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Abstract Greatly expanded brain volume is one of the
most characteristic traits that distinguish humans from
other primates. Recent studies have revealed genes respon-
sible for the dramatically enlarged human brain size (i.e.,
the microcephaly genes), and it has been well documented
that many microcephaly genes have undergone acceler-
ated evolution along the human lineage. In addition to
being far larger than other primates, human brain volume
is also highly variable in general populations. However,
the genetic basis underlying human brain volume variation

Ming Li, Liang Huang, Kaiqin Li and Yongxia Huo contributed
equally to this work.

Electronic supplementary material The online version of this
article (doi:10.1007/s00439-016-1644-z) contains supplementary
material, which is available to authorized users.

M Xiong-jian Luo
luoxiongjian@mail kiz.ac.cn

Key Laboratory of Animal Models and Human Disease
Mechanisms of the Chinese Academy of Sciences

and Yunnan Province, Kunming Institute of Zoology, Chinese
Academy of Sciences, Kunming 650223, Yunnan, China

First Affiliated Hospital of Gannan Medical University,
Ganzhou 341000, Jiangxi, China

State Key Laboratory of Cognitive Neuroscience
and Learning and IDG/McGovern Institute for Brain
Research, Beijing Normal University, Beijing 100875, China

State Key Laboratory of Genetic Resources and Evolution,
Kunming Institute of Zoology, Chinese Academy
of Sciences, Kunming 650223, Yunnan, China

Department of Microbiology and Immunology, Medical
University of South Carolina, Charleston, SC 29425, USA

Department of Psychology and Social Behavior, University
of California, Irvine, CA 92697, USA

remains elusive and it is not known whether genes regulat-
ing human brain volume variation also have experienced
positive selection. We have previously shown that genetic
variants (near the /L3 gene) on 5q33 were significantly
associated with brain volume in Chinese population. Here,
we provide further evidence that support the significant
association of genetic variants on 5933 with brain volume.
Bioinformatic analyses suggested that rs31480 is likely to
be the causal variant among the studied SNPs. Molecular
evolutionary analyses suggested that /L3 might have under-
gone positive selection in primates and humans. Neutrality
tests further revealed signatures of positive selection of IL3
in Han Chinese and Europeans. Finally, extended haplotype
homozygosity (EHH) and relative EHH analyses showed
that the C allele of SNP rs31480 might have experienced
recent positive selection in Han Chinese. Our results sug-
gest that /L3 is an important genetic regulator for human
brain volume variation and implied that /L3 might have
experienced weak or modest positive selection in the evolu-
tionary history of humans, which may be due to its contri-
bution to human brain volume.

Introduction

As one of the most characteristic features of humans, dra-
matically increased brain volume is the basis of our highly
developed cognitive capabilities. Though significant pro-
gress has been made during the past decades, the genetic
mechanisms underlying our greatly expanded brain vol-
ume remain largely unknown. Fortunately, recent studies
have revealed that microcephaly genes may contribute to
the evolutionary expansion of human brain volume (Bond
et al. 2002, 2003; Jackson et al. 1998, 2002; Jamieson et al.
1999, 2000; Moynihan et al. 2000; Pattison et al. 2000;
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Roberts et al. 1999). Mutations of microcephaly genes
caused severe neurodevelopmental defects and patients
with microcephaly disease have a brain volume of around
400 cm®, which is much smaller than the 1200-1600 cm’
of a normal adult brain volume (Mochida and Walsh 2001;
Woods et al. 2005). Since microcephaly genes are major
determinants of human brain volume, it is hypothesized
that microcephaly genes might have undergone Darwinian
positive selection during the evolutionary history of human
beings. Consistent with this notion, multiple studies have
showed adaptive (or accelerated) evolution of microcephaly
genes along lineages leading to humans (Evans et al. 2004;
Kouprina et al. 2004; Mekel-Bobrov et al. 2005; Wang and
Su 2004; Zhang 2003).

Brain volume is a complex quantitative trait with a
strong genetic component (Peper et al. 2007; Posthuma
et al. 2002; Thompson et al. 2001, 2002). In addition to
being far greater than most other species, the volume of
the human brain exhibits considerable variation in the gen-
eral population (Rushton 1992). To uncover the genetic
basis underlying the human brain volume variation, several
genome-wide association studies (GWAS) have been per-
formed in populations of European ancestry (Ikram et al.
2012; Stein et al. 2012; Taal et al. 2012). Though these
GWAS have identified several promising candidate vari-
ants/genes for brain volume variation, it is not known how
these genes regulate brain development and brain volume.
Furthermore, a proportion of the genetic variants identified
in European populations were monomorphic (fixed) in the
Chinese population, suggesting that distinct genetic vari-
ants may contribute to brain volume variation in the Chi-
nese population.

To identify the potential genetic variants that are associ-
ated with brain volume variation in the Chinese population,
we previously investigated the association between genetic
variants on chromosome 5q22-33 and brain volume in a
large healthy Chinese sample (N = 1013) and our results
indicated that genetic variations encompassing /L3 gene
were significantly associated with brain volume variation in
Chinese. We systematically investigated the role of /L3 in
the central nervous system and our findings demonstrated
that /L3 contributes to human brain volume variation by
regulating proliferation and survival of neural progenitors
(Luo et al. 2012).

In this study, we further detailed the associations
between genetic variants on 5q33.1 and brain volume using
a dense fine-mapping strategy. Our findings supported that
multiple highly linked SNPs on 5q33 are significantly asso-
ciated with brain volume in Chinese population. Consistent
with our previous findings, bioinformatics analyses implied
that rs31480 may represent the causal variant among
the studied SNPs. Considering that brain volume plays
a crucial role in human evolution and positive selection
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frequently operated on genes associated with brain vol-
ume and cognitive function (Woods et al. 2005), we specu-
lated that genes contributing to human brain volume varia-
tion might have also experienced positive selection in the
human lineage and modern human populations. We there-
fore systematically characterized the molecular evolution-
ary pattern of rs31480 and /L3 in primates and human pop-
ulations. Phylogeny-based maximum likelihood methods
and neutrality tests suggested that /L3 might have under-
gone weak adaptive evolution in human and nonhuman pri-
mates. Moreover, EHH and REHH analyses also revealed
that rs31480 might have experienced modest recent posi-
tive selection in the Chinese population. Collectively, our
results implied that /L3 might experience weak or modest
adaptive evolution in the evolutionary history of humans,
which may be due to its contribution to brain volume.

Results

Fine mapping of 5q33 supports significant association
of rs31480 and rs3916441 with brain volume in the
Chinese population

We previously explored the association between SNPs
located on 5g22-33 and brain volume in the Chinese pop-
ulation and identified several SNPs that showed signifi-
cant associations with brain volume in females (Luo et al.
2012). Among the significant SNPs, rs3916441 showed the
most significant association with brain volume. To further
refine the association signals, we utilized a dense fine-
scale mapping strategy by genotyping another 15 SNPs
surrounding rs3916441 (Table 1; Fig. 1a). Seven of the 15
newly selected SNPs were located upstream of rs3916441
and 8 of them resided downstream of rs3916441 (Fig. 1a).
Quantitative trait genetic association analyses indicated
that 11 of the 15 selected SNPs showed significant associa-
tion with brain volume in females (Bonferroni corrected P
value <0.01) (Table 1; Fig. la; Supplementary Table S1).
Comparing the P values of the 15 newly genotyped SNPs
with our previous results showed that rs3916441 had the
smallest P value (Table 1). These results further confirmed
the association between genetic variants located on 5q33
and brain volume in the Chinese population.

