance and 20% of the heritability of standing 
height in their cohort. GWAS on admixed African–Ameri-
can cohorts have identified novel loci significantly associ-
ated with standing height (Carty et al. 2012; N’Diaye et al. 
2011), illustrating the potential of populations with a com-
ponent of recent African ancestry to contribute new informa-
tion to the study of the trait. In this context, Central African 
hunter-gatherer and farming populations—with their marked 
differences in standing height that correlate with levels of 
genetic admixture—provide a potentially powerful system in 
which to understand the genetic basis of standing height. In 
particular, use of among-population variation in a phenotype 
has the potential to uncover alleles whose frequency differ-
ences among populations suggest phenotypic contributions.

Recent studies have explored the genetic basis of stand-
ing-height variation in Central Africans, comparing genomic 
SNPs in hunter-gatherer and neighboring farmer populations 
(Jarvis et al. 2012; Perry et al. 2014a). These studies uncov-
ered signatures of differential polygenic adaptation between 
hunter-gatherers and farmers, primarily in genomic regions 
containing genes associated with immunity and metabolism. 
They also found differing adaptation signatures in western 
and eastern hunter-gatherers, suggesting a partially conver-
gent origin of the contemporary pygmy phenotype. Perry 
et al. (2014a) further identified genetic admixture associa-
tions with standing height that included four regions previ-
ously implicated in standing-height variation in Europeans. 
However, no standing-height association was seen with the 
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~ 100 European standing-height-associated SNPs in these 
datasets. This absence of associations might reflect the 
combined effects of low power in modestly sized samples 
and possible differences in linkage disequilibrium (LD) 
between causal and genotyped SNPs (Shriner et al. 2009) 
and in effect sizes of causal alleles (Carlson et al. 2013) 
between Europeans and Central Africans. However, it is also 
compatible with the view that differences in standing height 
between hunter-gatherers and farmers do not result solely 
from general frequency differences for alleles contributing 
to global human standing-height variation.

Although these recent studies have focused on the dif-
fering standing height of Central African hunter-gatherers 
and farmers, other morphological differences also exist 
between these two groups. For example, hunter-gatherer 
body weight is proportionally smaller relative to standing 
height compared with farmers (Froment 2014; Lemogoum 
et al. 2012), a difference that cannot be wholly explained by 
differential nutrition levels (Dietz et al. 1989). In the con-
text of the differing diets of hunter-gatherers and farmers 
and the greater seasonal variation in food availability for 
hunter-gatherers compared with farmers, such a difference 
might reflect coevolution of differences in energy usage and 
storage in response to different lifestyles. Craniofacial and 
skeletal dissimilarities have also been identified, including in 
skull morphology (Froment 2014; Ramirez Rozzi and Sardi 
2010) and in leg and forearm length (Froment 2014; Hier-
naux 1977), with hunter-gatherers generally having shorter 
legs and forearms relative to trunk length compared with 
farmers. These differences potentially reflect evolutionary 
changes in shared endoskeletal development pathways in 
response to anatomical constraints of hunting-gathering 
activities. Reported dissimilarities in trunk and leg length 
patterns accord with differential growth patterns in response 
to nutritional (Buschang et al. 1986; Wadsworth et al. 2002) 
and health (Wadsworth et al. 2002) factors that vary between 
hunter-gatherers and farmers (de Garine 1990; Hauspie and 
Pagezy 1989; Ohenjo et al. 2006), and they are consistent 
with the view that both shared and distinct pathways contrib-
ute to determination of upper and lower body size (Soranzo 
et al. 2009). Although genes contributing to trunk and leg 
length might be incidentally detected by genetic studies of 
standing-height variation in Central Africans, those distinct 
to each trait might fail to be identified owing to insufficient 
effects on standing height. Thus, analyses of variability in 
trunk and leg lengths in Central African hunter-gatherers 
and farmers might disentangle their contributions to hunter-
gatherer short stature, providing a more complete picture 
of the genetic architecture, anatomical constraints, and evo-
lutionary pressures underlying the contemporary pygmy 
phenotype.

Here, using body size and weight measurements available 
for > 132 individuals from seven hunter-gatherer and three 

farming populations from West Central Africa (Table S1) 
together with genome-wide SNP data, we investigate the 
genetic basis of standing and sitting height and their ratio 
as well as that of subischial leg length in Central Africans. 
Our full sample includes 358 hunter-gatherers and 169 farm-
ers from 13 hunter-gatherer and seven farming populations 
from West- and East-Central Africa (Fig. 1; Table 1) geno-
typed on the Illumina Cardio-MetaboChip. This genotyp-
ing microarray contains 68,126 SNPs previously identified 
in well-powered GWAS conducted by consortia focused 
on anthropometric and cardiovascular traits in addition to 
146,453 SNPs chosen to facilitate the fine-mapping of the 
genomic regions surrounding these 68,126 SNPs (Voight 
et al. 2012). This array, therefore, allows us to investigate 
associations with height-related variation in Central Afri-
cans of SNPs associated with standing-height variation in 
Europeans (Lango Allen et al. 2010; Wood et al. 2014). We 
first evaluate phenotypic differences between hunter-gath-
erers and farmers in these traits, genetic structure among 
hunter-gatherer and farming populations, and associations 
between genetic ancestry and the phenotypes. We then 
search for alleles and genes associated with hunter-gatherer/
farmer status and with trait variation.

Results

Trait differences between hunter‑gatherers 
and farmers

We first investigated if the height and weight traits with 
measurements available for our sample exhibited signifi-
cant differences between hunter-gatherers and farmers. Of 
the 527 individuals in our full sample, we had trait meas-
urements available for 115 hunter-gatherers and 44 farmers 
representing seven hunter-gatherer and three farming popu-
lations from West Central Africa (Table S1).

Among the 115 hunter-gatherers (73 males, 42 females), 
mean male standing height was 155.67 cm (SD 6.55) and 
mean female standing height was 148.95 cm (SD 5.82). For 
the 44 farmers (16 males, 28 females), mean male and female 
standing heights were 167.21 cm (SD 4.61) and 154.45 cm 
(SD 6.23), respectively (Fig. 2a). These values are consistent 
with mean standing heights reported by previous studies of 
26 Central African hunter-gatherer [males = 154.85 cm (SD 
3.08) and females = 146.30 cm (SD 2.87)] and 10 farming 
[males = 164.98 cm (SD 2.36) and females = 155.96 cm (SD 
0.85)] populations (Froment 2014), highlighting the signifi-
cant difference in stature that exists between hunter-gatherers 
and farmers (Pmales = 6.13 × 10−8 and Pfemales = 2.65 × 10−4; 
Wilcoxon rank-sum test).

Consistent with the high correlations of standing height 
with the other height-related traits (Figure S1), subischial leg 
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lengths—measured as standing height minus sitting height—
of male (mean 74.97  cm, SD 4.91) and female (mean 
70.81 cm, SD 3.84) hunter-gatherers were significantly 
shorter than those of male (mean 82.65 cm, SD 5.85) and 
female (mean 75.44 cm, SD 3.97) farmers (Pmales = 0.007 
and Pfemales = 9.38 × 10−5; Fig. 2b). In males, sitting heights 
were significantly smaller for hunter-gatherers (mean 
80.62 cm, SD 2.92) than for farmers (mean 86.13 cm, SD 
1.28; P = 0.002); sitting heights of female hunter-gatherers 
(mean 77.74 cm, SD 2.89) and farmers (mean 78.96 cm, 
SD 3.51) were similar (Fig. 2c, P = 0.073). For the ratio of 
sitting to standing height (Fig. 2d), male and female hunter-
gatherers exhibited a similar shift toward higher values 
compared with farmers. The observed difference in ratios 
was significant with females (P = 0.003) but not with males 
(P = 0.203). These findings are consistent with leg length 
contributing more to the pygmy phenotype than does upper 
body length (trunk and head) (Froment 2014).

For BMI, values were similar for male (mean 20.16, SD 
1.95) and female (mean 20.06, SD 2.56) hunter-gatherers 
(P = 0.587), whereas those of male farmers (mean 22.31, 
SD 2.63) significantly exceeded those of female farmers 

(mean = 21.16, SD 3.07; P = 0.031; Fig. 2e). Consequently, 
hunter-gatherers had significantly lower BMI than farm-
ers when considering males (Pmales = 2.74 × 10−4) but not 
females (Pfemales = 0.186). Our values are generally con-
sistent with mean BMI reported by previous studies for 
26 Central African hunter-gatherer [males = 20.04 (SD 
0.80) and females = 20.33 (SD 0.75)] and 10 farming 
[males = 21.48 (SD 0.90) and females = 21.65 (SD 1.02)] 
populations (Froment 2014). However, several differences 
are observed between mean BMI in our sample of hunter-
gatherer and farming populations (Table S1) and the pre-
vious results. Our sample does not support significant 
male–female differences in hunter-gatherers (P = 0.198; 
Wilcoxon signed-rank test) and farmers (P = 1) or signifi-
cant differences between male hunter-gatherers and farm-
ers (Pmales = 0.258, Wilcoxon rank-sum test) or between 
female hunter-gatherers and farmers (Pfemales = 0.548). 
Although the same comparisons of previously pub-
lished data also do not support male–female differences 
in hunter-gatherers (P = 0.458) and farmers (P = 0.682), 
they do support significant differences between male 
hunter-gatherers and male farmers (Pmales = 1.21 × 10−4) 
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and between female hunter-gatherers and female farmers 
(Pfemales = 4.57 × 10−4).

