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The role of GHR and IGF1 genes in the genetic
determination of African pygmies’ short stature

Noémie SA Becker*,1, Paul Verdu2, Myriam Georges1, Philippe Duquesnoy3, Alain Froment1,4,
Serge Amselem3, Yves Le Bouc5 and Evelyne Heyer1

African pygmies are at the lower extreme of human variation in adult stature and many evolutionary hypotheses have been

proposed to explain this phenotype. We showed in a recent study that the difference in average stature of about 10 cm observed

between contemporary pygmies and neighboring non-pygmies has a genetic component. Nevertheless, the genetic basis of

African pygmies’ short stature remains unknown. Using a candidate-gene approach, we show that intronic polymorphisms in GH

receptor (GHR) and insulin-like growth factor 1 (IGF1) genes present outlying values of the genetic distance between Baka

pygmies and their non-pygmy Nzimé neighbors. We further show that GHR and IGF1 genes have experienced divergent natural

selection pressures between pygmies and non-pygmies throughout evolution. In addition, these SNPs are associated with

stature in a sample composed of 60 pygmies and 30 non-pygmies and this association remains significant when correcting for

population structure for the GHR locus. We conclude that the GHR and IGF1 genes may have a role in African pygmies’ short

stature. The use of phenotypically contrasted populations is a promising strategy to identify new variants associated with

complex traits in humans.
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INTRODUCTION

There is great variation in stature among human populations, and
African pygmies are known as the shortest human populations: the
mean male stature varies from 141.7 (Mbuti from the Democratic
Republic of Congo) to 160.9 cm (Twa from the Democratic Republic
of Congo) across pygmy populations, compared to 166.8 cm on
average across sub-Saharan non-pygmy populations.1 Previous studies
have shown that the divergence between ancestral pygmy populations
and ancestral non-pygmy populations is quite ancient and occurred
around 60 000 years ago.2,3 Many evolutionary hypotheses have been
proposed to explain this phenotype,4 which could be due to an
adaptation to food scarcity,5 to the hot and humid climate of the
rainforest,6 to the density of this environment where mobility is
uneasy,7 to a life-history tradeoff in a context of high mortality8,9 or
to particular mate choices.10 However, none of these hypotheses has
proven to be true4,11 and the evolution of the short stature of African
pygmies remains largely unknown. In a recent paper, we showed that
phenotypic plasticity alone cannot explain the differential phenotype
between pygmies and neighboring non-pygmies and that unknown
genetic factors are probably involved in the determination of pygmies’
stature.12

In the search for the molecular mechanism underlying the pygmies’
short stature, endocrinologists have shown that this phenotype is
characterized by a normal serum level of the growth hormone (GH),
but a lower level of insulin-like growth factor 1 (IGF1) and of GH
binding protein (GHBP) as compared to controls.13–17 Furthermore,

a recent study showed that the expression of the GH receptor gene
(GHR, which is the same gene as GHBP) is 8 times lower in pygmy
subjects, as compared with neighboring non-pygmies.18 Small regions
of the GHR and IGF1 genes have been previously tested for
association with the stature of African pygmies with negative
results.18–21 A recent genome-wide study has identified regions in
the genome that might be involved in the difference in stature
observed between pygmies from Cameroon and their non-pygmy
neighbors, although this signal was not significant.22 Some of these
regions contain genes linked to the GH–IGF1 signaling pathway.

The aim of this study is to test for the implication of four candidate
genes (GHR, IGF1, and the signal transducers and activators of
transcription STAT5A and STAT5B) in the short stature of African
pygmies, using a population genetics approach and phenotypic data.
The genes under study have been chosen in view of the studies
mentioned above and all the four participate in the GH–IGF1
signaling pathway (see Materials and methods).