There are several genes near the targeted region, includ-
ing ACSL6, IL3 and CSF2. To identify the most likely gene
responsible for brain volume variation, we further inves-
tigated the linkage disequilibrium (LD) relationships of
the studied SNPs and found that the significant SNPs are
highly linked in the Chinese (Fig. 1b). Of note, rs31480 and
1s3916441 showed a high degree of LD (* = 0.89). Most
of the significant SNPs (corrected P < 0.05) (Supplemen-
tary Table S1) were located upstream of the /L3 gene and
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Table 1 Average cranial volumes of female subjects with three different genotypes at each of the genotyped SNPs

SNP ID? Polymorphism (MAF)® Average brain volume £ SD P value® P value!
rs247011 A/G (A:0.41) AA (1216 £90.2) AG (1222 £92.4) GG (1247 £93.8) 0.0673 0.359
rs3846727 C/T (C:0.48) TT (1257 + 87.2) TC (1223 £91.5) CC (1211 £97.1) 0.0022 0.154
rs6596051 G/A (G:0.49) AA (1255 £ 84.2) AG (1224 +93.9) GG (1212 £ 94.8) 0.0035 0.204
rs17132324 A/G (A:0.49) AA (1214 £ 96.9) AG (1222 £+ 89.8) GG (1260 + 89.5) 0.0013 0.260
rs3763116 G/T (G:0.49) TT (1259 + 85.3) TG (1221 £91.1) GG (1218 £97.9) 0.0046 0.161
rs3763114 T/A (G:0.49) TT (1217 £ 94.3) TA (1220 +91.6) AA (1257 £89.4) 0.0067 0.196
rs12656759 C/T (C:0.49) TT (1257 £+ 86.7) TC (1222 +£93.4) CC (1215 £ 94.0) 0.0062 0.201
rs3916441 T/C (T:0.49) TT (1209 £ 93.7) TC (1226 +£91.2) CC (1256 £ 91.0) 0.0009 0.297
rs10074987 G/A (G:0.49) AA (1259 + 88.8) AG (1219 £ 89.9) GG (1219 £ 97.2) 0.0062 0.204
rs6868554 G/T (G:0.49) TT (1257 + 86.7) TG (1223 £ 92.4) GG (1212 £ 94.8) 0.0017 0.220
rs2662406 G/A (G:0.48) AA (1257 £ 84.4) AG (1223 £ 93.5) GG (1214 £ 95.4) 0.0041 0.204
rs246755 T/G (T:0.48) TT (1217 £ 95.9) TG (1220 + 92.3) GG (1258 + 86.3) 0.0044 0.153
rs246756 A/G (A:0.49) AA (1257 £ 87.6) AG (1224 £92.4) GG (1214 £ 94.1) 0.0054 0.104
rs31401 T/G (T:0.48) TT (1219 £ 95.4) TG (1222 £ 94.4) GG (1255 £ 81.8) 0.0356 0.327
rs2073506 T/C (T:0.19) TT (1256 + 87.9) TC (1232 £ 90.9) CC (1226 £ 96.0) 1.0 0.152
rs181781 A/G (A:0.30) AA (1269 + 100) AG (1234 £+ 86.1) GG (1219 £98.3) 0.0736 0.390
rs31480 C/T (G:0.49) TT (1257 £ 92.1) TC (1224 £ 89.2) CC (1216 +98.1) 0.0070 0.223

a

SNPs genotyped in this study are shown in bold

® Minor allele, and the frequency of each marker is listed in brackets

¢ Bonferroni corrected P values are from female subjects only

4" Association statistics (uncorrected P values) of the studied SNPs in male subjects are also listed. It should be noted that the average cranial

volumes listed in this table are from females only

three SNPs (rs31480, located in the core promoter region
of IL3 [16 bp upstream of the transcription start site (TSS)],
rs40401, located in exon 1 of /L3, and rs31481, located in
intron 2 of IL3) were located in regulatory or coding region
of IL3, suggesting that /L3 may represent the responsible
gene. In addition, our previous study showed that /L3 was
continuously expressed in developing mouse brain and
can regulate proliferation and survival of neural progenitor
cells. Consistently, previous investigations also revealed the
important roles of /L3 in the central nervous system. IL3
acts as a pivotal neurotrophic factor (Kamegai et al. 1990)
and neuroprotectant (Wen et al. 1998; Zambrano et al.
2007) for microglia cells and neurons. It could promote
the growth and proliferation of microglial cells (Frei et al.
1985, 1986), enhance survival and differentiation of dif-
ferent neuronal populations (Moroni and Rossi 1995), and
prevent delayed neuronal death in the hippocampus (Wen
et al. 1998). The study of Cockayne et al. provided further
evidence for the involvement of IL3 in brain function. They
showed that disruption of IL3 production in brain led to
neurologic dysfunction (Cockayne et al. 1994). Interest-
ingly, Chen et al. (2007) also found that /L3 is associated
with schizophrenia in females, which further supports that
IL3 may play important roles in the central nervous system.
Of note, both Chen et al. and our findings revealed the sex-
specific association (that is, the association is only found

in females) of IL3 with schizophrenia and brain volume.
These sex-specific associations are quite intriguing and
suggest that the interaction between /L3 and gender may
play important roles in brain development and disease sus-
ceptibility. By contrast, the role of ACSL6 and CSF2 in the
central nervous system remains largely unknown. Though
we could not exclude ACSL6 and CSF2 completely, current
evidence suggests that /L3 is more likely to be the respon-
sible candidate gene in this region that contributes to brain
volume variation in Chinese. We therefore focused on /L3
in this study. Further work is needed to clarify if IL3 is the
true causal gene in this region.

Functional prediction supports that rs31480 may
represent a functional SNP

In addition to rs31480, multiple other SNPs (e.g.,
rs3916441 and rs31400) also showed significant associa-
tion with brain volume (corrected P value <0.05) (Fig. 1a).
To test if these significant SNPs have potential functional
consequences, we performed functional prediction using
GWAVA (http://www.sanger.ac.uk/sanger/StatGen_Gwava)
(Ritchie et al. 2014), SNPinfo (http://snpinfo.niehs.nih.
gov/snpinfo/snpfunc.htm) (Xu and Taylor 2009) and Regu-
lomeDB (http://www.regulomedb.org) (Boyle et al. 2012).
Consistent with our previous results, GWAVA analyses
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Fig. 1 Association significance A SPEC2 PDZ-GEF2 LOC728637 ACSL6 IL3 CSF2 P4HA2
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in a putative transcription factor (SP1) binding site of IL3
promoter and allelic difference at rs31480 could change
SP1 binding affinity and influence /L3 expression. Taken
together, these convergent lines of evidence support that
rs31480 may represent a functional SNP.

