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Recent studies in Asian populations have identified
variants in the EDAR and FGFR2 genes that

arose following the divergence of Asians and
Europeans and are associated with thick straight hair.
To date no genetic variants have been identified influ-
encing hair texture in Europeans. In the current study
we examined the heritability of hair curliness in three
unselected samples of predominantly European
ancestry (NS1 = 2717; NS2 = 3904; NS3 = 5079). When
rated using a three point scale (Straight/Wavy/Curly)
males were ~5% more likely to report straight hair
than females and there were suggestions in the data
that curliness increased slightly with age. Across
samples significant additive and dominant genetic
influences were detected resulting in a broad sense
heritability of 85–95%. Given the magnitude and the
specificity of the EDAR effect on hair morphology in
Asian populations we are hopeful that future associa-
tion studies will detect similar genetic influences in
European populations.
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Hair morphology (which can be graded into eight cate-
gories of increasing curliness (Loussouarn et al., 2007)
is one of the more conspicuous features of human vari-
ation; categories 1-II reflect the straight hair typical of
East Asian populations, while categories VI-VIII reflect
extremes of curliness typically found in African popu-
lations. In Caucasians, hair texture is highly variable
with about 50% falling in categories 1-II (‘straight’),
37% in III (‘wavy’) and 13% in IV (‘curly’). There
numerous hypotheses regarding the evolutionary sig-
nificance of different hair textures, including heat
insulation, translucence to allow dermal vitamin D
synthesis, and sexual selection, but none with any
empirical support as yet (Iyengar, 1998).

Biologically, the degree of curliness is correlated
with the distribution of hair keratins and cell type
within the hair fibre, with the number of mesocortical
cells decreasing as the curl intensifies (Thibaut et al.,
2007). Recent studies have identified Asian specific
alleles of EDAR and FGFR2 that are associated with
thick straight hair, suggesting that these variants arose
following the divergence of Asians and Europeans
(Fujimoto et al., 2008; Fujimoto et al., 2009). It seems
likely that parallel mutations may have evolved giving

rise to straight hair in Europeans. However, to date
no genetic variants have been identified influencing
hair texture in Europeans. Here we examine the evi-
dence for genetic effects on hair texture in three twin
samples as a precursor to analyses attempting to
indentify genes influencing this trait in individuals of
European ancestry.

Methods
Participants

The three independent samples analyzed in the current
study included one Adolescent and two Adult samples.
The ascertainment and phenotypic data collection for
these studies is summarized below. All three cohorts
were drawn from unselected community samples.
Characteristics of the three cohorts are summarized in
Table 1.

Sample 1: Adolescent siblings. The data from this
sample were collected in the context of an ongoing
study (1992–2009) of melanoma risk factors in 12-
year-old twins and their siblings. Participants were
ascertained from schools in south-east Queensland. As
part of a clinical protocol that has been described else-
where blood was obtained for zygosity confirmation
and DNA extraction (Zhu et al., 1999; Zhu et al.,
2007), and research nurses recorded whether their
hair was ‘naturally straight, wavy or curly’. Most
twins returned at age 14 and were examined with the
same protocol. For 1,404 individuals curliness was
recorded at ages 12 and 14 (Table 2; test–retest corre-
lation of .89; SE .01). There was a slight increase in
the prevalence of curliness with age. Where hair
texture ratings differed at 12 and 14, the 14 year-old
rating was used for genetic analyses since this is closer
to adulthood. Data were available for a total of 2717
individuals (2082 twins and 635 non-twin siblings)
from 1043 families.

Sample 2: Adult twin pairs. Twins from a second
cohort born 1903–1964 were asked to donate blood
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samples in the context of a study on the genetics of
alcohol related behaviors (Heath et al., 1997) in the
years 1993–96, when they were aged 29–94. At this
time they were asked by questionnaire ‘Which of the
following best describes your natural hair texture at
age 20? Straight or curly?’ Data were available for
3907 individuals from 2252 families.

Sample 3: Adult twin pairs. A third cohort of twins
born 1965–1972 and with mean age 39 at time of
survey, took part in telephone interview studies of
gambling habits (Slutske et al., 2009) and male
pattern baldness (Nyholt et al., 2003) in which partici-
pants were asked ‘Which of the following best
describes your natural hair texture at age 21? Straight,
wavy or curly?’ Data were available for 5017 individ-
uals from 2895 families.

Statistical Methods

The data were analyzed using a multifactorial thresh-
old model in which discrete traits are assumed to
reflect an underlying normal distribution of liability
(or predisposition). Liability, which represents the sum
of all the multifactorial effects, is assumed to reflect
the combined effects of a large number of genes and
environmental factors each of small effect and is char-
acterized by phenotypic discontinuities that occur
when the liability reaches a given threshold (Neale &
Cardon, 1992). All data analyses were conducted
using maximum likelihood analyses of raw data
within Mx (Neale et al., 2006).

