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Abstract Hair straightness/curliness is a highly heritable

trait amongst human populations. Previous studies have

reported European specific genetic variants influencing hair

straightness, but those in East Asians remain unknown.

One promising candidate is a derived coding variant of the

ectodysplasin A receptor (EDAR), EDARV370A (370A),

associated with several phenotypic changes of epidermal

appendages. One of the strongest signals of natural selec-

tion in human genomes, 370A, has risen to high prevalence

in East Asian and Native American populations, whilst

being almost absent in Europeans and Africans. This

striking frequency distribution and the pleiotropic nature of

370A led us to pursue if hair straightness, another epider-

mal appendage-related phenotype, is affected by this var-

iant. By studying 1,718 individuals from four distinctive

East Asian populations (Han, Tibetan, Mongolian, and Li),

we found a significant association between 370A and the

straight hair type in the Han (p = 2.90 9 10-6), Tibetan

(p = 3.07 9 10-2), and Mongolian (p = 1.03 9 10-5)

populations. Combining all the samples, the association is

even stronger (p = 5.18 9 10-10). The effect of 370A on

hair straightness is additive, with an odds ratio of 2.05. The

results indicate very different biological mechanisms of

straight hair in Europe and Asia, and also present a more

comprehensive picture of the phenotypic consequences of

370A, providing important clues into the potential adaptive

forces shaping the evolution of this extraordinary genetic

variant.

Introduction

Recent genome-wide scans of natural selection in human

populations have identified hundreds of candidate adaptive

alleles for further study. One of the most compelling can-

didates is a derived coding variant of the Ectodysplasin A

receptor (EDAR), EDARV370A (370A) (Sabeti et al. 2007;

Grossman et al. 2010; Kamberov et al. 2013). Analysis of

the geographical distribution of 370A revealed that the
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allele is at a high frequency in East Asian and Native

American populations, but is nearly absent in Europeans

and Africans (Sabeti et al. 2007). Previous studies using

various computational methods demonstrated that the cor-

responding non-synonymous SNP (rs3827760) shows one

of the strongest signals of selection in the human genome

(Sabeti et al. 2007; Bryk et al. 2008; Xue et al. 2009;

Grossman et al. 2010). In support of this hypothesis, 370A

was also shown to associate with several phenotypic

changes of epidermal appendages, including hair thickness

(Fujimoto et al. 2008a, b), dental morphology (Kimura

et al. 2009; Park et al. 2012; Kamberov et al. 2013), and

sweat gland density (Kamberov et al. 2013). Equivalent

phenotypic changes have been reported in a 370A knock-in

mouse model (Kamberov et al. 2013).

Although 370A is a genetic variant of wide interest, one

phenotype that has not been adequately explored amongst

potential phenotypic changes of epidermal appendages is

hair straightness. While an overexpression model of the

Edar gene in mice showed that it led to straight hair (Mou

et al. 2008), the 370A knock-in mouse model (Kamberov

et al. 2013) demonstrated that this gross overexpression

does not adequately model the phenotypic changes driven

by the 370A single amino-acid change. Thus, there has yet

been any direct evidence on whether 370A allele is asso-

ciated with straight hair, in either humans or mice. Indeed,

Fujimoto and colleagues (2008a, b) found no significant

association when they examined hair index, a phenotype

often used as a proxy to hair straightness in human popu-

lations. Those previous human studies, however, were

limited by a relatively small sample size. By increasing the

sample size and studying different East Asian populations,

we aim to adequately test the hypothesis whether 370A is

associated with straight hair in human populations.

Materials and methods

Populations

We collected 1,718 samples from four East Asian popu-

lations in different geographical regions of China, includ-

ing 973 Han from Taizhou, Eastern China; 226 Tibetan

from Shigatse, Western China; 323 Mongolian from Hul-

unbuir, Northern China; and 196 Li (Hlai) from Hainan,

Southern China (Fig. 1; Table 1).

Hair straightness rating

We rated hair straightness by eye on a three-point scale

(straight, wavy, and curly) (Medland et al. 2009a), after

confirmation that the participant had never had their hair

treated. Since curly hair was at a very low frequency in our

populations (10 cases in total from all samples of four

populations), we grouped wavy and curly hair into one

category ‘‘non-straight’’ in the analyses presented in the

rest of the paper.

Genotyping

We collected blood samples from the participants, and

extracted DNA using standard phenol/chloroform method.