revealed that rs31480 has the highest score (Supplementary
Table S2), which further support that rs31480 is likely to
be the authentic functional variant among these SNPs. To
further validate this result, we used another tool (SNPinfo)
to predict the potential functional consequences of the
studied SNPs. Again, we found that rs31480 has the high-
est regulatory potential among the 35 studied SNPs (Sup-
plementary Table S3). In addition, RegulomeDB analyses
also support that rs31480 is more likely to be a functional
variant than rs3916441 (Supplementary Table S4). Finally,
rs31480 is located in the promoter region, an active regu-
latory region that is crucial for expression regulation. We
have shown that rs31480 is likely to be a functional SNP
in our previous study (Luo et al. 2012). Rs31480 is located

Positive selection of IL3 gene in primates and humans

Our fine-mapping results support that genetic variants near
IL3 gene contribute to brain volume variation in humans. As
a matter of fact, our previous work has shown the important
role of IL3 in the central nervous system. We found that /L3
and its receptors were continuously expressed in develop-
ing mouse brain and /L3 could promote proliferation and
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Fig. 2 Protein sequence alignment of IL3. The IL3 protein sequence is highly divergent, with only five amino acid sites (marked with asterisks)

identical among the 15 analyzed species

survival of neural progenitor cells (Luo et al. 2012). Based
on the pivotal role of brain size in the origin and evolu-
tion of human species, we conjectured that /L3 might have
experienced positive selection. To test whether positive
selection acted on /L3, we first analyzed the conservation
of IL3 protein sequence through multiple sequence align-
ment. We found that the protein sequence of IL3 is highly
divergent among the analyzed species, with only five
amino sites being identical among the 15 analyzed spe-
cies (Fig. 2). Positive selection or random mutations could
result in this highly divergent protein sequence. To test if
the dramatic diversity of protein sequence is attributed to
positive selection or random mutations, we investigated the
molecular evolutionary pattern of /L3 in primates.

The phylogenetic relationships of primates are well
established (Enard and Paabo 2004; Goodman et al. 1998;
Siepel 2009). With the use of the well-characterized phy-
logeny of primates and the coding sequence of /L3 from
eight primates, we calculated the ratio of non-synony-
mous (Ka) over synonymous (Ks) nucleotide substitutions
(referred to as w) (Librado and Rozas 2009). We found

that the w value is highly variable among the studied pri-
mates (Fig. 3). For example, 12 non-synonymous substitu-
tions were observed in the common ancestor of baboon and
macaque (node F in Fig. 3). However, we noticed that there
is only one synonymous substitution on this lineage. The w
ratio (5.85) of this lineage is far greater than one (P < 0.05).
In addition, we observed high w ratios between nodes D
and E, nodes D and C, and nodes C and B (Fig. 3). By using
the Z test implemented in MEGAS (Tamura et al. 2011), we
tested if the positive selection acted on the different evolu-
tionary lineages (Fig. 3). The w ratio of the common ances-
tor of baboon and macaque is significantly greater than one
(P = 0.0029), indicating potential positive selection on this
lineage. In addition, we detected two non-synonymous sub-
stitutions and zero synonymous substitution on the human
lineage, which leads to an infinite w ratio on human line-
age. Further Z test suggested a trend of significant positive
selection on the human lineage (P = 0.068). Interestingly,
we noticed that except for the common ancestor of human
and chimpanzee, the other common ancestors leading to
human lineage have exceptionally large w ratios (e.g., w
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Fig. 3 The ratios of non-synonymous (Ka) over synonymous (Ks)
nucleotide substitutions (w) in primates. The coding sequences of
IL3 were downloaded and aligned with ClustalX (Larkin et al. 2007).
Only the coding sequences were used for Ka/Ks calculation with
Pamilo—Bianchi-Li’s method or DnaSP (Li 1993; Librado and Rozas

2009; Pamilo and Bianchi 1993). We used the one-tailed Z test to test
if the Ka/Ks ratios deviated from neutral expectation (Ka/Ks = 1)
(Tamura et al. 2011). The numbers of non-synonymous and synon-
ymous substitution were shown in parentheses. The labels A-F are
inferred internal nodes

Table 2 Likelihood ratio tests

T . Model Likelihood df X Models compared P value Positively selected
for positive selection on the /L3 sites
gene
Oneratio  —1089.32
Freeratio —1070.94 12  36.74 One ratio vs. free ratio 0.0002
Oneratio  —1089.32
Two ratio® —1086.16 1 6.32  One ratio vs. two ratio 0.012
Tworatio —1088.54 Fix omega = 1; omega = 1
Two ratio® —1086.00 1 5.084 Fix omega = 0; omega =15 0.024
Mi —1087.44
M2 —1083.90 2 7.08 Site model (M1 vs. M2) 0.029 3R*, 64D*
MO —1089.32
M3 —1083.90 4 10.84  Site model (MO vs. M3) 0.028

The numeric numbers corresponding to the following primate species: 1-human; 2-chimpanzee; 3-gorilla;
4-orangutan; 5-gibbon; 6-baboon; 7-macaca; 8-marmoset. Please refer to Fig. 3 for the phylogenetic tree

* Denotes posterior probabilities >90 %. Significant P values are shown in bold
2 Tree labels of the two-ratio model are as follows: (((((1,2),3)#1,4),5)#1,(6,7)#1,8))

ratio between nodes E and D, nodes D and C, and nodes
C and B) (Fig. 3). These results implied possible adaptive
evolution of /L3 in primates and humans.

The highly divergent protein sequences and variable
w ratios among different primate lineages suggested the
potential positive selection of IL3 in primates and humans.
To further validate the possible adaptive evolution of IL3
in primates, we performed codon-based neutrality tests
developed by Yang et al. (1998). We first tested if there
were variable w ratios among the eight studied primates.
The likelihood values of one-ratio model (assumes that
the w ratio is the same among all of the studied species)
and free-ratio model (which assumes a different w ratio
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for each lineage in the tree) are —1089.32 and —1070.94,
respectively (Table 2). Likelihood ratio test indicated that
the w ratios are indeed significant different among lineages
(x* = 36.74, P = 0.0002 with df = 12) (Table 2). Con-
sidering that the excess of non-synonymous substitutions
over synonymous among the common ancestor of baboon
and macaque (12:1), the nodes between E and D (6:1), the
nodes between D and C (2:0), the nodes between C and
B (5:1), and the human lineage (2:0), we further tested
whether these branches have different w ratios. Com-
parison of the one-ratio model with the two-ratio model
revealed that the w ratio of these branches are indeed
different from other branches (P = 0.012) (Table 2). We
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Table 3 Neutrality tests of the sequenced region [5276 base pairs were sequenced, including entire /L3 gene (2675 bp), upstream region

(1435 bp), and downstream region (1166 bp)] in human populations

IL3 (5276 bp) Nucleotide Tajima’s D FuandLi’sD FuandLi’s F FuandLi’s D* FuandLi’s F* Fay and Wu’s H
diversity