MATERIALS AND METHODS

Study design and choice of the candidate genes
Several genes are known to be involved in height variation in humans, among

which the genes of the GH response cascade have a major role in prenatal and

postnatal growth.23,24 According to endocrinological assays, pygmy individuals

have normal levels of GH but lower serum levels of IGF1, and exhibit an

eightfold underexpression of the GHR gene as compared with the

controls.16,18,19 Therefore, the GHR and IGF1 genes represent good
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candidates to explain pygmies’ short stature. We develop here a candidate-gene

approach focusing on these two genes and on the signal transducers and

activators of transcription STAT5A and STAT5B. The latter genes code for two

proteins mediating the signal from the activated GHR to the nucleus and

inducing the synthesis of various proteins including IGF1. The four candidate

genes are rather long (from 24.4 kb for STAT5A to 297.9 kb for GHR) and we

had limited DNA quantities at our disposal for pygmies and non-pygmies. We

therefore chose to re-sequence only portions of each one of these genes. Taking

into account the fine genetic map of the genes (see Supplementary Figure S1),

these portions were chosen in order to cover most of the genes’ variability

through linkage disequilibrium (Supplementary Methods and Supplementary

Table S1).

Sampling populations
The re-sequencing was performed for 90 unrelated individuals (Table 1) of

known adult height from two pygmy populations: the Baka from South-

Eastern Cameroon (16 men and 14 women; mean height in the population:

155.6 cm for men and 146.5 cm for women), the taller and more admixed

Bongo from South-Eastern Gabon2,12 (19 men and 11 women; 159.7 cm and

151.2 cm) and from the non-pygmy Nzimé (6 men and 24 women; 168.5 cm

and 155.8 cm), who are the immediate neighbors of the Baka.

Blood (Baka and Nzimé) or saliva (Bongo) was sampled from each

participant and stature was measured with a height gauge according to

standard procedures.25 Mean height in the populations and in our samples are

presented in Table 1.

Oral and video-recorded informed consent was obtained from each donor

and the sampling program was accepted by the Cameroonian and Gabonese

ethics committees, as required by the French laws of bioethics.

Amplification and analysis of the sequences
Two to three sequences in each candidate gene were chosen using information

on the linkage disequilibrium in the region and on previously published

sequences (see Supplementary Methods). Most of the primers were designed

using Primer 326 and others were adapted from previous studies.21,27,28 Primer

sequences can be found in Supplementary Table S1. Amplifications were

performed using standard PCR conditions (available upon request). PCR

products were analyzed in an Applied Biosystems (Carlsbad, CA, USA) 3100

or 3130 XL automated sequencer. The sequences obtained were aligned with

Genalys 3.3 software.29 All sequences are available upon request.

Population genetics analyses
Haplotypes were reconstructed from unphased data using PHASE 2.1

software.30,31

Summary statistics were calculated using DNAsp 50.1 software32 and

Arlequin 3.11 software33 (nucleotide diversity p34 can be found in

Supplementary Table S3). No significant departures from Hardy–Weinberg

equilibrium were detected for any of the SNPs discovered in any of the three

populations under study.

Genetic distances between pairs of populations (unilocus and multilocus

FST
35 in Supplementary Table S2) were estimated using Arlequin 3.11

software.33 Pairwise FST P-values were estimated using a standard

permutation procedure considering 10 000 haplotype permutations between

individuals across populations.