For Han samples, we performed genotyping of the SNP of

interest, rs3827760, using a SNaPshot assay and called

genotypes with GeneMapper v2.0. For Tibetan, Mongolian

and Li samples, we performed genotyping of rs3827760

with Sequenom MassARRAY and called genotypes with

MassARRY Typer Version 4.0. We completed this work

under approved protocols from the Institutional Research

Board at Fudan University.

Statistical analysis

We applied logistic regression to test the association

between the 370A genotypes and hair straightness, imple-

mented using PLINK (Purcell et al. 2007). We adopted the

additive model, as supported by previous 370A studies in

humans (Fujimoto et al. 2008a, b; Kimura et al. 2009; Park

et al. 2012; Kamberov et al. 2013) and transgenic mice

(Mou et al. 2008; Chang et al. 2009; Kamberov et al.

2013). We controlled for the confounding effect of age and

sex by applying both age and sex as covariates in the

logistic regression. In our analysis of combined samples

from the four different populations, we introduced another

covariate, the collection location, to account for potential

substructure in the combined samples.

Results

In the Han, Mongolian and Li populations, the frequency of

straight hair is higher in the derived homozygote 370A than

in the heterozygote 370V/370A (Fig. 2c–f). This trend is

statistically significant in Han (two-tailed Fisher’s exact

test, p \ 0.0001) and Mongolian (two-tailed Fisher’s exact

test, p = 0.0002), but not in Li population (two-tailed

Fisher’s exact test, p = 0.3425). In the Tibetans, where we

have collected 25 ancestral homozygote 370V samples, the

frequency of straight hair is the highest in 370A, and the

lowest in 370V, with the heterozygote 370V/370A at an

intermediate frequency (Fig. 2d). This supports an additive

model of 370A, consistent with previous reports in other

associated phenotypes in humans and mice. This pattern is

further supported by the combined analysis of all four

populations (Fig. 2b).
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In a logistic regression model assuming an additive

model, the association between straight hair and 370A is

significant in three of the four populations

(p = 2.90 9 10-6 in Han, p = 3.07 9 10-2 in Tibetan,

p = 1.03 9 10-5 in Mongolian, and p = 0.489 in Li;

Table 2). In our combined analysis, the association is even

stronger (p = 5.18 9 10-10), with an odds ratio of 2.05.

All the associations remain significant after controlling for

the confounding effects of age, sex, and collection location

whenever applicable (Table 2).

Discussion

This study, assisted by a large sample size, found an

association between 370A and straight hair in East Asians.

Unpublished data from a separate study of *7000 Mes-

tizos in five Latin American countries has independently

verified the association between 370A and straight hair

reported in this paper (Ruiz-Linares, personally commu-

nication). Previously, Fujimoto and colleagues examined

the hair index [the ratio of small diameter to large

diameter of the cross-sections of hair, thought to be an

indicator of hair straightness (Bean 1911)] in Indonesian,

Thai (Fujimoto et al. 2008a), and Japanese (Fujimoto

et al. 2008b) populations, but did not find a significant

association between hair index and 370A. This is likely

due to limitations in power with small sample sizes (121

Indonesian, 65 Thai, and 189 Japanese). In the present

study, with a much larger sample size, we observed a

significant association between hair straightness and

370A. Indeed in the case of Li, the smallest of four

population samples in our study (with 196 individuals) is

the only one in which we did not observe a significant

association between straight hair and 370A (Table 2). This

is to be expected. For a population like the Li with

73.5 % straight hair cases in samples with genotype 370A,

and 64 % straight hair cases in samples with the hetero-

zygote genotype 370V/370A, the power to detect an

association given a sample size of 196 (evenly distributed

within two genotypes), is only 0.3. Further studies with

Fig. 1 Population locations

and allele frequencies. Pie

charts present the allele

frequencies of EDARV370A,

with 370V in white and 370A in

black

Table 1 Characteristics of the four populations

Han Tibetan Mongolian Li

Average age

(range)

19.8

(17–25)

17.7

(15–22)

40.4

(14–80)

24.1

(18–58)

No. of females 579 154 164 98

No. of males 394 72 159 98

Percentage of

females with

straight hair (%)

85.1 76.0 90.9 80.6

Percentage of males

with straight hair

(%)

74.4 68.1 89.3 64.3

Percentage of

females with non-

straight hair (%)

14.9 24.0 9.1 19.4

Percentage of males

with non-straight

hair (%)

25.6 31.9 10.7 35.7
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increased sample sizes should be able to convincingly test

whether 370A is associated with straight hair in the Li

population.