CHB (332) 0.00045 —1.717* —5.668%* —5.668%* —5.362%%* —5.362%* 0.565

CEU (176) 0.00022 —1.686" —4.727%* —4.261%* —4.874%* —4.361%* —0.245

YRI (176) 0.00066 —1.441 0.1492 —0.6726 —0.1127 —0.8266 —3.062

CHB + CEU (508)  0.00040 —1.968%* —7.766%* —6.084*%* —7.450%%* —5.912%* 0.670

The sample size refers to the number of chromosomes sequenced
# P<0.10,* P <0.05, ** P < 0.02, *** P < 0.01

further examined whether the w ratio of these branches
(i.e., the common ancestor of baboon and macaque, the
nodes between E and D, the nodes between D and C, the
nodes between C and B, and the human lineage) is sig-
nificantly greater than one. Likelihood ratio test showed
that the w ratio of these branches is significantly larger
than one (P = 0.024) (Table 2). Random effects likeli-
hood (branch-site REL) method (Kosakovsky Pond et al.
2011) was also used to detect potential positive selection.
Similarly, the results of branch-site REL showed that the
common ancestor of baboon and macaque (node F), node
E, and human lineage might have undergone positive
selection (Supplementary Figure S1). Statistical tests sug-
gested that marmoset and node F (the common ancestor of
baboon and macaque) might have experienced significant
positive selection (uncorrected P < 0.0001 for marmo-
set and P = 0.01 for node F). Exceptionally high Ka/Ks
ratio in the common ancestor of baboon and macaque was
observed. Considering the small brain size of the baboon
and macaque, the high Ka/Ks ratio may be related to their
relative brain size. We therefore examined the encephali-
zation quotient (EQ, an indicator of relative brain size) of
the studied species using published literatures (Aiello and
Dean 1990; Roth and Dicke 2005). Humans have the high-
est EQ (Supplementary Table S5). However, other stud-
ied primate specifies have similar EQ, suggesting that the
high Ka/Ks ratio in the common ancestor of baboon and
macaque is not related to their relative brain size. Finally,
we conducted codon-based neutrality tests to detect posi-
tive selection at individual amino acid site of /L3 (Yang
et al. 2000; Yang and Swanson 2002). Likelihood ratio test
indicated the potential positive selection among the amino
acid sites (comparing model M1 with M2 resulted in a P
value of 0.029) (Table 2). Bayes empirical Bayes inference
(Yang et al. 2005) suggested that positive selection acted
on 3R and 64D amino acid sites (posterior probabilities
that positive selection acted on 3R and 64D are 0.91 and
0.92, respectively) (Table 2). Collectively, these results
suggested that /L3 gene might have undergone positive
selection in primates and humans.

Positive selection of IL.3 gene in human populations

Phylogenetic-based neutrality tests revealed potential posi-
tive selection of /L3 in humans and primates. We next asked
whether /L3 experienced positive selection in human popu-
lations through studying the nucleotide variation near the
IL3 gene in modern human populations. We sequenced a
5276 bp region encompassing the entire /L3 gene in three
representative world populations, including 88 Europeans,
166 Chinese, and 88 Africans. Frequency spectrum-based
neutrality tests (e.g., Tajima’s D, Fu and Li’s D, F, Fu and
Li’s D*, F*, Fay and Wu’s H) (Fay and Wu 2000; Fu 1997;
Fu and Li 1993; Tajima 1989) were then conducted to test
the deviation from neutral evolution. The values of Tajima’s
D, Fu and Li’s D, F, D*, F*, Fay and Wu’s H were summa-
rized in Table 3. Using coalescent simulations (Schaffner
et al. 2005), we further assessed whether these population
statistics significantly deviated from neutral expectations. A
negative value of Tajima’s D was observed in three studied
populations (Table 3), suggesting potential positive selection.
In addition to Tajima’s D, we found that the values of Fu and
Li’s D, F, D*, F* were negative and significantly deviated
from neutrality in Chinese and Europeans (Table 3), suggest-
ing that /L3 gene might have experienced potential positive
selection. We further characterized the non-synonymous and
synonymous mutations observed in the IL3 coding region
among the sequenced populations (Table 4). The number of
non-synonymous mutations observed in the Chinese, Euro-
pean, and African populations are 2, 1, 2. No synonymous
substitutions were observed in the Chinese and European
populations and one synonymous substitution was detected
in the African population (Table 4).

Recent positive selection of rs31480 in the Chinese
population

Rs31480 is a functional SNP that is significantly associated
with brain volume variation in humans, suggesting that it
may play an important role in human evolution. To test
whether rs31480 experienced recent positive selection, we
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Table 4 The number of non-

Mutation type
synonymous and synonymous

CHB (N = 332)

CEU (N = 176) YRI (N = 176)

(silent) mutations observed in

. s e Number of non-synonymous
IL3 coding region in human

2 (27Ser~>Pro 128Arg~>Mel)a

1 (27Ser%Pr0) 2 (3Arg~>Cys 27Ser~>Pr0)

. Number of synonymous 0 0 1
populations
Number of haplotypes 3 2 4
Haplotype diversity 0.504 0.320 0.445
* The number in the parentheses shows the position of the non-synonymous mutations observed in IL3
coding region, amino acids replacements are also showed
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Fig. 4 EHH and REHH analysis of rs31480 in Chinese, Europeans
and Africans. Decay of extended haplotype homozygosity (EHH)
for the C allele of rs31480 in three representative world populations
(a CHB, Han Chinese; ¢ CEU, Europeans; e YRI, Africans) over
physical distance. In the Chinese population, the decay of haplotype
homozygosity for the C allele (marked with red) occurs much more
slowly than for the T allele (blue), suggesting potential positive selec-
tion acting on haplotypes containing this allele. In Europeans and
Africans, the decay of haplotype homozygosity for the C allele is

conducted extended haplotype homozygosity (EHH) anal-
yses using genotype data from the 1000 human genomes
project (The 1000 Genomes Project Consortium 2010).
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similar to the T allele (c, e). b, d, f REHH plots of the Chinese popu-
lation (b), European population (d), and African population (f). The
decay of EHH for the C allele and T allele is not significant in the
three populations (P > 0.05). However, REHH results revealed that
the haplotypes with the C allele decay significantly slower than the
haplotypes with the T allele (P = 0.033) in the Chinese population.
REHH results are not statistically significant for the C allele and T
allele in Europeans and Africans

The EHH tests showed that the C allele of rs31480 might
have undergone recent positive selection in Chinese popu-
lation (Fig. 4a). The rate of EHH decay on the C allele is
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A rs31480 (C allele) (CHB)

rs31480 (T allele) (CHB)

[ T T T T 1
131370000 131390000 131410000

C rs31480 (C allele) (CEU)

[ T T T T 1
131370000 131380000 131390000 131400000 131410000

E rs31480 (C allele) (YRI)

[ T T T 1

131385000 131390000 131395000 131400000 131405000

Fig. 5 Bifurcation plot of rs31480 in Chinese, Europeans and Afri-
cans. Haplotype bifurcation graphs show that the bifurcation of hap-
lotypes is also slower for the C allele (a) of rs31480 compared with
the T allele (b) in the Chinese population. In Europeans (CEU, c, d)
and Africans (YRI, e, f), bifurcation of haplotypes for the C allele and
T allele are comparable, indicating no recent positive selection on
rs31480 in Europeans and Africans. The haplotype thicknesses rep-

much slower than the T allele, implying potential positive
selection. We also conducted REHH tests and observed
similar results (Fig. 4b). The EHH results showed that the
haplotypes with rs31480-C allele decay slower than the
haplotypes with T allele (Fig. 4a) in the Chinese popula-
tion, though the difference is not statistically significant
(P = 0.084). However, REHH results clearly revealed that
the haplotypes with C allele decay significantly slower than
the haplotypes with T allele in Chinese (P = 0.033). The
rate of EHH decay on the rs31480-C allele and T allele is

131420000

[ T T T 1
131370000 131390000 131410000

D rs31480 (T allele) (CEU)