These findings reaffirm earlier observations of signifi-
cant differences in standing height between Central African 
hunter-gatherers and farmers, and they suggest differing 
roles for trunk and leg length to these differences. However, 
BMI patterns do not fully accord with previous population-
level comparisons of mean BMI in Central African hunter-
gatherer and farming populations.

Genetic structure patterns

Having established that significant differences exist between 
hunter-gatherers and farmers for height-related measure-
ments, we next investigated the genetic structure present 
among our hunter-gatherer and farmer samples. Following 

the removal of lower-quality SNPs and closely related 
individuals, our genetic dataset consisted of 406 unrelated 
individuals from 20 populations with genotypes at 153,798 
SNPs included on the Illumina Cardio-MetaboChip (see 
“Methods”).

In accord with earlier studies (Batini et  al. 2011; 
Destro-Bisol et al. 2004; Jarvis et al. 2012; Patin et al. 
2009; Verdu et al. 2009, 2013), multidimensional scaling 
(MDS) analysis of pairwise allele-sharing dissimilarities 
(ASD) among these individuals supported three main com-
ponents to genetic differentiation among Central Africans 
(Fig. 3a). First, differentiation between hunter-gatherers 
and farmers largely determined the first MDS dimension, 
consistent with the expected effects of genetic drift follow-
ing their divergence ~ 30,000–150,000 years ago (Batini 
et al. 2011; Hsieh et al. 2016; Lopez et al. 2018; Patin 

Table 1   Populations and their sample sizes

a The two Bezan populations were merged into a combined BEZ population in the 406UNRELAT dataset

Population Region and country Language family Trait data Sample size

Code Name Total Genetic dataset

Total Male Female

Hunter-gatherers
 AKA Aka Lobaye Prefecture, Central Afri-

can Republic
Bantu C10 No 26 21 14 7

 AKM Aka (Mbati) Lobaye Prefecture, Central Afri-
can Republic

Bantu C10 No 17 8 6 2

 CBK Central/Eastern Baka East Cameroon Adamawa–Ubangian, Gbanzili–
Sere, Ngbaka

Yes 36 29 14 15

 EBK Southeastern Baka East Cameroon Adamawa–Ubangian, Gbanzili–
Sere, Ngbaka

Yes 11 10 10 0

 SBK Southern Baka South Cameroon Adamawa–Ubangian, Gbanzili–
Sere, Ngbaka

No 50 41 16 25

 BZNa Northern Bezan Central Cameroon Bantoid Non-Bantu, Tikar Yes 27 27 12 15
 BZSa Southern Bezan Central Cameroon Bantoid Non-Bantu, Tikar Yes 48
 CBG Central Bongo Ngunié Province, Gabon Bantu B30-B50 Yes 24 21 14 7
 EBG Eastern Bongo Haut-Ogooué Province, Gabon Bantu B60-70 Yes 30 19 13 6
 SBG Southern Bongo Ogooué-Lolo Province, Gabon Bantu B30 Yes 34 27 13 14
 KOY Koya Ogooué-Ivindo Province, Gabon Bantu B20 Yes 25 19 12 7
 KOL Kola Littoral Region, Cameroon Bantu A80 No 31 24 18 6
 NSU Nsua (Efe) Bundibugyo District, Uganda Central Sudanic, Mangbutu-Efe No 17 11 6 5

Total 376 257 148 109
Farmers
 AKL Akele Ogooué-Ivindo Province, Gabon Bantu B20 No 12 8 7 1
 CFG Fang South Cameroon Bantu A70 No 36 33 19 14
 NZI Nzime East Cameroon Bantu A80 Yes 23 20 3 17
 NGB Ngumba Littoral Region, Cameroon Bantu A80 No 58 43 20 23
 TIK Tikar Central Cameroon Bantoid Non-Bantu, Tikar Yes 20 20 12 8
 BGD Bangando East Cameroon Adamawa-Ubangian, Bangandu, 

Gbaya
Yes 6 6 3 3

 BKJ Konjo Bundibugyo District, Uganda Bantu J40 No 27 19 8 11
Total 182 149 72 77
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et al. 2009; Verdu et al. 2009). Second, although farmers 
formed a tight cluster in two dimensions, reflecting the 
recent history of these mostly Bantu-speaking populations 
(de Filippo et al. 2012; Montano et al. 2011; Quintana-
Murci et al. 2008) (Table 1), differentiation among hunter-
gatherers was evident in the second dimension, driven 
partly by differences between West African Baka (CBK, 
EBK, SBK) and Aka (AKA, AKM) and East African 
Nsua (NSU). Dispersion among hunter-gatherers, meas-
ured as the variance among ASD values for all hunter-
gatherer pairs, significantly exceeded that among farm-
ers (2.07 × 10−5 and 7.76 × 10−6, respectively; P < 10−16, 
one-sided F test), consistent with the expected effects of 
genetic drift owing to small population sizes and appre-
ciable isolation following ancestral divergences over the 
last ~ 25,000 years (Batini et al. 2011; Patin et al. 2009).

Third, the degree of genetic differentiation from farm-
ers varied among hunter-gatherer populations. This pattern 
accords with what might be expected with variable gene 
flow into hunter-gatherer populations from farming popula-
tions, where hunter-gatherers closer to the farmer cluster 
have greater farmer genetic ancestry than do more distant 
hunter-gatherers. The Bezan, Kola, and Bongo hunter-
gatherers clustered nearer the farmers (mean ASD 0.2047, 
SD 0.0027, across 20,413 pairs of individuals) than did the 
Baka and Aka (mean ASD 0.2051, SD 0.0025, 16,241 pairs) 
and Nsua (mean ASD 0.2072, SD 0.0036, 1639 pairs); the 
first and third quartiles of the full distribution of ASD val-
ues across all pairs of individuals were 0.1983 and 0.2053, 
respectively. This pattern suggests that Bezan, Kola, and 
Bongo hunter-gatherers have admixed with neighboring 
farmers to a greater extent than have the Baka, Aka, and 
Nsua populations.

Genetic admixture patterns

To further explore potential signals of variable genetic 
admixture between hunter-gatherers and farmers sug-
gested in our MDS analysis, we applied STRU​CTU​RE 
(Falush et al. 2003; Pritchard et al. 2000) to four non-
overlapping sets of 10,106 low-LD genome-wide SNPs. 
At K = 2 (Fig. 3b), hunter-gatherers were assigned greater 
membership in one cluster (“red”), whereas farmers were 
assigned greater membership in the other cluster (“blue”). 
Per-individual membership proportions for the blue clus-
ter varied appreciably among hunter-gatherer populations 
from 0.173 ± 0.103 in the Central/Eastern Baka (CBK) to 
0.527 ± 0.096 in the Eastern Bongo (EBG). This pattern 
indicates that levels of farmer genetic ancestry vary across 
hunter-gatherer populations. In contrast, among farmers, 
membership proportions for the red cluster were more 
stable, equaling on average 0.197 ± 0.093, with generally 
lower and similar levels of hunter-gatherer genetic ances-
try among populations. Additional population structure 
was not evident at higher K (Figure S2).

The general hunter-gatherer/farmer distinction and vari-
able membership patterns accord with previous studies 
(Batini et al. 2011; Destro-Bisol et al. 2004; Patin et al. 2009, 
2014, 2017; Perry et al. 2014a; Verdu et al. 2009, 2013), 
and can be interpreted as signals of asymmetric admixture 
between hunter-gatherers and farmers. In this view, the vari-
able and often nontrivial membership in the blue cluster for 
hunter-gatherers reflects variable and sometimes consider-
able admixture with farmers, whereas the lower and less 
variable membership in the red cluster for farmers reflects 
comparatively low levels of hunter-gatherer introgression 
into the farmer gene pool.
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Fig. 2   Distributions of measured traits. Split violin plots (Hintze and 
Nelson 1998) of trait distributions for males (blue) and females (pink) 
are shown separately for hunter-gatherers (HG) and farmers (F). a 
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Correlation between genetic admixture and trait 
variation

Given the phenotypic and genetic differences observed 
between hunter-gatherers and farmers in our sample, we 
sought to establish if genetic factors might underlie observed 
phenotypic patterns. If genetic differences between hunter-
gatherers and farmers contribute to their phenotypic differ-
ences, we might expect measurements for these traits to be 
correlated with per-individual levels of genetic admixture. 
We, therefore, separately investigated trait correlations with 
per-individual membership proportions in the blue “farmer” 
STRU​CTU​RE cluster at K = 2 (Fig. 3b; “farmer admixture” 
henceforth).