To evaluate whether the FST values observed in our sequences between the

two extreme populations (Baka pygmies and Nzimé non-pygmies) were

significantly different from neutral expectations, we performed a test proposed

by Beaumont and Nichols.36 This test compares the FST values, conditional

on heterozygosity (He estimated as the average pairwise difference between

all possible pairs of genes between each sample36), obtained for each

polymorphism, with a distribution of values obtained on data sets simulated

under a neutral model. The test was performed using a version of the Dfdist

software modified for bi-allelic co-dominant markers.37 Following Segurel

et al,37 we performed 500 000 coalescent simulations with a two-deme island

model, the maximum frequency of the most common allele set to 0.99 and

y¼ 2nNm¼ 0.01, where n¼ 2 is the number of demes of size N and m is the

mutation rate. This particular y value corresponds to N¼ 125 and

m¼ 2� 10�5. Different values of y (0.1 and 0.001) were also tested and gave

very similar results (Table 2). These neutral data sets had to be simulated with

a mean FST value equal to that estimated on neutral sequences. No neutral

sequence-based FST estimates were available between the Baka and the non-

pygmy Nzimé here under study, but FST values between the Baka pygmies and

two different non-pygmy populations from Western Central Africa have been

published elsewhere25 (FST¼ 0.033 with the Gabonese Akele and 0.038 with

the Cameroonian Ngumba). Moreover, all non-pygmy populations of this

region, including the Nzimé, exhibit reduced pairwise genetic distances.2,3 The

mean FST value was thus set to 0.033, corresponding to the genetic distance

between the Baka pygmies and the non-pygmy Gabonese Akele.3 The same

simulations were also performed using a mean FST value of 0.038

(corresponding to the distance between the Baka pygmies and the

Cameroonian Ngumba) and gave similar results (Table 2). The P-value for

the joint (FST, He) estimate (Table 2) at each SNP was calculated as the

proportion of the bivariate probability distribution of the full set of

simulations smaller than the (FST, He) estimate obtained for the observed

polymorphism.37

Intra- and inter-specific tests for detecting natural selection (Tajima’s D,38

Fu’s F’s,39 Fu and Li’s D, D*, F and F*40 and Fay and Wu’s H41) were performed

on each sequence using DNAsp 50.1 software32 and Arlequin 3.11 software33

(Supplementary Table S3). For inter-specific tests, re-sequencing with the same

primers and PCR conditions was performed on chimpanzee or bonobo

samples. These sequences were also used to determine the ancestral state of

each polymorphism.

Phenotype–genotype correlations
To detect associations between stature and alleles at SNPs showing an outlying

FST value, we performed Spearman’s correlation tests using R 2.7.0 software42

(Table 2). As the numbers of men and women sampled in the various

populations differed and sample sizes were small, we chose to perform the

correlations with individuals from both sexes grouped together and therefore

transformed a woman’s height into the height of a man of the same population

who has the same Z-score.12 Z-scores were calculated using the mean and

variance of each population by sex (Table 1). Spearman’s correlations were

Table 1 Sample sizes and mean stature (cm) by sex in the present sample and in a larger samplea and their standard deviations

Men Women

Present sample Larger samplea Present sample Larger sample a

Population Nb Sample height; SD Nb Pop height; SD Nb Sample height; SD Nb Pop height; SD

Bongo Gabonb 19 159.6; 7.1 25 159.7; 7.6 11 152.1; 4.9 19 151.2; 4.8

Baka Cameroonc 16 151.4; 4.9 182 155.6; 5.7 14 145.7; 4.5 184 146.5; 4.9

Nzimé Cameroonc 6 169.8; 7.0 42 168.5; 6.5 24 155.3; 6.6 58 155.8; 6.8

aMean stature estimated on larger samples of the same populations by Becker et al.12

Anthropometric data and DNA samples gathered by:
bP Verdu, 2006–2007.
cA Froment, 2002–2007.
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calculated, on data from the three populations pooled together, between

individual stature and number of copies of the derived allele for each locus.

Spurious significant correlations could however be obtained because of

population structure.43 As pygmy populations have been shown to present a

substantial level of admixture with the neighboring non-pygmy populations,2

we also performed partial Spearman’s correlations (Table 2) adding the

individual level of admixture with the non-pygmy population as a covariate.

For individual estimates of the admixture level, we used previously published3

levels of genetic clustering in the non-pygmy cluster estimated using k¼ 2

clusters with Structure v. 2.1.44,45 In this previous publication, the genetic

clustering was performed using data on 26 microsatellite polymorphisms from

604 pygmy and non-pygmy individuals as well as from 119 African individuals

from the HGDP-CEPH panel.2,12,46 We determined the individual levels of

genotype membership proportions in the non-pygmy (blue) cluster for the 73

individuals of our study overlapping with the sample studied by Becker et al.12

For each pygmy or non-pygmy individual, the admixture estimate was thus the

proportion of genotypes assigned to the non-pygmy cluster. This value ranged

from 0.23 to 0.73% for Baka pygmies, from 0.50 to 0.94% for Bongo pygmies

and from 0.59 to 0.93% for Nzimé non-pygmies.