[ T T T T 1
131370000 131380000 131390000 131400000 131410000 131420000

F rs31480 (T allele) (YRI)

I T T T 1
131385000 131390000 131395000 131400000 131405000

resent the haplotype frequency. Haplotypes with unusually high EHH
and a high population frequency (thicknesses) suggest the presence
of recent positive selection that drives rapid increase in frequency
of new variants or haplotypes in the population. Unusually long and
thick haplotypes are observed for the C allele of rs31480 in Chinese
(a), but not for the T allele, indicating recent positive selection of the
C allele

similar in Europeans and Africans (P > 0.05) (Fig. 4c, e).
Statistical tests indicate that the decay of EHH and REHH
on the C allele is not statistically different from the T allele
in Europeans and Africans (P > 0.05) (Fig. 4d, f). We fur-
ther plotted the haplotype bifurcation diagram and observed
similar results (Fig. 5). The results of haplotype bifurca-
tion plot demonstrated clear long-range LD (as seen by the
predominance of one thick branch in the haplotype carry-
ing derived allele) for the haplotypes carrying the derived
allele compared with the ancestral allele in the Chinese
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population (Fig. 5a, b). Intriguingly, we noticed that EHH
and haplotype bifurcation decays at similar rates for both C
and T alleles in Europeans and Africans, indicating that the
C allele of rs1480 did not undergo recent positive selection
in Europeans and Africans (Fig. S5c—f). Collectively, these
results implied that the C allele of rs31480 might have
experienced weak or modest recent positive selection in the
Chinese population.

Discussion

Human evolution is characterized by greatly expanded
brain volume and highly developed cognitive abilities. It
is well established that dramatically enlarged brain vol-
ume plays a key role in the origin of human-specific traits,
including wisdom, intelligence, and creativity. As a com-
plex quantitative trait with high heritability, human brain
volume is also highly variable in general human popula-
tions. Yet, the genetic mechanisms underlying human brain
volume variation are largely unknown. Considering that
human brain volume is correlated with cognitive func-
tion, including general intelligence, working memory, and
processing speed, it is important to uncover the genetic
mechanisms underlying human brain volume variation.
We previously showed that genetic variants on 5q33 were
significantly associated with brain volume in the Chinese
population. Of note, we have successfully replicated the
association between genetic variants on 5933 and brain vol-
ume in two independent samples (European populations)
in our previous study. Fine-mapping and functional assays
demonstrated that /L3 was likely the responsible gene. /L3
and its receptors are continuously expressed in developing
mouse brain and /L3 could promote proliferation and sur-
vival of neural progenitors (Luo et al. 2012). In this study,
we further detailed the association between genetic variants
on 533 and human brain volume through genotyping addi-
tional 15 SNPs and our results are consistent with previous
findings.

IL3 encodes interleukin-3, a 152 amino acids protein
that plays a pivotal role in the development of multiple cell
types, including multipotent hematopoietic stem cells and a
variety of cell types originating in the bone marrow (Dorss-
ers et al. 1987; Yang et al. 1986). IL3 exerts its biological
effects through binding to its receptors. Ligand-specific
alpha subunit (IL3RA) and signal transducing beta subunit
(IL3RB) constitute the receptor complex of IL3 (Stomski
et al. 1996). Three signaling pathways are activated by IL3,
the mitogen-activated protein kinases (MAKP), the Janus
kinase/signal transducers and activators of transcription
(JAK/STAT), and the phosphatidylinositol 3-kinase-Akt
(PI3K-AKT) signaling pathways (Martinez-Moczygemba
and Huston 2003). Recent studies have revealed that IL3
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also has a crucial role in the central nervous system (Tabira
et al. 1998). IL3 was found to be expressed in the hip-
pocampal and cortical neurons of mouse brain (Konishi
et al. 1994) and could promote the growth and proliferation
of microglial cells (Frei et al. 1985, 1986), a type of glial
cells that act as the first and main form of active immune
defense in the central nervous system. In addition to its
important role in glial cells, /L3 also plays a pivotal role in
neurons (Kamegai et al. 1990; Wen et al. 1998; Zambrano
et al. 2007). It can promote the extension of process in cul-
tured cholinergic neurons and the formation of neuronal
network (Moroni and Rossi 1995). Consistent with the role
of IL3 in glial cells and neurons, loss of /L3 resulted in
neurologic disorder (Cockayne et al. 1994). In addition to
these reported functions, we demonstrated a novel role of
IL3 in the central nervous system. We found that /L3 could
promote the neuronal survival and proliferation of neural
progenitors (Luo et al. 2012).

To the best of our knowledge, this is the first study that
systematically investigated the molecular evolutionary pat-
tern of the /L3 gene. Our results demonstrated that /L3
might have experienced weak or modest positive selection
in the evolution history of human beings. First, multiple
protein sequence alignment showed that of /L3 was highly
variable among the studied species. Second, codon-based
neutrality tests indicated that the ratio of non-synonymous
to synonymous substitution (@ ratios) is different among
the studied primates, suggesting potential positive selec-
tion. Third, we also found variable w ratios among differ-
ent amino sites, an indicator of positive selection. Fourth,
frequency spectrum-based neutrality tests showed a signifi-
cant departure from neutral substitution patterns, indicating
a possible positive selection. Collectively, these consist-
ent results suggest that /L3 might have undergone weak or
modest adaptive evolution in humans.

The results of our molecular evolutionary analyses
revealed that /L3 might have undergone positive selection
in primates and humans. The association between /L3 and
brain volume (or the important role of /L3 in the central
nervous system) is one of the possible driving forces for
the positive selection detected on /L3. A growing body of
evidence strongly suggests that /L3 is a multi-faceted fac-
tor that plays crucial roles in the central nervous system. As
a matter of fact, previous studies have consistently shown
accelerated evolution of the nervous system genes in the
origin of humans (Dorus et al. 2004; Evans et al. 2004,
Montgomery et al. 2011). However, considering that the
signal of positive selection is widespread in apes and old
world monkeys (Fig. 3), we could not exclude other fac-
tors completely. As an important member of the cytokine
family, /L3 also plays crucial roles in the immune sys-
tem (Liew et al. 1989; Nishinakamura et al. 1995; Will-
inger et al. 2011). Of note, a recent study found that /L3
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amplifies acute inflammation and is a potential therapeutic
target in sepsis (Weber et al. 2015). Immune-related genes
are important targets for positive selection and previous
investigations have frequently reported adaptive evolution
of immune-related genes (Bamshad and Wooding 2003;
Barreiro and Quintana-Murci 2010; Karlsson et al. 2014).
Therefore, the important roles of /L3 in immune defense
is another possible driving force for the positive selection
detected on /L3. More work is needed to further clarify
the most possible driving force for the positive selection
detected on /L3.

EHH and REHH results suggested that /L3 might have
experienced recent positive selection in Asian populations.
However, we did not detect signals of recent positive selec-
tion in Europeans and Africans. A possible explanation
for this population-specific positive selection is that /L3
may not be associated with brain volume in non-Chinese
populations (e.g., Africans). That is, /L3 may only be asso-
ciated with brain volume in the Chinese population. As a
matter of fact, we noticed that a proportion of brain vol-
ume-associated genetic variants identified in the European
populations (Ikram et al. 2012; Stein et al. 2012) are mono-
morphic (fixed) in the Chinese population, suggesting that
distinct genetic variants may contribute to brain volume
variation in the Chinese population. In addition, other envi-
ronmental factors such as diet, host—pathogen interactions
(IL3 also plays crucial role in immune defense), and living
environment (e.g., temperature, humidity, and altitude) may
also result in population-specific positive selection. Further
work is needed to elucidate the underlying mechanisms of
the Chinese-specific positive selection.