We observed a significant correlation between farmer 
admixture and standing height with the 76 males (Pearson 
r = 0.585, P = 2.90 × 10−8; Fig. 4a) and 57 females (r = 0.485, 

P = 1.30 × 10−4; Fig. 4b) in our genetic dataset with stand-
ing-height data available. The correlations remained signifi-
cant when restricted to the 61 male (r = 0.311, P = 0.015) 
and 31 female hunter-gatherers (r = 0.441, P = 0.013). These 
findings accord with previous studies on the relationship 
between farmer admixture and standing height in Central 
African hunter-gatherers (Becker et al. 2011; Jarvis et al. 
2012; Perry et al. 2014a) and further support an appreciable 
genetic component to the determination of the contemporary 
pygmy phenotype.

Correlations of subischial leg length and sitting height 
with farmer admixture were similar in males [Pearson 
r = 0.475 (P = 1.41 × 10−5) and r = 0.431 (P = 8.90 × 10−5), 
respectively; Fig.  4c, e]. Among females, the correla-
tion of farmer admixture with sitting height was lower 
(r = 0.226, P = 0.040; Fig. 4f) than with leg length (r = 0.574, 
P = 6.53 × 10−7; Fig. 4d). These patterns accord with a claim 

Fig. 3   Genetic structure and 
admixture for 406 unrelated 
individuals. a Two-dimensional 
MDS representation of ASD. 
The first dimension is plotted  
on the horizontal axis, and 
the second dimension on the 
vertical axis. The Spearman ρ 
between pairwise Euclidean 
distances in the MDS plot and 
the ASD matrix is 0.478.  
b Population structure inferred 
by STRU​CTU​RE at K = 2. Each 
individual is shown as a thin 
vertical line partitioned into 
two components representing 
inferred membership propor-
tions in the two clusters. Black 
vertical lines separate individu-
als from different populations. 
The most salient population 
structure observation is the 
hunter-gatherer/farmer distinction
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that both shared and distinct pathways contribute to upper 
and lower body size determination (Soranzo et al. 2009), 
with male–female differences in correlations with non-
Pygmy admixture perhaps reflecting differential contri-
butions of genetic variants in estrogen-dependent growth 
pathways to trunk and leg length (Seeman 1998; Tupman 
1962). Finally, BMI was positively correlated with farmer 
admixture in females (r = 0.262, P = 0.015; Figure S3B), 
but the correlation was not significant in males (r = 0.166, 
P = 0.060; Figure S3A). BMI correlations were weaker than 
those of height-related measures (Fig. 4), in accord with 
smaller differences in BMI between hunter-gatherers and 
famers (Fig. 2e) than in standing height (Fig. 2a).

The correlations with farmer admixture are consistent 
with a significant genetic component in the determina-
tion of height-related differences between hunter-gatherers 
and farmers. However, absence of strong correlations with 
BMI is compatible with genetic factors contributing less 
to observed differences in BMI between hunter-gatherers 

and farmers, with non-genetic factors such as diet, food 
security, and activity levels perhaps playing a larger role in 
body weight differences. Consequently, in seeking to iden-
tify genetic factors correlated with phenotypic differences 
between hunter-gatherers and farmers, we excluded BMI.

Association analyses of hunter‑gatherer/farmer 
status

We have found significant genetic and phenotypic differ-
ences between hunter-gatherers and farmers, with correla-
tions between individual trait variation and inferred farmer 
genetic admixture levels supporting an appreciable genetic 
component to the determination of the phenotypic differ-
ences. To investigate this genetic component of phenotypic 
differences, we first performed single- and multi-marker 
association tests to identify genomic regions harboring 
SNPs with significant allele frequency differences between 
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Fig. 4   Relationship between farmer admixture and height-related 
traits. Scatterplots are shown of individual membership propor-
tions in the blue “farmer” STRU​CTU​RE cluster at K = 2 (Fig.  3b) 
and each height-related trait. a Standing height, 76 males (r = 0.585, 
P = 3 × 10−8). b Standing height, 57 females (r = 0.485, P = 3 × 10−5). 
c Subischial leg length, 71 males (r = 0.475, P = 1.41 × 10−5). d 

Subischial leg length, 57 females (r = 0.574, P = 6.53 × 10−7). e Sit-
ting height, 71 males (r = 0.431, P = 8.90 × 10−5). f Sitting height, 
57 females (r = 0.226, P = 0.040). Only individuals included in the 
genetic dataset with a measurement for a trait were included in a 
comparison. Symbols follow Fig. 3a. The trend line appears in black
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the hunter-gatherers and farmers in our genetic dataset of 
406 unrelated individuals with genotypes for 153,798 SNPs.

Single‑marker association tests

To account for genetic structure (Fig. 3) and background 
genetic relatedness among individuals due to evolutionary 
history within a population—which could inflate type-1 and 
type-2 errors (Kang et al. 2010; Marchini et al. 2004)—
we used EMMAX, which implements a linear mixed-effect 
regression model that corrects per-SNP association tests 
for structure and relatedness via a pairwise kinship matrix 
(Kang et al. 2010). We evaluated how well we controlled 
for genetic structure using the genomic inflation factor λ, 
comparing association tests performed with no covariates 
to those performed with ethnic categorization (see “Meth-
ods”) or the first two MDS dimensions (Fig. 3a) included as 
a covariate (Figure S4A). The MDS covariate provided the 
λ value closest to one (1.003), and we present the results of 
that analysis. We identified one SNP on the q-arm of chro-
mosome 1 (rs1539243, PEMMAX = 1.46 × 10−8; Fig. 5c) with 
a significant allele frequency difference between hunter-
gatherers and farmers after Bonferroni correction (family-
wise error rate α = 5%; Fig. 5a).

Multi‑marker gene‑based association tests

Because individual SNPs might fail to achieve the Bonfer-
roni significance threshold owing to insufficient power in 
our modest sample, we performed multi-marker gene-based 
association tests using VEGAS (Liu et al. 2010), a multivari-
ate method that combines association signals across all SNPs 
located within a gene, accounting for gene size and correct-
ing for non-independence among SNPs. Eight genes exhib-
ited a significant association with hunter-gatherer/farmer 
status after Bonferroni correction (α = 5%; Table 2). The 
gene encompassing the single SNP significantly associated 
with hunter-gatherer/farmer status, IKBKE (Fig. 5c), ranked 
40th across all 23,108 genes tested (PVEGAS = 1.72 × 10−4). 
The absence of a significant association with IKBKE in our 
gene-based test reflects the larger number of non-significant 
SNPs present within its transcribed region that mask the 
strong association signal of SNP rs1539243.

Relevance to the Central African pygmy phenotype

Many of the genes identified here as harboring SNPs with 
significant allele frequency differences between hunter-gath-
erers and farmers have been previously associated with bio-
logical processes consistent with their observed phenotypic 
differences. GPC6 [Mendelian Inheritance in Man (MIM) 
604404] is a growth factor receptor that is important for 
correct growth plate formation (Bassett et al. 2006), and its 

abrogation causes long-bone growth retardation (Campos-
Xavier et al. 2009). It has also been associated with energy 
and fat storage (Comuzzie et al. 2012). This association thus 
accords with the observation that hunter-gatherers have sig-
nificantly shorter legs than farmers (Fig. 2b) and smaller 
ratios with sitting height (Fig. 2d), and could reflect the co-
adaptation of body size with metabolic processes to support 
a hunter-gatherer lifestyle in the tropical rainforest (Bailey 
et al. 1989; Bailey 1991; Diamond 1991). Similarly, MAC-
ROD2 (MIM 611567) and GP1BB (MIM 138720) are caus-
ally implicated in disorders whose clinical features include 
postnatal growth deficiency (Budarf et al. 1995; Maas et al. 
2007), and MACROD2 has also been associated with blood-
borne IGF1 levels (Comuzzie et al. 2012). Their associa-
tions, therefore, accord with observed reductions in postnatal 
growth rates in hunter-gatherers relative to farmers (Hagino 
et al. 2013; Merimee et al. 1987; Rozzi et al. 2015) and 
with evidence of perturbation of IGF1-signaling in hunter-
gatherers (Geffner et al. 1995; Hattori et al. 1996).