RESULTS

In total, 44 SNPs were found in the 10 studied sequences (population
frequencies in Supplementary Table S2), in addition to the GHR
deletion of exon 3, which has previously been shown to be associated
with a higher response to GH in GH-deficient children.47,48 This latter
polymorphism was not found to be significantly more frequent in
pygmies than in non-pygmies.

For each polymorphism, we estimated the genetic distance between
the Baka pygmies and their direct non-pygmy neighbors, the Nzimé
(FST

35 in Supplementary Table S2). We found significant FST values
between the Baka and the Nzimé for three SNPs located in the two
sequences of the first intron of the GHR gene (FST¼ 0.232, FDR-
corrected P-value o0.001 for two SNPs of Intron 1a sequence and
FST¼ 0.232, FDR-corrected P-value¼ 0.006 for one SNP of Intron 1b
sequence) and for one SNP in the IGF1 intron 2 (FST¼ 0.238, FDR-
corrected P-value¼ 0.004). Multilocus FST

35 estimated on the GHR
intron 1 sequences and on the IGF1 intron 2 sequence were also
found to be significant between Baka and Nzimé (results not shown).
No significant genetic distances were found on the STAT5A and
STAT5B genes.
FST values can be influenced by demographic processes such as

migrations and genetic drift, as well as natural selection forces.49,50 To
disentangle the respective effects of demography and natural selection
on the genetic distances between the Baka pygmies and the Nzimé
non-pygmies, we compared the FST estimates for each SNP with
values obtained on 500 000 simulated data sets (see Materials and
methods). These simulations were performed with a mean FST value

equal to that obtained previously using neutral sequences between
Baka and non-pygmy populations from Western Central Africa (0.033
with the Gabonese Akele and 0.038 with the Cameroonian Ngumba3).
Two regions had significantly higher FST values as compared to the
simulated data sets (Table 2, Figure 1). One of these regions was
located on the first intron of the GHR gene and contained three SNPs
in complete linkage disequilibrium (rs4642376, rs1912107 and
rs2972419). For the rest of the analyses only SNP rs2972419 was
kept as a representative of the GHR region (we chose this SNP
because it presented no missing data). The other region was located
on the IGF1 intron 2 and contained one significant SNP: rs11831436.
No regions in the two other candidate genes showed a significant
difference in FST values between pygmies and non-pygmies.

We further searched for evidence of natural selection at the intra-
population level by performing seven tests that detect natural
selection (see Materials and methods) at the sequence level. No
sequence exhibited two significant test results for the same population
(Supplementary Table S3).

As two regions, located respectively on GHR intron 1 and IGF1
intron 2, showed a significantly higher genetic distance between Baka

Table 2 Heterozygozities and genetic distances between Baka pygmies and Nzimé non-pygmies estimated for two SNPs from GHR and IGF1

genes, associated P-values for the test of Beaumont and Nichols with different parameter valuesa and Spearman’s estimates for the correlation

between genotypes and height

Gene Sequence SNP He FST P-valueb P-valuec P-valued P-valuee rho P-value rho with ad f P-value

GHR Intron 1b rs2972419 0.255 0.232 0.011 0.011 0.011 0.018 0.35 o0.001 0.28 0.016

IGF1 Intron 2 rs11831436 0.427 0.238 0.020 0.019 0.018 0.026 �0.34 o0.001 �0.17 0.15

aFST values were compared to the distribution of FST values calculated on 500000 simulations using a modified version of the DFDIST software36,37 (see Materials and methods for details) with
the following parameter values:
bMean FST set to 0.033 and y¼0.01.
cMean FST set to 0.033 and y¼0.1.
dMean FST set to 0.033 and y¼0.001.
eMean FST set to 0.038 and y¼0.01.
fPartial correlation with admixture as a covariate (see Materials and methods).