We observed sex-specific associations between genetic
variants on 5q33 and brain volume variation, suggesting
that genetic variants on 5q33 may have different effects on
brain volume in females and males. To explore the possi-
ble reasons behind this sex-specific association, we previ-
ously investigated the interaction between IL3 and estro-
gen, a hormone with higher concentration in females than
in males. We found that the expression level of /L3 was not
directly regulated by estrogen. Nevertheless, we found that
IL3 can activate estrogen receptors. Of note, IL3 and estro-
gen can operate synergistically to further enhance the activ-
ity of estrogen receptor beta. As the concentration of estro-
gen and its receptors in females are higher than in males,
IL3 expression level may have different effects on brain
development (e.g., proliferation and survival of neural pro-
genitors) in females and males. In males, though individu-
als with TT genotype at rs31480 have higher IL3 expres-
sion than CC carriers, the concentration of estrogen and
estrogen receptors are relatively low; therefore, the effects
of IL3 expression level on brain development are relative
weak. By contrast, due to the high level of estrogen and
its receptors, the synergistic interaction between IL3 and

estrogen can amplify the effects of IL3 greatly, resulting in
differential activation of signaling pathways mediated by
IL3 and eventually leading to brain volume variation for
individuals with different genotypes at rs31480 in females
(Luo et al. 2012).

It should be noted that our EHH and REHH analy-
ses detected no recent selection signal around rs31480 in
Europeans and Africans. In Chinese, haplotypes with C
allele decay slowly than the haplotypes with T allele, sug-
gesting that recent positive selection might act on the C
allele. These results imply that the selection on /L3 is mild.
Consistent with this, we found the selected C allele is also
presented in the Neanderthal genome (Green et al. 2010).
The absolute human brain volume increased dramati-
cally over the past several million years after the separa-
tion of the human and chimpanzee species. It is possible
that IL3 experienced positive selection during the early
stage of human evolution. That is, the positive selection
might happen before the modern humans migrated out of
Africa. Another explanation for the EHH results is that
human brain volume might be under weak negative selec-
tion in recent human history (i.e., after the modern humans
migrated out of Africa). Despite the dramatic increase
of human brain volume after the separation of the human
and chimpanzee species, fossil records implied that human
brain volume decreased over the past 35,000 years (Hen-
neberg 1988; Ruff et al. 1997). In addition, recent studies
also reported the association between bigger brains and
autism and fragile X syndrome (Hazlett et al. 2012; Nor-
dahl et al. 2011), implying that the larger brain-associated
genetic variants may also have potential deleterious effects.
In summary, our findings revealed that genetic variants near
IL3 are associated with human brain volume variation and
IL3 might have experienced weak or modest positive selec-
tion in the evolutionary history of humans, which may be
due to its contribution to human brain volume.

Methods
Measurement of brain volume

Brain volume measurements and calculation were per-
formed as previously described (Wang et al. 2008). Briefly,
1013 unrelated healthy subjects were recruited in this
study, including 460 males and 553 females. All of the
participants were from southwestern China (Yunnan prov-
ince), with the age range from 19 to 28 years. Informed
consents were provided by all of the individuals. This study
was approved by the internal review board of Kunming
Institute of Zoology, Chinese Academy of Sciences. All the
methods described here were conducted in accordance with
the guidelines and regulations approved by the institutional
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review board of Kunming Institute of Zoology, Chinese
Academy of Sciences. More detailed information about
the studied subjects, brain volume measurements, and cal-
culation can be found in our previous studies (Wang et al.
2008).

SNP selection and genotyping

Our previous study revealed that rs3916441 showed the
most significant association with brain volume. To fur-
ther explore if other SNPs near rs3916441 are associated
with brain volume more significantly, we adopted a dense
fine-scale mapping strategy. In total, we selected 15 SNPs.
Seven of the newly selected SNPs were located upstream
of 1s3916441 and eight of them downstream of rs3916441.
The detailed information of the newly selected SNPs is
shown in Supplementary Table S1. SNP genotyping was
performed using the SNaPShot method as described in
our previous study (Luo et al. 2012). In brief, the region
containing the specific SNP was amplified by polymerase
chain reaction (PCR). The PCR products were purified and
treated with shrimp alkaline phosphatase (SAP) and Exo-
nuclease I. Then the SNP was genotyped by the single-base
extension method, which was finished using 3730 DNA
analyzer (Applied Biosystems). The GeneMapper software
was used to read the genotyping results.

Quantitative trait genetic association analysis

PLINK (Purcell et al. 2007) was utilized to perform the
genetic association between the genotyped SNPs and
brain volume. Briefly, for each SNP, 1 and 2 represent the
homozygotes, respectively, 1.5 represents the heterozy-
gotes, and cranial volume is considered to be dependent.
Additive genetic model was used and linear regression
was conducted as described previously (Wang et al. 2008).
The association significance (P values) between the stud-
ied SNPs and brain volume was corrected using Bonferroni
multiple testing correction, and the original and adjusted P
values are listed in Supplementary Table S1.

Linkage disequilibrium analysis

Linkage disequilibrium (correlation coefficient, ) between
the studied SNPs was analyzed using Haploview (Barrett
et al. 2005). We defined the haplotype blocks using the cri-
teria of Gabriel et al. (2002).

Functional prediction of the studied SNPs

We previously have shown that rs31480 is likely to be a

functional SNP using both bioinformatics analyses and
functional experiments (i.e., electrophoretic mobility shift
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and reporter gene assays). To further investigate if other
SNPs have potential functional consequences, we con-
ducted bioinformatics predictions using three different
methods. We first performed functional prediction of the
studied SNPs using Genome-Wide Annotation of Vari-
ants (GWAVA) (http://www.sanger.ac.uk/sanger/StatGen_
Gwava) (Ritchie et al. 2014). GWAVA predicts the func-
tional consequence of non-coding genetic variants based on
a wide range of annotations from ENCODE/GENVODE,
along with genome-wide properties such as evolutionary
conservation and GC content. The GWAVA score ranges
0-1, with higher score indicating variants predicted as
more likely to be functional. We then used another tool
(SNPinfo)  (http://snpinfo.niehs.nih.gov/snpinfo/snpfunc.
htm) (Xu and Taylor 2009) to predict the potential func-
tional consequences of the studied SNPs. Finally, we pre-
dicted the potential functional consequences of rs3916441
and rs31480 using RegulomeDB (http://www.regulomedb.
org) (Boyle et al. 2012). Multiple types of data (e.g., ChIP-
seq, DNase-seq and eQTLs) from the Encyclopedia of
DNA Elements (ENCODE) project and other sources were
integrated into the RegulomeDB to estimate the possible
function of the candidate SNPs.

Multiple alignments of IL3 protein sequence

The protein sequence of IL3 was downloaded from NCBI
(http://www.ncbi.nlm.nih.gov/), Ensembl (http://www.
ensembl.org/index.html), and the UCSC genome browser
(http://genome.ucsc.edu/). Protein sequence alignment was
performed using ClustalX (Larkin et al. 2007).