Disruption of CACNA1C (MIM 114205) function has 
been found to cause developmental patterning abnormali-
ties and immunodeficiency (Splawski et al. 2005). Thus, its 
association might reflect the general craniofacial and skeletal 
dissimilarities observed between hunter-gatherers and farm-
ers (Froment 2014; Hiernaux 1977; Ramirez Rozzi and Sardi 
2010), and is consistent with prior associations between the 
Central African pygmy phenotype and immune-related genes 
(Jarvis et al. 2012; Lachance et al. 2012). Indeed, the only 
SNP identified in our single-marker analyses (rs1539243) 
is a synonymous mutation in the fourth exon of the gene 
encoding IKBKE (MIM 605048), an essential regulator 
of antiviral-signaling pathways (Sharma et al. 2003). Such 
associations between hunter-gatherer and farmer genetic 
differences and immune genes are consistent with adaptive 
processes related to pathogen exposure contributing to the 
evolution of the contemporary pygmy phenotype (Perry and 
Dominy 2009).

DLGAP1 (MIM 605445) has been indirectly implicated 
in fat and glucose metabolism (Aulchenko et al. 2007), 
and associated with blood-borne insulin-like growth factor 
binding protein 3 (IGFBP3) levels (Comuzzie et al. 2012) 
and age at menarche (Perry et al. 2014b). Its association is, 
therefore, compatible with observed perturbations in meta-
bolic processes (Merimee et al. 1972; Rimoin et al. 1969) 
and IGF1-signaling (Geffner et al. 1995; Hattori et al. 1996) 
in hunter-gatherers, and is consistent with the pygmy phe-
notype being an adaptive response to the metabolic costs 
of hunting and gathering in the tropical rainforest (Bailey 
et al. 1989; Bailey 1991; Diamond 1991) and an early onset 
of reproduction in a context of high mortality rates (Migli-
ano et al. 2007). Finally, PRKG1 (MIM 176894) has been 
implicated in proper platelet (Li et al. 2003) and cardiovas-
cular (Pfeifer et al. 1998) function, and it has previously 
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been found to be associated with standing height (Wood 
et al. 2014) and gait (Adams et al. 2016) in Europeans and 
sitting height in Hispanics (Comuzzie et al. 2012). This 
association might reflect the co-adaptation of body size and 

cardiovascular processes in hunter-gatherers to increase 
endurance (Ferretti et al. 1993; Ghesquiere and Nkiama 
1993) in response to hunting and gathering activities in the 
tropical rainforest.
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Association analyses of height‑related traits

Despite our modest sample size, we identified genes associ-
ated with hunter-gatherer/farmer status that relate to skeletal 
growth and patterning as well as immunity and metabolism, 
traits that are compatible with evolutionary hypotheses for 
the contemporary Central African pygmy phenotype. We 
next sought to identify genomic regions containing SNPs 
significantly correlated with variation in the height-related 
traits that differed significantly between the hunter-gatherers 
and farmers in our sample (Fig. 2a–d).

Single‑marker association tests

We performed per-SNP association tests with EMMAX to 
identify genomic regions harboring genes that contribute 
to variation in standing and sitting height and their ratio as 
well as subischial leg length. These analyses used 132–159 
individuals with trait and SNP data available (Table S1). We 
again evaluated our ability to control for genetic structure 
using λ, comparing for each trait association tests performed 
with only sex as a covariate to those performed with sex 
and hunter-gatherer/farmer status, ethnic categorization (see 
“Methods”), or the first two MDS dimensions included as 
covariates (Figure S4B–S4E). We again chose the covari-
ates that provided the λ closest to one: sex only [stand-
ing (λ = 0.964) and sitting (λ = 0.928) height], or sex and 
hunter-gatherer/farmer status [sitting/standing height ratio 
(λ = 0.912) and subischial leg length (λ = 0.926)]. Values of 
λ < 1 obtained here likely reflect the limitations of our mod-
est sample.

No SNPs were associated with standing (Figure S5) or 
sitting (Figure S6) height or subischial leg length (Figure 

S7) after Bonferroni correction, likely reflecting insuf-
ficient power with our modest sample. We did, how-
ever, identify one SNP on chromosome 3p (rs13097517, 
PEMMAX = 6.35 × 10−7; Fig. 6c) marginally associated with 
sitting/standing height ratio after Bonferroni correction 
(α = 10%; Fig. 6a).

Multi‑marker gene‑based association tests

Gene-based association tests using VEGAS identified 24 
genes associated with height-related traits after Bonferroni 
correction (α = 5%; Table 3): 14 with standing height, 13 
with sitting height, eight with sitting/standing height ratio, 
and ten with subischial leg length. Of these 24 genes, five 
were associated with all four traits, of which four were also 
significantly associated with hunter-gatherer/farmer status 
(Table 2). Ten were associated with more than one trait, and 
the remaining 14 genes were associated with only a single 
trait: six with standing height, six with sitting height, and 
two with subischial leg length.

Patterns of association among the ten genes associated 
with more than one trait potentially provide insights into the 
skeletal components and developmental pathways in which 
they function. For example, two of the ten are associated 
with sitting/standing ratio and subischial leg length (DPYD 
and ERC2), suggesting that their associations are driven 
mostly by leg length differences between hunter-gatherers 
and farmers (Fig. 2b). Two others are associated with stand-
ing height and sitting height (MAGI2 and FOXN3), suggest-
ing their associations are driven mostly by differences in 
trunk length (Fig. 2c). In this view, genes associated with 
multiple traits that lack one or more clearly identifiable 
skeletal components in common potentially encode proteins 
important in general skeletal development and growth.

Relevance to the Central African pygmy phenotype

Four of the five genes associated with all four height-
related traits (Table 3) also show association with hunter-
gatherer/farmer status (Table 2) and, as described above, 
have reported functions compatible with contemporary 
anatomical and physiological differences observed between 
hunter-gatherers and farmers and with evolutionary hypoth-
eses for the pygmy phenotype: GPC6, MACROD2, CAC-
NA1C, and DLGAP1. Among the 20 genes not overlapping 
those associated with hunter-gatherer/farmer status, DPYD 
(MIM 612779) was associated with subischial leg length 
and sitting/standing height ratio, and its disruption has been 
previously found to cause craniofacial and skeletal abnor-
malities (van Kuilenburg et al. 2009). Similarly, FOXN3 
(MIM 602628) was associated with standing and sitting 
height here, and its disruption has been found to cause post-
natal growth retardation and craniofacial defects in mice 

Table 2   Eight genes significantly associated by VEGAS with hunter-
gatherer/farmer status

Gene names in bold were also significantly associated with height-
related traits (Table 3)
Genes are ordered by chromosome and position
a Associated with standing-height variation in Europeans (Wood et al. 
2014)

Gene Genomic position Number 
of SNPs

PVEGAS

Chr Begin (bp) End (bp)

ZNF32 10 44,124,264 44,170,147 24 < 10−7

PRKG1a 10 52,750,910 54,058,110 78 < 10−7

CACNA1C 12 2,162,415 2,807,115 76 1.00 × 10−7

SMIM2 13 44,684,684 44,728,211 15 < 10−7

GPC6 13 93,879,077 95,060,273 111 1.30 × 10−6

DLGAP1 18 3,496,029 4,455,266 165 < 10−7

MACROD2 20 13,976,145 16,033,841 183 1.20 × 10−6

GP1BB 22 19,704,742 19,712,297 6 < 10−7
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(Samaan et al. 2010). Their associations, therefore, accord 
with observed reductions in postnatal growth rates in hunter-
gatherers relative to farmers (Hagino et al. 2013; Merimee 
et al. 1987; Rozzi et al. 2015) as well as hunter-gatherer/
farmer craniofacial dissimilarities (Froment 2014; Hiernaux 
1977; Ramirez Rozzi and Sardi 2010), suggesting they might 
also have wider skeletal development functions that contrib-
ute to stature in humans.