Previous studies indicate that hair straightness is a com-

plex trait and that the underlying genes could be very dif-

ferent in distinct ethnic populations. Medland and colleagues

(2009a) reported that European specific genetic variants in

Trichohyalin gene (TCHH) are associated with straight hair

in the Caucasians. The present study is the first unambiguous

report on a specific common variant in EDAR associated with

straight hair in Chinese populations. It has been shown that

the EDAR370A variant originated in Central China about

30,000 years ago (Kamberov et al. 2013), and to be absent in

Europe and Africa. Thus, this 370A variant cannot explain

hair straightness in Europe and Africa. Straight hair in dif-

ferent populations may well involve distinctive genes, and

hence distinctive biological mechanisms.

The TCHH variant explained *6 % of the total variance

of hair straightness in the Caucasians (Medland et al.

2009a). In our study, the EDAR variant explains an even

smaller fraction of the total variance (in a quantitative

model, the regression coefficient is approximately 0.14,

Table 2 Genotype-phenotype association of hair straightness and EDARV370A

Han Tibetan Mongolian Li Combined

Sample no. 973 226 323 196 1718

Minor allele frequency (%) 6.53 35.18 13.78 6.89 11.70

Odds ratio 2.567 1.616 4.767 1.342 2.050

p Value 2.90 9 10-6 3.07 9 10-2 1.03 9 10-5 0.489 5.18 9 10-10

p Value after controlling covariates* 4.62 9 10-6 3.53 9 10-2 4.48 9 10-6 0.219 1.33 9 10-8

* We controlled for age and sex as covariates. In the combined test, we added an additional covariate, the collection location

Fig. 2 Frequency of straight

and non-straight hair types as a

function of EDARV370A

genotypes. a Representative

images of straight and non-

straight hair. b Frequency of

straight and non-straight hair as

a function of EDARV370A

genotype in the combined

samples (n370A = 1,351; n370V/

370A = 332; n370V = 35). c–

f Frequency of straight and non-

straight hair as a function of

EDAR370 genotype in the Han

(n370A = 849; n370V/

370A = 121), Tibetan

(n370A = 95; n370V/370A = 103;

n370V = 28), Mongolian

(n370A = 237; n370V/370A = 83),

and Li (n370A = 170; n370V/

370A = 25) population samples.

The samples sizes of 370V

(n370V) in Han, Mongolian and

Li are too small, and therefore

are not shown
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which means the association explains *2 % of total var-

iance). This smaller amount of explained total variance

could be partly explained by smaller sample sizes in this

study than the TCHH study. It can also be partly contrib-

uted by the smaller variation of the hair straightness phe-

notype (a good majority of the East Asian samples have

straight hair), and the lack of curly hair type in the studied

populations. In addition, the East Asian populations

included in the present study are genetically more differ-

entiated than the Caucasians. Therefore, within East Asia,

the amount of explained total variance by 370A may vary

between populations. In any case, the small amount of

explained total variance in Caucasians and East Asians is a

sharp contrast to the high estimated heritability of hair

straightness (85–95 %) (Medland et al. 2009b). This sug-

gests that hair straightness involves a large number of

causal genes, and that the biology of hair straightness could

be more complex than expected.

Our study offers new insights into the relevant selection

force and biological mechanisms underlying the emergence

of the EDAR 370A allele. Apart from being associated with

hair straightness, 370A is also associated with hair thickness

(Fujimoto et al. 2008a, b), dental morphology (Kimura et al.

2009; Park et al. 2012; Kamberov et al. 2013), and sweat

gland density (Kamberov et al. 2013). Since 370A presents

one of the strongest signatures of selection in humans, there

is great interest in further revealing the actual selection

force(s) driving the spread of this adaptive genetic variant.

By reporting the association with hair straightness, we are

providing a more complete understanding of the phenotypic

consequences and the pleiotropic nature of 370A. The new

finding may lead to new adaptive hypothesis. For example,

it is possible that the straight hair may exhibit an advantage

in mate choice, and thus play a role in sexual selection

(Hitsch et al. 2010). On the other hand, straight hair may

facilitate the evaporation of sweat, leading to advantages in

thermoregulation. Of course, another plausible scenario is

that 370A is under selection due to other phenotypic con-

sequences (e.g. an increased density of sweat glands). In

this case, hair straightness would be only a ‘‘side effect’’

that hitchhiked with 370A to high frequency in East Asians,

itself bearing no selective advantage or disadvantage.

Whatever the adaptive trait, it is becoming clear that EDAR

370A allele is one of the most compelling and complex

adaptive traits in humans.
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