Likelihood ratio tests

The IL3 coding sequences of the eight primates (human,
chimpanzee, gorilla, orangutan, gibbon, baboon, macaque,
and marmoset) were extracted from the NCBI, Ensembl,
and UCSC genome browser. After aligning with ClustalX,
the aligned sequences were used to reconstruct the ances-
tral sequences using Baseml program implemented in
PAML (v4.7) (Yang 1997). The Codeml program in PAML
software package was used to conduct the likelihood ratio
tests. The branch model was used to detect if the ratio of
non-synonymous substitution rate (Ka) to synonymous
substitution rate (Ks) is significantly different among the
studied species (Yang 1998). The site model was used to
test if there were variable w ratios among the amino acid
sites (Anisimova et al. 2002; Nielsen and Yang 1998; Yang
et al. 2005). For the branch model, one ratio, two ratios,
and free ratio branch models were used. For the site model,
nested models M1 vs. M2 and MO vs. M3 were com-
pared to detect the potential positively selected sites. More
detailed information on the likelihood ratio test, and branch
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and site models can be found in the original publications
(Yang 1998; Yang et al. 2000, 2005; Yang and Swanson
2002).

Detecting positive selection with random effects
likelihood (branch—site REL) method

Recently, Kosakovsky Pond et al. (2011) developed a
new method (branch-site REL) to detect positive selec-
tion. Compared with the current branch—site model, which
assumes that all branches in the tree can be partitioned a
priori into two classes, branch—site REL introduced a new
class of models in which substitution rates may vary from
branch to branch and from site to site. Branch-site REL
was used to detect the potential positive selection among
primates.

Population genetics analysis

To test if the evolution of /L3 deviated from neutral
expectation in human populations, we carried out popu-
lation genetics analyses in three representative popu-
lations (Asians, Europeans, and Africans). A total of
342 individuals, including 166 Chinese, 88 Europe-
ans, and 88 Africans, were recruited in this study. The
genomic sequence encompassing the entire /L3 gene
(2675 bp), and upstream (1435 bp) and downstream
(1166) sequences were sequenced using 3730 DNA
analyzer (Applied Biosystems). We utilized the fast-
PHASE program (Scheet and Stephens 2006) to infer
the haplotypes based on the polymorphisms detected in
the human populations. The population genetics param-
eters, including nucleotide diversity 7 and segregating
sites Ow, were calculated in each population. We used
the DnaSP (v5.0) (Librado and Rozas 2009) to conduct
the frequency spectrum-based neutrality tests, includ-
ing Tajima’s D, Fu, and Li’s D, F, Fu, and Li’s D*, F*,
Fay and Wu’s H (Fay and Wu 2000; Fu 1997; Fu and
Li 1993; Tajima 1989). For Fay and Wu’s H test, coa-
lescent simulations implemented in DnaSP were used
to test if the sequenced region encompassing IL3 sig-
nificantly deviated from neutral evolution. We first cal-
culated the values of Fay and Wu’s H, theta and sample
size based on the input sequences from each population.
These values were then used for coalescent simulations.
Detailed parameters used in coalescent simulations are
described below: (1) Chinese population (CHB), Theta:
2.334, sample size: 332, Fay and Wu’s H: 0.565; (2)
European population (CEU), Theta: 1.153, sample size:
176, Fay and Wu’s H: —0.245; (3) African population
(YRI), Theta: 4.435, sample size: 176, Fay and Wu’s H:
—3.062. 10,000 simulations were conducted to obtain
the empirical P value. Chimpanzee sequence was used

as outgroup for the test of Fu and Li’s D, F, Fu and Li’s
D*, F*, Fay and Wu’s H.

Extended haplotype homozygosity (EHH) and relative
EHH (REHH) analysis

To test if rs31480 experienced recent positive selection,
we carried out EHH and REHH analyses (Sabeti et al.
2002). Genotype data (5:131196332-131596332, hgl9)
were obtained from the 1000 Genomes project (The
1000 Genomes Project Consortium 2010), including 103
Chinese (CHB), 99 Europeans (CEU), and 108 Africans
(YRI). The extracted genotype data were phased with
fastPHASE program (V1.2) (Scheet and Stephens 2006),
and Rehh package (Gautier and Vitalis 2012) in R was
used to calculate the EHH of the region surrounding the
rs31480. The statistical significance of EHH and REHH
was assessed using simulations implemented in Sweep
program (V1.1) (Sabeti et al. 2002) (http://www.broad-
institute.org/mpg/sweep/). We examined if the selected
allele of rs31480 (C allele) is presented in archaic human
genome using the Neanderthal genome (Green et al.
2010).
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Supplementary Material

Table S1. Marker characteristics and association significance with brain volume in females

_ _ _ P value® P value®

SNP id? Location Polymorphism R? b
(Original)  (Corrected)

rs3756295 130720739 GIC 0.00888 -2.095 0.03665 1
rs40396 130735943 GIC 0.0120 2.423 0.01577 0.55195
rs1291602 130794561 G/A 4.04E-06 -0.0446 0.9644 1
rs31251 130861845 G/A 0.0169 -2.911 0.003772 0.132
rs1355095 131276668 G/A 4.96E-05 -0.1557 0.8763 1
rs2240525 131343783 CIT 0.0137 -2.596 0.00971 0.340
rs3914025 131381184 G/A 0.0277 3.693 0.000247 0.0087
rs3846726 131386898 G/A 0.0299 -3.86 0.000129 0.0045
rs247011 131387513 G/A 0.0157 -2.854 0.004491 0.1572
rs3846727 131387577 GIA 0.0278 3.824 0.000148 0.0052
rs6596051 131391836 CIT 0.0261 3.703 0.000237 0.00828
rs17132324 131391878 G/A 0.0298 -3.959 8.61E-05 0.00301
rs3763116 131391913 GIT 0.0253 3.632 0.00031 0.01083
rs3763114 131392232 AIT 0.0239 -3.535 0.000444 0.01555
rs12656759 131395509 CIT 0.0243 3.555 0.000413 0.01444
rs3916441 131397140 CIT 0.0319 -4.059 5.72E-05 0.00200
rs10074987 131398611 G/A 0.0241 3.555 0.000413 0.01447
rs6868554 131398726 GIT 0.0288 3.894 0.000112 0.00391
rs2662406 131414041 CIT 0.0256 3.665 0.000273 0.00957
rs246755 131414177 AIC 0.0254 -3.644 0.000296 0.01035
rs246756 131414258 CIT 0.0246 3.592 0.00036 0.01259
rs31400 131417406 G/A 0.0317 -3.995 7.45E-05 0.00261
rs31401 131418280 GIT 0.0179 -3.054 0.002373 0.08306
rs2073506 131422637 A/G 0.00344 1.195 0.2327 1
rs181781 131423014 AIG 0.0190 2.828 0.004906 0.1717
rs31480 131424231 G/A 0.0242 3.523 0.000465 0.0163
rs40401 131424377 GIA 0.0271 3.738 0.000207 0.0072
rs31481 131425101 CIT 0.0272 3.706 0.000234 0.0082
rs31474 131432926 G/A 0.0219 -3.357 0.000848 0.0297
rs25881 131439037 G/A 0.00763 1.941 0.05279 1
rs25882 131439395 G/A 0.00626 -1.754 0.0801 1
rs25887 131443960 GIT 0.00715 1.893 0.05893 1
rs31467 131464737 G/A 0.00564 1.687 0.09217 1
rs152198 131466709 G/A 0.00111 0.7448 0.4568 1
rs159905 131530402 G/A 0.00149 0.8606 0.3899 1

%SNPs genotyped in our previous study are shown in italic. The 15 newly SNPs genotyped in this
study are shown in bold. ®The test statistics T and P values were obtained by Plink v1.07 under the
additive genetic model. “The P values were corrected by using Bonferroni multiple testing
correction.