The single SNP marginally associated with sitting/stand-
ing height ratio, rs13097517, lies in an intron of ERC2 (MIM 
617250; Fig. 6c), a regulator of neurotransmitter release (Ko 
et al. 2003) that was also identified in our gene-based tests 
(Table 3). Exploration of this SNP with the annotation pro-
gram GWAS3D (Li et al. 2013) places it within a highly 
conserved genomic region with four active enhancer marks 
(H3K4me1, H3K27ac, P300, DHS) and sequence homology 

to the binding motif of transcription factor STAT5A, with a 
significant difference in binding affinity predicted between 
alleles (P = 0.027). The signal transducer and activator 
of transcription (STAT) family regulates many aspects of 
growth, survival, and differentiation (Darnell 1997), and 
includes STAT5A and its paralog STAT5B, an essential tar-
get of HGH and a critical regulator of production of IGF1 
(Udy et al. 1997), a key factor in human height (Waldman 
and Chia 2013). This putative enhancer region lies ~ 600 kb 
upstream of WNT5A, a signaling ligand whose loss-of-
function causes craniofacial and skeletal abnormalities 
that include shortened limbs (Oishi et al. 2003). Thus, this 
association might reflect the influence of rs13097517 on the 
binding affinity of STAT5A at this putative enhancer that 
modifies the expression of WNT5A, potentially contributing 
to the differential skull morphology (Froment 2014; Ramirez 

Table 3   Twenty-four genes significantly associated by VEGAS with the height-related traits

Gene names in bold were significantly associated with hunter-gatherer/farmer status (Table 2)
Genes are ordered first by the number of traits with which they are associated and then by chromosome and position
a Associated with standing-height and arm-length variation in Hispanics (Comuzzie et al. 2012)
b Associated with standing-height variation in Europeans (Kim et al. 2010)
c Within 1 Mb of genomic regions identified by Perry et al. (2014a) as associated with the short stature phenotype of East Central African Batwa 
hunter-gatherers
d VEGAS permutation P values in bold are significant after Bonferroni correction (α = 5%)

Gene Genomic position Number 
of SNPs

PVEGAS
d

Chr Begin (bp) End (bp) Standing height Sitting height Sit/stand height ratio Subischial leg length

NRG1 8 31,497,267 32,622,558 87 < 10−7 2.00 × 10−6 < 10−7 < 10−7

CACNA1C 12 2,162,415 2,807,115 76 < 10−7 < 10−7 < 10−7 3.00 × 10−7

GPC6 13 93,879,077 95,060,273 111 1.00 × 10−6 < 10−7 < 10−7 < 10−7

DLGAP1 18 3,496,029 4,455,266 165 < 10−7 < 10−7 < 10−7 < 10−7

MACROD2 20 13,976,145 16,033,841 183 < 10−7 < 10−7 < 10−7 3.00 × 10−7

DSCAMa 21 41,384,342 42,219,039 72 < 10−7 0.0015 < 10−7 < 10−7

DPYD 1 97,543,299 98,386,615 30 0.0963 3.40 × 10−5 < 10−7 < 10−7

ERC2 3 55,542,335 56,502,391 36 0.0030 0.0202 2.00 × 10−7 8.00 × 10−7

MAGI2b 7 77,646,373 79,082,890 132 < 10−7 < 10−7 0.0086 0.0021
FOXN3 14 89,622,515 90,085,494 63 < 10−7 < 10−7 7.82 × 10−4 1.83 × 10−4

NPPA 1 11,900,375 11,907,673 618 9.30 × 10−5 < 10−7 0.0016 0.0011
DISC1 1 231,664,398 232,177,019 26 < 10−7 0.0100 0.0022 1.18 × 10−4

LMCD1 3 8,262,833 8,543,344 26 0.0594 < 10−7 0.0076 0.1408
IL12A 3 159,631,189 159,924,879 16 0.0021 < 10−7 0.1185 0.0542
ADIPOQ 3 186,560,462 186,576,252 32 < 10−7 0.0049 0.0041 0.0011
XXYLT1 3 194,789,012 194,991,895 18 < 10−7 6.70 × 10−5 0.1610 0.0033
LNX1 4 54,326,436 54,457,753 33 < 10−7 4.40 × 10−5 0.0179 3.21 × 10−4

EGFLAM 5 38,258,510 38,465,582 27 < 10−7 8.80 × 10−5 0.0014 5.80 × 10−6

PACRG​ 6 163,148,163 163,736,524 48 0.0150 < 10−7 3.70 × 10−6 0.0012
RPS6KA2 6 166,822,853 167,275,771 51 < 10−7 0.0020 1.97 × 10−4 4.45 × 10−4

SHANK2c 11 70,313,960 70,935,808 27 2.00 × 10−5 0.0123 0.0027 < 10−7

CCDC169 13 36,742,344 36,871,992 8 0.0112 0.4990 1.20 × 10−4 < 10−7

TNFRSF6B 20 62,289,162 62,330,051 24 0.0067 < 10−7 3.00 × 10−5 0.0194
COL18A1 21 46,825,096 46,933,634 12 0.1350 < 10−7 0.0018 0.5910
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Rozzi and Sardi 2010) and leg and forearm lengths (Froment 
2014; Hiernaux 1977) of hunter-gatherers compared with 
farmers.

The potential biological bases of associations observed 
between the other genes and the height-related traits remain 
enigmatic. Although MAGI2 (MIM 606382) has previ-
ously been associated with standing height in East Asians 

(Kim et al. 2010) and is associated with sitting height here 
(Table 3), its reported roles in renal development and func-
tion (Balbas et al. 2014) do not suggest a role in human 
anthropometry. Similarly, DSCAM (MIM 602523) has pre-
viously been associated with standing height and arm span in 
Hispanics (Comuzzie et al. 2012), and with standing height, 
sitting/standing height ratio, and leg length here (Table 3), 
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Fig. 6   EMMAX association signals for adult sitting/standing height 
ratio. a Manhattan plot. b Quantile–quantile plot. These plots con-
sider the 153,798 autosomal SNPs in the genetic dataset, examining 
only the 132 individuals with measurements for both standing and 
sitting height (Table  S1). c LocusZoom plot (Pruim et  al. 2010) of 

the genomic region surrounding the single marginally significant SNP 
(rs13097517, PEMMAX = 6.35 × 10−7). In a, the gray horizontal dotted 
line indicates the Bonferroni α = 10% significance level. The figure 
design follows Fig. 5
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contrasting with its reported role in nervous system devel-
opment (Hattori et al. 2007). Moreover, although the gene 
encoding SHANK2 (MIM 603290) is located within a 
genomic region previously associated with the pygmy 
phenotype in East Central African Batwa hunter-gatherers 
(Perry et al. 2014a) and is reported to influence serum levels 
of estradiol (Comuzzie et al. 2012)—a regulator of female 
development and metabolism (Lopez and Tena-Sempere 
2016)—its reported roles in neurodevelopment (Schmeisser 
et al. 2012) do not give insight into its suggested role in 
leg length determination here (Table 3). Although associa-
tions observed with these genes might reflect the regulatory 
effects of mutations in enhancer elements present within 
their transcribed regions acting on nearby genes that have 
functions in human anthropometry, they might also reflect 
unknown functions of these genes in biological pathways 
and processes related to human body size.

Effect of European standing‑height‑associated SNPs 
in Central Africans

We did not observe the 949 European standing-height-
associated SNPs present on the Cardio-MetaboChip (Voight 
et al. 2012) and polymorphic in our genetic dataset to be 
individually significantly associated with either hunter-gath-
erer/farmer status or variation in four height-related traits. 
However, in our gene-based tests, we did identify three genes 
previously associated with standing or sitting height in non-
Africans (Comuzzie et al. 2012; Kim et al. 2010; Wood et al. 
2014): PRKG1 was associated with hunter-gatherer/farmer 
status (Table 2), DSCAM with standing height, sitting/stand-
ing height ratio, and subischial leg length (Table 3), and 
MAGI2 with standing and sitting height (Table 3). These 
observations are compatible with European standing-height 
SNPs contributing to height determination in Central Afri-
cans, but with effect sizes too small to individually reach 
significance in our modest sample. Indeed, when we explore 
the P values for the 173 standing-height SNPs of Wood et al. 
(2014) and the 949 standing-height SNPs of Lango Allen 
et al. (2010), several interesting patterns emerge.

Neither the Wood et al. SNPs nor the Lango-Allen et al. 
SNPs departed from the uniform expectation for the P value 
distribution to a greater extent than the non-standing-height-
associated SNPs included on the Cardio-MetaboChip with 
hunter-gatherer/farmer status (Fig. 5b) and subischial leg 
length (Figure S7B). However, the Wood et al. and Lango-
Allen et al. SNPs do depart to a greater extent with sitting 
height (Figure S6B). With standing height, the Lango-Allen 
et al. SNPs depart to a greater extent and the Wood et al. 
SNPs generally do not (Figure S5B). With sitting/standing 
height ratio, the pattern is reversed for these two SNP sets 
(Fig. 6b). These patterns suggest a scenario in which Euro-
pean standing-height SNPs—or functional variants in strong 

LD with them in Central Africans—contribute to standing 
and sitting-height determination in Central Africans, but not 
to determination of leg length or categorization of hunter-
gatherers and farmers.