Figure 1 Genetic distance (FST) as a function of heterozygosity (He) for the

42 SNPs present in the Baka and Nzimé samples. The lines represent the

median value (solid line) and the 95% intervals (dashed lines) for 500 000

simulations performed under neutrality with a mean FST set to 0.033 and y
value to 0.01.
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pygmies and Nzimé non-pygmies compared to neutral expectations,
we searched for an association with individual stature for these two
regions. Both showed a significant Spearman’s correlation (Table 2)
between the number of copies of the derived allele and individual
unisex height equivalent (see Materials and methods). For the GHR
SNP rs2972419 the ancestral allele was associated with a shorter
stature, whereas for the IGF1 SNP the ancestral allele was associated
with a taller stature (Figure 2). Population structure can have a strong
confounding effect in association studies43 and pygmy populations
have been shown to present variable levels of admixture with the
neighboring non-pygmy populations.2 Furthermore, these variable
levels of individual admixture have been shown to be positively
correlated with adult height in pygmy populations.12 In order to
avoid false positives (ie, the Chinese chopstick effect51,52), we tested
the correlation of the two previously identified regions, including a
correction for individual admixture level (see Materials and methods).
This partial correlation was significant for the GHR region only (rho
estimate¼ 0.278, P-value¼ 0.016) (Table 2).

The Bongo pygmies are taller and have a higher genetic similarity
with the non-pygmy populations than the Baka pygmies.2,12

Assuming an additive effect of height-associated SNPs, we expect
that the Bongo would either have an intermediate frequency between
the Baka and the Nzimé at the height-associated SNPs or share alleles
with the Baka for some of these polymorphisms and with the Nzimé
for others. The present data match this second hypothesis. Indeed, we
found high but non-significant FST values between the Bongo and the
Nzimé at the GHR region (FST¼ 0.11, FDR-corrected P-value¼ 0.125
for rs2972419) and significant FST values with the Baka at the IGF1
region (FST¼ 0.17, FDR-corrected P-value¼ 0.032 for rs11831436).
The Bongo were closer to the other pygmy group for the GHR gene
but closer to the non-pygmy group for the IGF1 gene, thus consistent
with their intermediate height between the Baka and the Nzimé.

DISCUSSION

In this study, we have found one region composed by three linked
polymorphisms: rs4642376, rs1912107 and rs2972419 in the GHR
intron 1 showing outlying genetic differentiation between the Baka
pygmies and the Nzimé non-pygmies as compared to the neutral
expectation. For this region, pygmies have a higher proportion of the
ancestral allele compared to non-pygmies, and its derived alleles are
associated with a taller stature. The association with stature remained

significant even after correction for admixture levels, hence showing
that the effect of these SNPs on stature may not be only due to
population structure. An eightfold under-expression of the GHR gene
was previously found in pygmies, but no variation in the exons of the
gene was found in 13 pygmies as compared to eight non-pygmies.18

The three polymorphisms found in our study are located in the first
intron of the gene, which had not been re-sequenced in this previous
study. Our three height-associated SNPs may have a role in the
expression of the gene or may be linked to an exonic functional
polymorphism that was not identified in the smaller sample used
in the previous study.7 Using the CEPH-HGDP genome-wide
genotyping data for almost one million SNPs,53 we calculated the r2

linkage disequilibrium value54 of all SNPs within 1 Mb of rs2972419.
Among the Biaka pygmies who are the closest to our Baka sample,
there are 16 SNPs that showed a r240.2. None of them are located in
an exon, whereas two are in a GHR intron. However, functional
polymorphisms absent in the HGDP-CEPH database could still be
linked to the SNPs identified here.

As in previous studies,20,21,55 we could find no polymorphism in
the 50 region of the IGF1 gene associated with stature among Central
African pygmies and non-pygmies. As a recombination hotspot
separates most of the IGF1 gene from its 50 region (see the
recombination rate estimated from HapMap Phase 256 in
Supplementary Figure S1), we re-sequenced other portions of this
gene and found that a SNP (rs11831436) in the second intron
presented an outlying value of the genetic distance between the Baka
pygmies and the Nzimé non-pygmies. This SNP had a higher
frequency of the derived allele in the Baka pygmies as compared to
non-pygmies and we observed a suggestive association with height,
although it was not significant after admixture correction. As this
gene is known to be involved in growth, our results suggest that
further study should be conducted to investigate the potential linkage
between rs11831436 and yet undiscovered functional or regulatory
polymorphisms in this gene.