Table S2. Functional prediction of the studied SNPs with GWAVA
(http://www.sanger.ac.uk/sanger/StatGen Gwava).

SNP ID Chromosome Position GWAVA Prediction Score®
rs3756295 5 130,692,840 0.25
rs40396 5 130,708,044 0.18
rs1291602 5 130,766,662 0.39
rs31251 5 130,833,946 0.17
rs1355095 5 131,248,769 0.15
rs2240525 5 131,315,884 0.3
rs3914025 5 131,353,285 0.41
rs3846726 5 131,358,999 0.54
rs247011 5 131,359,614 0.38
rs3846727 5 131,359,678 0.46
rs6596051 5 131,363,937 0.29
rs17132324 5 131,363,979 0.32
rs3763116 5 131,364,014 0.28
rs3763114 5 131,364,333 0.39
rs12656759 5 131,367,610 0.38
rs3916441 5 131,369,241 0.24
rs10074987 5 131,370,712 0.15
rs6868554 5 131,370,827 0.16
rs2662406 5 131,386,142 0.29
rs246755 5 131,386,278 0.24
rs246756 5 131,386,359 0.25
rs31400 5 131,389,507 0.46
rs31401 5 131,390,381 0.54
rs2073506 5 131,394,738 0.46
rs181781 5 131,395,115 0.43
rs31480 5 131,396,332 0.87
rs40401 5 131,396,478 0.18
rs31481 5 131,397,202 0.2
rs31474 5 131,405,027 0.4
rs25881 5 131,411,138 0.3
rs25882 5 131,411,460 0.22
rs25887 5 131,416,061 0.16
rs31467 5 131,436,838 0.34
rs152198 5 131,438,810 0.4
rs159905 5 131,502,503 0.08

*GWAVA prediction score, higher score suggests higher possibility that the variant is functional.


http://www.sanger.ac.uk/sanger/StatGen_Gwava

Table S3. Functional prediction of the studied SNPs using SNPinfo
(http://snpinfo.niehs.nih.gov/cgi-bin/snpinfo/snpfunc.cgi).

SNP ID Chromosome Position Allele TFBS* RegulatoryPotentiaIID

rs3756295 5 130720739 G/C - 0
rs40396 5 130735943 G/C - NA
rs1291602 5 130794561 CIT - 0.289489
rs31251 5 130861845 T/C - 0.049836
rs1355095 5 131276668 T/C - 0
rs2240525 5 131343783 A/G - 0
rs3914025 5 131381184 CIT - 0
rs3846726 5 131386898 T/C - NA
rs247011 5 131387513 G/A - NA
rs3846727 5 131387577 TIC - 0
rs6596051 5 131391836 CIT - 0.210977
rs17132324 5 131391878 A/G - 0.176642
rs3763116 5 131391913 C/A - 0.123661
rs3763114 5 131392232 TI/IA - 0
rs12656759 5 131395509 CIT - NA
rs3916441 5 131397140 A/G - NA
rs10074987 5 131398611 A/G - NA
rs6868554 5 131398726 GIT - NA
s2662406 5 131414041 G/A - 0
rs246755 5 131414177 A/C - 0
rs246756 5 131414258 CIT - 0
rs31400 5 131417406 CIT - 0
rs31401 5 131418280 GIT - 0
rs2073506 5 131422637 TIC Y 0.07439
rs181781 5 131423014 A/G Y 0.169846
rs31480 5 131424231 CIT Y 0.340306
rs40401 5 131424377 CIT - 0
rs31481 5 131425101 A/G Y 0.074596
rs31474 5 131432926 CIT Y 0.055775
rs25881 5 131439037 CIT - 0.074454
rs25882 5 131439359 CIT - 0.062762
rs25887 5 131443960 A/C - 0.172942
rs31467 5 131464737 CIT - 0
rs152198 5 131466709 T/C - 0.083624
rs159905 5 131530402 CIT - NA

*TFBS, transcription factor binding site. *The regulatory potential of the SNP, higher value
represents higher possibility that the SNP is functional.


http://snpinfo.niehs.nih.gov/cgi-bin/snpinfo/snpfunc.cgi

Table S4. Functional prediction of rs31480 and rs3916441 using Regulome DB
(http://www.regulomedb.org).

SNP ID Chromosome Coordinate Regulome DB Score®
rs3916441 chr5 131369240 6
rs31480 chr5 131396331 5

*Regulome DB Score represents the regulatory potential of the SNP. Of note, Regulome DB Score
is different from GWAVA and SNPinfo scores. Smaller Regulome DB Score incidates higher
regulatory potential. Detailed information about Regulome DB Score are listed below:

The scoring scheme refers to the following available datatypes for a single coordinate.

Score Supporting data
la eQTL + TF binding + matched TF motif + matched DNase Footprint + DNase peak
1b eQTL + TF binding + any motif + DNase Footprint + DNase peak
1c eQTL + TF binding + matched TF motif + DNase peak
1d eQTL + TF binding + any motif + DNase peak
le eQTL + TF binding + matched TF motif
1f eQTL + TF binding / DNase peak
2a TF binding + matched TF motif + matched DNase Footprint + DNase peak
2b TF binding + any motif + DNase Footprint + DNase peak
2c TF binding + matched TF motif + DNase peak
3a TF binding + any motif + DNase peak

3b TF binding + matched TF motif

4 TF binding + DNase peak
5 TF binding or DNase peak
6 other

Note: This information is from Regulome DB website (http://requlomedb.org/help).



http://www.regulomedb.org/
http://regulomedb.org/help

Table S5. The Encephalisation Quotients (EQ)® of the eight studied primates

Species Body weight (g) Brain weight (mg) Martin EQ
Human 44000 1250000 6.28
Chimpanzee 36350 410300 2.38
Gorilla 126500 505900 1.14
Orangutan 53000 413300 1.80
Gibbon 6521 112057 2.40
Baboon 17043 168357 1.74
Macaque 7280 90300 1.78
Marmoset 400 7000 1.70

*Encephalization quotient (EQ), or encephalization level is a measure of relative brain size defined
as the ratio between actual brain mass and predicted brain mass for an animal of a given size. Data
are from Roth et al [1] and Aiello et al [2].
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Figure S1. Detecting of positive selection using Branch-site REL. The hue of each color
indicates strength of selection, with primary red corresponding to @ > 5, primary blue to ® = 0 and
grey to ©w=1. The width of each color component represents the proportion of sites in the
corresponding class. Thicker branches have been classified as undergoing episodic diversifying
selection by the sequential likelihood ratio test at corrected p < 0.05. For more details, please refer
to the paper of Kosakovsky Pond et al (http://www.datamonkey.org/).
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