Discussion

We have performed a joint investigation of the variability 
and genetic architecture of components of adult standing 
height in Central African hunter-gatherers and their neigh-
boring farmers. Our findings accord with prior anthropo-
metric observations (Froment 2014; Hiernaux 1977) that 
although hunter-gatherer body size is generally reduced 
relative to farmers, leg lengths in hunter-gatherers are sig-
nificantly shorter relative to trunk length. Our results provide 
further support for an appreciable genetic component to the 
determination of body size differences between hunter-gath-
erers and farmers, as implied by correlations of anthropo-
metric measures and farmer genetic admixture that replicate 
those reported previously for standing height only (Becker 
et al. 2011; Jarvis et al. 2012; Perry et al. 2014a).

Although our sample size is modest compared with tra-
ditional GWAS, our single- and multi-marker association 
analyses identified one genomic region and eight genes 
associated with hunter-gatherer/farmer status after Bon-
ferroni correction. However, we identified only a single 
region marginally associated with just one of the height 
traits we considered (Fig. 6). Given that for each trait, some 
SNPs had notably lower P values than most SNPs tested 
(Figures S5–S7), the paucity of associations likely reflects 
lower power with smaller sample sizes (132–159) than were 
available for hunter-gatherer/farmer status (406). Neverthe-
less, gene-based multi-marker tests identified 8–14 genes 
enriched for SNPs exhibiting association with standing 
height (14), sitting height (13), sitting/standing height ratio 
(8), and subischial leg length (10). Quantile–quantile plots 
(Figure S4) and genomic inflation factors (λ) indicate that 
our approach appropriately corrected for structure and relat-
edness (Fig. 3).

Our observations of higher sitting/standing height ratios 
and smaller subischial leg lengths in hunter-gatherers com-
pared with farmers (Fig. 2) potentially reflect the general 
nonlinear allometric scaling relationship between body size 
and proportions in humans (Hiernaux 1974; Huxley 1932), 
whereby shorter individuals tend to have shorter legs and 
higher sitting/standing height ratios than taller individu-
als. They are compatible with the study of Shea and Bailey 
(1996), who found body proportions in Efe hunter-gatherers 
to be consistent with allometric scaling relationships seen 
in Central African farmers. Six of the eight genes found 
to be significantly associated with sitting/standing height 
ratio were also significantly associated with standing height 
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(Table 3), suggesting that observed differences in body pro-
portions between hunter-gatherers and farmers might be due 
in part to genetic factors that contribute both to the generally 
reduced body size of hunter-gatherers and to allometrically 
related body measurements.

We have identified novel genes and genomic regions 
associated with hunter-gatherer/farmer status and standing-
height variation in Central Africans. Note that unlike Perry 
et al. (2014a), who did not uncover significant genomic 
regions in a similarly sized dataset of hunter-gatherers and 
farmers, we used association approaches rather than an 
admixture mapping approach that identifies genomic regions 
differing in inferred ancestry between hunter-gatherers and 
farmers. Considered together with our identification of genes 
and genomic regions associated with hunter-gatherer/farmer 
status and variation in four height-related traits, this observa-
tion suggests that cross-population GWAS are informative 
for exploring the genetic basis of human phenotypes that 
vary naturally across Central African populations.

Consistent with prior studies that investigated contribu-
tions of > 100 non-African standing-height-associated SNPs 
to standing-height variation among 5–230 Central African 
hunter-gatherers and farmers (Jarvis et al. 2012; Lachance 
et al. 2012; Perry et al. 2014a), none of the 949 SNPs listed 
in the Cardio-MetaboChip manifest (Voight et al. 2012) as 
associated with standing height were individually associated 
with height-related variation in our Central African sam-
ple. However, P values for these SNPs did depart from the 
uniform expectation to a greater extent than non-standing-
height SNPs with standing and sitting height and their ratio, 
indicating that they or functional variants in strong LD with 
them might contribute to height determination in Central 
Africans, but with effect sizes too small to be found in our 
modest sample.

Insights from specific genes

Some of the genes and genomic regions identified poten-
tially provide novel insight into the genetic basis of ana-
tomical and physiological features of the Central African 
pygmy phenotype. First, a number of genes associated with 
the height-related traits have been reported to cause both 
skeletal and craniofacial abnormalities when perturbed: 
MACROD2 (Maas et al. 2007), GP1BB (Budarf et al. 1995), 
CACNA1C (Splawski et al. 2005), DPYD (van Kuilenburg 
et al. 2009), and FOXN3 (Samaan et al. 2010). It is, there-
fore, possible that craniofacial differences between hunter-
gatherers and farmers (Froment 2014; Ramirez Rozzi and 
Sardi 2010) might in part reflect coevolution of craniofacial 
traits with stature.

Second, the sole SNP marginally associated with sit-
ting/standing height ratio (rs13097517) lies in a putative 
STAT5A enhancer element ~ 619 kb upstream of WNT5A, a 

signaling ligand whose abrogation causes craniofacial and 
skeletal abnormalities including shortened limbs (Oishi 
et al. 2003). Although a mutational screen of the STAT5A 
gene found no evidence of association with hunter-gatherer/
farmer status (Becker et al. 2013) and association of this 
putative enhancer with WNT5A expression remains unex-
amined, our observation is compatible with a partial con-
tribution to hunter-gatherer short stature from perturbation 
of WNT5A expression. Intriguingly, WNT5A mediates the 
actions of growth factor receptor GPC6 (Yiu et al. 2011), an 
important determinant of long-bone growth (Bassett et al. 
2006; Campos-Xavier et al. 2009) that was associated with 
hunter-gatherer/farmer status (Table 2) and all four height-
related traits (Table 3). Perturbation of the GPC6/WNT5A 
pathway might thus be a general feature of hunter-gatherer 
short stature.

Third, two genes associated with hunter-gatherer/farmer 
status (Table 2) as well as all four height-related traits 
(Table  3) have putative roles in IGF1-signaling. MAC-
ROD2 is implicated in postnatal growth deficiency (Maas 
et al. 2007) and modulation of blood-borne IGF1 levels 
(Comuzzie et al. 2012), and DLGAP1 is implicated in fat 
and glucose metabolism (Aulchenko et al. 2007), reproduc-
tive development (Perry et al. 2014b), and modulation of 
blood-borne levels of IGF1-signaling component IGFBP3 
(Comuzzie et al. 2012). Our identification of genes with 
roles in growth or metabolic pathways as well as in modulat-
ing levels of proteins with reported roles in IGF1-signaling 
accords with associations reported between SNPs in the 
IGF1 and the growth hormone receptor genes and hunter-
gatherer/farmer status (Becker et al. 2013), highlighting an 
intriguing possibility. The reduced body size of contempo-
rary hunter-gatherers (Froment 1993; Hiernaux 1974) might 
be an evolutionary byproduct of adaptive processes acting 
on metabolic and developmental pathways to support a 
hunting-gathering lifestyle in the tropical rainforest (Bailey 
et al. 1989; Bailey 1991; Diamond 1991), processes that 
acted upon proteins that function both in IGF1-signaling 
and in growth and metabolism. In this view, alterations in 
metabolic processes (Merimee et al. 1972; Rimoin et al. 
1969) and postnatal growth rates (Hagino et al. 2013; Meri-
mee et al. 1987; Rozzi et al. 2015) in response to diet and 
food insecurities might have led to perturbations in IGF1-
signaling (Geffner et al. 1995; Hattori et al. 1996) and an 
inadvertent decrease in overall stature.

Finally, two of eight genes associated with hunter-gath-
erer/farmer status and one gene associated with sitting height 
have functions in immune rather than developmental pro-
cesses: IKBKE is an essential regulator of antiviral-signaling 
pathways (Sharma et al. 2003), disruption of CACNA1C 
leads to immunodeficiency (Splawski et al. 2005), and IL12A 
functions in innate and acquired immune responses (Wolf 
et al. 1994). Our findings, therefore, add to evidence that 
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adaptation in both immune- and auxologic-related processes 
has contributed to evolution of the contemporary pygmy 
phenotype (Jarvis et al. 2012; Lachance et al. 2012; Perry 
et al. 2014a).

Genetics of height‑related traits in Central Africans 
and Europeans

The lack of association of the European standing-height 
SNPs with standing-height variation in our Central African 
sample is compatible with ancestry-related differences in 
the genetic architecture of human height in Europeans and 
Central Africans. Standing-height determination in Central 
Africans might be expected to involve both genetic factors 
private to Central Africans as well as those shared with 
Europeans. The latter would have arisen early in human evo-
lution before migration of the ancestors of Europeans out of 
Africa, and would have later experienced divergent evolu-
tionary trajectories in Central Africans and Europeans, due 
possibly to genetic drift or to dissimilar selective pressures 
leading to differences in their contemporary relationship 
with standing height. Indeed, Martin et al. (2017) recently 
argued that standing-height predictions based on European 
standing-height SNPs from Wood et al. (2014) are consider-
ably shorter than the population averages for Africans. This 
observation highlights the biological complexity of human 
height as well as the imperfect transferability of European 
standing-height SNPs across ancestral backgrounds, poten-
tially contributing to the absence of associations for these 
SNPs in our Central African sample.