In the two STAT5 genes, we found common polymorphisms that
all showed similar allele frequencies and no significant genetic
distances between pygmies and non-pygmies. As these genes exhibit
a low recombination rate (Supplementary Figure S1) we think that
they can be considered as non-associated with the genetic determina-
tion of African pygmies’ short stature.

Altogether, these results show that the GH–IGF1 axis is probably
involved in the difference in stature observed between African
pygmies and their non-pygmy neighbors. This confirms the suggestive
associations found by a recent genome-wide study.22 Interestingly, the
SNPs identified here in the GHR and IGF1 genes have not been shown
to be associated with height in large-scale genome-wide association
studies.57 Indeed, their frequency is low in the European population
(CEU) from HapMap56 (GHR rs4642376: 10.17%, rs1912107: 10.0%,
rs2972419: 11.67% and IGF1 rs11831436: 5.83%). We can thus
hypothesize that the genetic determination of the difference in
stature between pygmies and non-pygmies is at least partly different
from the genetic determination of stature variation in other
populations worldwide. Height is known to be a highly multigenic
trait;57 it is therefore plausible that the genetic factors involved in the
determination of height may differ across human populations, having
experienced different evolutionary histories; variable natural selection
pressures affecting human variation in stature could have triggered
the evolution of different genes or mutations across populations.
Functional assays of the polymorphisms identified in this study would
be of considerable interest and could contribute to a better
understanding of the genetic variation in human stature.

Figure 2 Mean height by genotype (number of derived alleles) for the two

loci showing an association with stature. Sample sizes for each genotype are

given between parentheses. Female height was transformed into male

equivalents (see Materials and methods). Genotype: number of copies of the

derived allele identified by comparison with the chimpanzee or bonobo

sequences. Bars represent SD. *Tukey’s post hoc test significant at 95%

between these two genotypes.
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The polymorphisms reported here in the GHR and IGF1 genes
show a higher FST level as compared to neutral expectations,
suggesting that divergent selection probably occurred during the
evolution of pygmies and non-pygmies for these genes. No other test
of detection of natural selection was found significant on these
sequences. The selection event may have occurred a long time ago and
may thus not be detected by such tests. As our study was focused on
short sequences, no LD-based tests to detect selection such as iHS
values could be performed. The HGDP-CEPH53 panel iHS values
were available for the GHR SNP rs2972419 (the two others, GHR SNP
and the IGF1 SNP, are not in the HGDP-CEPH SNP database). The
iHS value for this SNP was small in the Mbuti pygmies (1.356) and in
the South African Bantu population (1.143) and was null for the
other sub-Saharian populations (Biaka pygmies, Mandeka and
Yoruba). No other CEPH population reached a value higher than 1,
thus further supporting that this genetic region has not been strongly
influenced by recent positive selection events.

Various evolutionary hypotheses have been proposed to explain
African pygmies’ short stature (see Perry and Dominy4 for a review).
As we show here, divergent selection may have occurred during
the evolution of pygmies and non-pygmies at two genes related to
growth. This supports an evolutionary hypothesis of direct selection
on stature because of environmental pressures, for example, due to
the climate of the equatorial forest (eg, hypotheses based on
Bergman’s rule that predicts the size of animals in relation to
climate58–60). However, the SNPs identified here differ with respect
to the effect of the ancestral allele, which is associated with shorter
stature in GHR but with taller stature in IGF1. According to
population genetic studies,2,3 the common ancestral population of
pygmies and non-pygmies lived about 50–70 000 years ago. Our
results concerning the effect of the ancestral alleles do not allow us to
make inferences on the stature of this ancestral population, reem-
phasizing the fundamental question of whether pygmies evolved to
shorter stature or non-pygmies evolved to taller stature. Thus, the
divergent selection revealed here may also have resulted in the
evolution of non-pygmies towards taller stature. However, little is
known about the ancestral environment of either pygmy or non-
pygmy Bantu populations that live in forest areas nowadays.61 Our
results open the way to further genetic studies of the GHR and IGF1
genes in other populations of short stature, in other rainforest
environments, that may help understand the evolution of stature.
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