Note that for some non-African SNPs, absence of signifi-
cant association might also be a result of discordance in LD 
patterns between Europeans and Central Africans disrupting 
the relationship between the genotyped SNP and the trait-
determining variant (Shriner et al. 2009). Indeed, for stand-
ing height, the trait-increasing allele identified here agrees 
with those identified by Lango Allen et al. (2010) and Wood 
et al. (2014) for only 47.8 and 50.3% of the European stand-
ing-height SNPs, respectively, although they are concordant 
for 89.6% of SNPs between the two European studies. The 
greater discordance between trait-increasing alleles in this 
Central African study and the two European studies possibly 
results from the same functional variants affecting standing 
height in Central Africans and Europeans, but with different 
LD patterns that weaken correlations of those variants with 
the variants tested.

Despite an absence of SNP-wise associations with non-
African standing-height SNPs, gene-based association tests 
did identify three non-African standing-height genes as 
associated with height-related traits in Central Africans: 
MAGI2 (Kim et al. 2010) and DSCAM (Comuzzie et al. 
2012), and one associated with hunter-gatherer/farmer sta-
tus, PRKG1 (Wood et al. 2014). Thus, although non-African 

standing-height SNPs did not individually reach signifi-
cance, our multi-marker identification of MAGI2, DSCAM, 
and PRKG1 suggests that this outcome might result at least 
in part from insufficient power with our modest sample. 
Indeed, though not statistically significant, another non-
African standing-height gene, GPC5 (Comuzzie et al. 2012; 
Lango Allen et al. 2010; Wood et al. 2014), is among the 
top 20 genes exhibiting an association with standing height 
(PVEGAS = 1.60 × 10−5), sitting height (PVEGAS = 2.30 × 10−5), 
and subischial leg length (PVEGAS = 3.48 × 10−5) in Central 
Africans. These associations might, however, be driven by 
Africa-specific height-influencing functional variants that 
arose separately from those identified previously in Europe-
ans, but that nonetheless act through a common set of genes 
to influence human stature.

Limitations

Our study of height-related differences between Central 
African hunter-gatherers and farmers has used the SNPs 
of the Illumina Cardio-MetaboChip, a genotyping array 
designed to facilitate replication and fine-mapping of asso-
ciations identified by large consortia studying anthropomet-
ric and cardiovascular traits in individuals of mostly recent 
European ancestry (Voight et al. 2012). Although this array 
has enabled us to investigate the role of SNPs associated 
with standing-height variation in Europeans (Lango Allen 
et al. 2010; Wood et al. 2014) in height-related variation in 
Central Africans, its noncomprehensive genomic distribu-
tion has limited the proportion of the genome that could be 
interrogated. Consequently, contributing genes and genetic 
variants that lie outside the regions represented by this array 
will have gone undetected. Moreover, limiting our analysis 
to SNPs included primarily for informativeness in non-Afri-
cans has potentially limited our sensitivity to detect African-
specific genetic variants contributing to height-related traits 
in Central Africans (Conrad et al. 2006; Huang et al. 2011). 
Studies with denser and more uniform genomic coverage 
will be required to provide a more complete genome-wide 
perspective on the evolution and determination of the con-
temporary Central African pygmy phenotype.

Our results disagree in part with prior observations on 
BMI differences between hunter-gatherers and farmers, par-
ticularly for females (Froment 2014). This inconsistency can 
be explained in part by the inclusion of only rural individu-
als in our sample, whereas prior studies collected both rural 
and urban data. Body weight differs between rural and urban 
settings, as individuals living in urban areas are generally 
heavier than those in rural areas. This phenomenon affects 
females to a greater extent than males, and has increased 
over time (Abubakari et al. 2008; Fezeu et al. 2008). These 
urban–rural and temporal differences would be expected to 
influence BMI patterns reported in prior studies, particularly 
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for females, and to lead to apparent differences with patterns 
in our more recent rural-only sample. Larger studies of BMI 
in Central African hunter-gatherer and farming populations 
that account for rural and urban differences in body weight 
will be required to clarify the sex-specific BMI patterns in 
these populations.

Conclusions

Despite using a modest sample size, we have identified 
genomic regions and genes that are biologically meaningful 
in relation to both the traits themselves and to Central Afri-
can hunter-gatherer and farmer phenotypic differences. Our 
findings highlight the need for joint analyses considering 
anthropometric and physiological measures in large samples 
of hunter-gatherers and farmers to facilitate understanding 
of the biological basis of the contemporary Central Afri-
can pygmy phenotype. Larger-scale studies of short stature 
populations have potential to shed light on relative contri-
butions of shared and distinct pathways in the development 
and maintenance of short stature. In particular, studying 
populations of different stature living in different ecologic 
environments will provide a greater understanding of adap-
tive processes underlying the variation in adult body size 
observed across contemporary human populations.

Methods

Samples

Our initial sample included 558 individuals from 20 Central 
African populations collected during fieldwork conducted 
between 2005 and 2009 (Fig. 1; Table 1). At each sampling 
site, authors (PV, BH, SLB, AF, and NB) with extensive 
biological and cultural anthropological fieldwork experience 
in the investigated communities categorized populations as 
hunter-gatherer (“Pygmy”) or farmer (“non-Pygmy”) based 
on cultural criteria that do not include adult standing height 
(Bahuchet 1993a, 2012; Fürniss and Bahuchet 1995; Hewlett 
1996, 2014; Joiris 2003; Le Bomin and Mbot 2012; Turn-
bull 1965; Verdu 2009). Here, a community was categorized 
as hunter-gatherer “Pygmy” when it: (1) is recognized by 
outsiders (i.e., farmer “non-Pygmies”) as specialized in for-
est activities such as hunting and gathering as well as hav-
ing medical and magical knowledge of the rainforest; (2) 
shares complex socio-economic relationships with specific 
neighboring outsiders, such as exchanging forest products 
for iron tools; (3) is designated as “Pygmy” (or its literal 
local translation) or at least as “other than self” by neighbor-
ing outsiders; (4) distinguishes itself as a community with a 
different ethno-name from neighboring outsiders, regardless 

of languages spoken; (5) has differing musical practices and 
instruments recognized as such by neighboring outsiders.

For each individual, DNA was extracted from either 
whole blood buffy coats with DNeasy Blood & Tissue 
spin-column kits (Qiagen, Valencia, CA) or saliva collected 
using Oragene kits (DNA Genotek Inc., Kanata, ON), fol-
lowing the manufacturer protocol. For a subset of the indi-
viduals from seven hunter-gatherer [Baka (Center), Baka 
(East), Bezan (South), Bongo (Center), Bongo (East), Bongo 
(South), Koya] and three farming (Nzime, Tikar, Ban-
gando) populations (Table S1), adult standing and sitting 
height were measured with a height gauge and weight with 
a standard weigh scale following standard anthropometric 
procedures (Weiner and Lourie 1981). Standing height was 
measured with height gauges of the same brand and model 
at all sites. We used electronic body weight scales with 
100 g precision at all sites. Individuals in the countryside 
in Central Africa are lightly clothed and often do not wear 
shoes. Although shoes were removed during weighing, peo-
ple remained clothed. To account for clothing in recorded 
weights, we subtracted 500 g from the measured weight as 
our previous experience showed that this was roughly the 
average weight of clothes worn by people in the communi-
ties from which our sample was collected.

Subischial leg length was calculated as standing height 
minus sitting height, and BMI as body weight divided by the 
square of standing height (kg/m2). Accurate age data were 
unavailable as most of the communities do not track birth 
dates. Although we cannot rule out a confounding effect 
of osteoporotic age-related shrinking, we expect it to be 
minimal as elderly individuals were not considered; elder-
liness was determined at the time of collection via visual 
appearance and defined by a general lack of teeth, a hunched 
appearance, or reduced mobility in the absence of disease or 
a self-reported handicap. The ages of individuals included in 
our sample are estimated to be between 18 and 65 years-old.

Genotyping and quality control

Genotypes of 558 individuals (Table 1) were obtained at the 
University of Michigan Medical School DNA Sequencing 
Core (Ann Arbor, MI) using the Illumina Cardio-Metabo-
Chip (Voight et al. 2012). Control samples (18 replicates of 
one individual) were used to verify genotype consistency 
across array batches. We focus on 196,091 of the 196,725 
SNPs with independently verified genomic positions. The 
Illumina GenomeStudio Genotyping Module was used for 
genotype-calling (v.1.0; Illumina, San Diego, CA).

Following quality control procedures conducted at the 
genotype-calling level (Stage 1, Figure S8), the preliminary 
dataset contained 192,903 autosomal SNPs polymorphic 
in a sample of 543 hunter-gatherers and farmers. Next, we 
conducted population-level quality control (Stage 2, Figure 
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S8), creating an initial dataset of 154,106 autosomal SNPs 
polymorphic in the 543 individuals. Hardy–Weinberg equi-
librium was evaluated separately in each population using 
Yates-corrected chi-squared tests (Weir 1996), and we used 
the same exclusion criteria as in Pemberton et al. (2010).

Hunter-gatherers and neighboring farmers interact 
socially and economically on a daily basis (Bahuchet and 
Guillaume 1982; Bahuchet 2012; Hewlett 1996; Joiris 2003). 
Thus, individuals from neighboring communities might have 
been present at the time of sampling, and some might have 
been wrongly categorized as hunter-gatherer or farmer. To 
search for categorization errors during sample collection, we 
performed MDS analysis (see below) in our initial dataset. 
We identified 11 individuals initially categorized as hunter-
gatherer and five categorized as farmer who did not cluster 
genetically with other individuals sharing the same catego-
rization. To be conservative, we removed these 16 putative 
misclassified individuals and repeated the population-level 
quality control procedures (stage 3, Figure S8) to create a 
dataset containing 154,029 autosomal SNPs polymorphic in 
a sample of 527 hunter-gatherers and farmers (“527RELAT” 
henceforth; Table 1); all individuals possessed genotypes at 
≥ 94.9% of SNPs.

Pairwise relatedness among all 527 individuals in the 
527RELAT dataset was evaluated using identity-by-state 
allele-sharing and the likelihood approach of RELPAIR 
(v.2.0.1) (Boehnke and Cox 1997; Epstein et al. 2000) fol-
lowing the methods of Pemberton et al. (2010) restricted to 
sets of 9,999 SNPs. A total of 282 pairs of individuals were 
inferred by RELPAIR to be related at a level closer than 
first cousins: 230 intra-population and 52 inter-population 
pairs. All inter-population pairs involved geographically 
close populations (Fig. 1); 47 with the two Bezan popula-
tions (BZN and BZS), three with two Bongo populations 
(CBG and EBG), and two with the nearby Fang (CFG) and 
Ngumba (NGB) populations.

A dataset containing no first- or second-degree relatives 
was created by removing one individual from each of these 
282 relative pairs. To minimize exclusions, we preferen-
tially omitted individuals present in two or more relative 
pairs (either intra- or inter-population). When either indi-
vidual in a pair could be removed, we removed the one with 
more missing data. After exclusion of 121 related individu-
als, many with multiple relatives in the initial dataset, we 
repeated the population-level quality control procedures 
(stage 4, Figure S8), producing an unrelated dataset with 
153,798 autosomal SNPs polymorphic among 406 hunter-
gatherers and farmers (“406UNRELAT” henceforth; 
Table 1); all individuals possessed genotypes at ≥ 94.9% of 
SNPs. Because of small sample sizes in the 406UNRELAT 
dataset, we combined the two Bezan populations (11 for 
BZN and 17 for BZS) into one (“Bezan” henceforth; BEZ, 
Table 1). These samples belong to the same Bezan ethnic 

group of Central Cameroon, which has census size < 400, 
divided between two communities ~ 50 km apart and in fre-
quent contact (PV and AF, unpublished data).

Population‑genetic analyses

We performed MDS based on ASD matrices constructed 
for pairs of individuals in the 406UNRELAT dataset using 
asd (v1.0; https​://githu​b.com/szpie​ch/asd). This program 
considers in the calculation for a pair only those SNPs for 
which neither individual was missing genotypes. We applied 
classic metric MDS on the ASD matrix using cmdscale in 
R (v3.3.1) (R Development Core Team 2014). To study the 
variation in ASD represented in the first two MDS dimen-
sions, we calculated the Spearman correlation ρ between 
the Euclidean distances for all pairs of individuals and their 
corresponding ASD values (using cor.test in R here and for 
other correlations). To evaluate dispersion among hunter-
gatherers and farmers in the MDS plot, we compared the 
variance among their ASD values with a one-sided F test 
using var.test in R.

For the 406UNRELAT dataset, we performed STRU​CTU​RE 
(v2.3) unsupervised model-based clustering (Falush et al. 2003; 
Pritchard et al. 2000), which probabilistically assigns propor-
tions of each individual’s genotypes to each of K genetic clus-
ters, where K is set a priori, disregarding individual population 
categorizations. We used the admixture model with separate 
Dirichlet parameters in each cluster and correlated allele fre-
quencies, and a burn-in period of 20,000 iterations followed by 
10,000 iterations.

To minimize the number of linked loci owing to the gene-
centric Cardio-MetaboChip design, in the STRU​CTU​RE anal-
yses we used 40,424 SNPs with minimum spacing 18.75 kb. 
From these 40,424 SNPs, we created four non-overlapping 
panels of 10,106 SNPs each with minimum marker spacing 
of 75 kb. For panel n (1 ≤ n ≤ 4), every fourth SNP along a 
vector of the 40,424 SNPs was selected, starting at position 
n − 1. In this vector, SNPs were numbered ordered from chro-
mosome 1–22 and by increasing genomic positions (NCBI 
build 37) along chromosomes. For each panel, we computed 
10 STRU​CTU​RE runs for K from 2 to 4, producing 40 inde-
pendent replicates for each K. We identified frequent modes 
among the 40 replicates using the CLUMPP (Jakobsson and 
Rosenberg 2007) Greedy algorithm with 1000 random per-
mutations. For each K, all pairs of runs with symmetric simi-
larity coefficients > 0.9 were considered to belong to the same 
mode. For each mode, we computed individual membership 
proportions averaged across runs from that mode, visualizing 
the most frequent mode with DISTRUCT​ (Rosenberg 2004).

To investigate the relationship between farmer admixture 
and each measured trait in Central Africans, we calculated 
the Pearson correlation coefficient r between individual 
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membership proportions in the blue cluster at K = 2 and trait 
measurements where available.

Association analyses

Single‑marker tests

Per-SNP association tests were performed using EMMAX 
(Kang et al. 2010), which implements a mixed-effect regres-
sion model (Yu et al. 2006) to account for genetic structure 
in a sample, incorporating variance components of random 
polygenic effects (Fisher 1918; Ober et al. 2001) and genetic 
relatedness among individuals using a pairwise Balding-
Nichols kinship matrix (Balding and Nichols 1995) [Eq. 7 in 
Kang et al. (2010)]. We constructed the matrix for all pairs 
of individuals in the 406UNRELAT dataset using EMMAX, 
including in the calculation only 93,821 SNPs inferred to be 
in linkage equilibrium (r2 < 0.5).

Association analyses for hunter-gatherer/farmer status 
were performed by labeling hunter-gatherers as “cases” 
and farmers as “controls.” We evaluated how the inclusion 
of ethnic categorization and the first two MDS dimensions 
improved control of genetic structure in our sample com-
pared with the inclusion of no covariates using the genomic 
inflation factor λ (Devlin and Roeder 1999), considering 
in the calculation only the 93,821 SNPs inferred to be in 
linkage equilibrium (r2 < 0.5). Here, ethnic categorization 
represents a categorical variable where hunter-gatherers 
and farmers who live in the same geographic area (i.e., are 
members of the same population pairing) are assigned the 
same integer (i.e., 1, 2, 3, etc.). The results presented were 
obtained using the covariate that provided the value of λ 
closest to 1.

Association analyses were performed for each measured 
trait, considering only individuals with data available. To 
control for possible population differences and sexual dimor-
phism in the measured traits, in our analysis of quantitative 
traits, we included sex as a covariate and using λ, explored 
how the inclusion of hunter-gatherer status (as a binary vari-
able), ethnic categorization, or the first two MDS dimen-
sions improved control of genetic structure in our sample 
compared with inclusion of no covariates. Results presented 
were obtained using sex and the variable with the λ value 
closest to 1 as covariates.

Multi‑marker gene‑based tests

We performed multi-marker gene-based association tests 
using VEGAS (Liu et al. 2010). Separately for each gene, 
VEGAS computes a χ2 test statistic from EMMAX P val-
ues for all its SNPs (± 50 kb from ends of the transcribed 
region), evaluating significance by simulation from a mul-
tivariate normal distribution with mean 0 and a covariance 

matrix of pairwise LD among SNPs, accounting for effects 
of gene size in a manner found by Liu et al. (2010) to pro-
duce comparable results to permutation. Transcribed regions 
were defined using UCSC gene database hg19 (Meyer et al. 
2013); for genes with multiple isoforms, begin and end posi-
tions were defined as the outermost positions in the union of 
transcribed regions of all isoforms.
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