Corrections for sex, age (both linear and quadratic
effects), and age by sex interactions were included in
the threshold models in all data analyses, such that

the trait value for individual j from family i was para-
meterized as:

xij = βage + βage2 + βsex + βsex*age + μ

The relatedness between the participants was explic-
itly modeled accounting for the sex of relative pairs.
The phenotypic variances of males (σ 2

M) and females
(σ 2

F), which were constrained to unity, were parameter-
ized as:

σ 2
M = σ 2

Am + σ 2
Dm + σ 2

Em and, σ 2
F = σ 2

Af + σ 2
Df + σ 2

Ef

where, σ2
Am and σ2

Af represent the additive genetic
effects of males and females; σ2

Dm and σ2
Df represent

the nonadditive genetic effects and σ2
Em and σ2

Ef repre-
sent the nonshared or unique environmental effects of
males and females respectively. While the covariance
terms were parameterized as:

CovMale MZs = σ 2
Am + σ 2

Dm

CovFemale MZs = σ 2
Af + σ 2

Df

CovMale DZ/Siblings = .5σ 2
Am + .25σ 2

Dm

CovFemale DZ/Siblings = .5σ 2
Af + .25σ 2

Df

CovOpposite sex DZ/Siblings = .5σAmσAf + .25σDmσDf

The significance of variance components was tested by
comparing the fit (minus twice log-likelihood) of the
full model that included the effect to that of a nested
model in which the effect had been dropped from the
model. The difference in log-likelihoods follows an
asymptotic chi-square distribution with the degrees of
freedom equal to the difference in estimated parame-
ters between the two models.

Results
Where curliness was measured using a 3-point scale
males had a significantly higher prevalence of straight
hair (Table 1, Table 3). However, in sample 2 where a
two category measure was used more females than
males reported straight hair. In the adolescent sample,

Table 1

Characteristics of the Three Samples

Sample 1 Sample 2 Sample 3

Birth years 1982–96 1903–81 1922–79
Age mean (range) 14 (9–24) 47 (23–94) 39 (22–80)
N Individuals Females Males Females Males Females Males

1381 1336 2546 1358 2822 2257
% straight 63.4% 70.5% 70.1% 66.9% 49.3% 58.3%
% wavy 27.7% 21.4% — — 35.1% 30.2%
% curly 8.9% 8.1% 29.9% 33.1% 15.6% 11.6%

Table 2

Frequencies for 1404 Twins Whose Hair Texture Was Rated at Both 12
and 14 Years

Age 12 \ Age 14 Straight Wavy Curly Total

Straight 889 154 0 1043
Wavy 65 170 41 276
Curly 0 14 71 85
Total 954 338 112 1404
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there were also significant effects of age, age squared
and age by sex (Table 3). In the adult samples, where
participants were asked to report their hair texture at
age 20 or 21, there were significant age effects were
also seen (Table 3), although the magnitude of these
effects differed between samples, and the interpreta-
tion of these effects is complicated by potential recall
effects. However, as shown in Figure 1, there was a
general trend for the prevalence of wavy and curly
hair to increase with age in males but no clear effect of
age in females.

As the adolescent sample was composed of twins
and their non-twin siblings we compared the magni-
tude of the DZ twin and non-twin sibling correlations,
allowing for differences between male, female, and
opposite sex pairs. As no significant differences were
observed (χ2

3 = 3.2, p = .35) these correlations were
equated in all further analyses. As shown in Table 4
significant co-twin correlations were observed across
samples, with the relative magnitude of MZ and DZ
correlations suggesting the presence of dominance.

For all three samples the ADE model provided a
better fit (lower AIC) than the ACE model (Table 5).
Across samples the majority of variance could be

explained by genetic influences. In males these genetic
effects were more dominant than additive, while the
converse was true for females. However, given the
high correlation between estimates of additive and
dominance effects (r = –.97) the reliability of these
estimates is low compared to the estimates of the
broad sense heritability (Martin & Eaves, 1977). The
concurrent analysis of the three samples revealed sig-
nificant heterogeneity (χ 2

12 = 100.8) primarily driven
by the larger estimate of unique environmental effects
in sample 3.

The estimates of AD and E could be equated for
males and females in samples 1 and 2. Additive and
dominant genetic effects accounted for the vast major-
ity of the variance, yielding broad sense heritabilities
of 98 and 96% in samples 1 and 2. Significant sex
limitation was observed in sample 3 where, the major-
ity of the variance in males was due to dominant
genetic effects whereas in females additive genetic
effects explained the majority of the variance.
However, curliness was significantly heritable for both
sexes. The broad sense heritability in sample 3 was
79% for the males and 87% for the females. Although
lower than the other two samples, the magnitude of
the heritability was similar to that of the repeatability
of the measurement observed in sample 1 (.89).

Discussion
The current study of three independent twin samples
has shown that hair curliness is strongly heritable in
unselected samples of European ancestry (with a
broad sense heritability ranging from .79 to .98 across
samples). Across studies the majority of participants
reported straight hair, with only a small percentage
reporting truly curly hair. A comparison of the preva-
lence across studies suggests that when offered two
response choices, straight or curly, participants who
would otherwise have selected the ‘wavy’ category are
divided fairly equally between the wavy and curly
response choices. These findings are consistent with
the findings of Loussouarn et al. (2007).

Hair texture was significantly heritable across the
three samples, and all three samples showed signifi-
cant non-additive genetic effects. While, the two adult
studies did ask the participants to answer with refer-

Table 3

Thresholds and Covariate Effects

Sample 1 Sample 2 Sample 3

Threshold 1 .362 .548 –.003
Threshold 2 1.300 – .995
βsex (M = 1, F = 0) .145 –.106 .169
βage (Z score)* –.042 –.043 –.004
βage2 .005 –.005 .010
βsex*age –.145 .074 –.112
Dropping βsex*age (χ2

1) 17.34 147.33 4.35
Dropping βage, βage2 26.92 149.13 6.36

& βsex*age (χ2
3)

Dropping βsex (χ2
1) 18.37 147.46 18.68

Note: Z scores calculated separately for the adolescents (Mean 13.92, sd 1.349) and
the adults (samples 2 and 3 combined; Mean 42.5, sd 9.77). Note: the covariate
effects reported here should be interpreted with reference to the liability thresh-
old model. For example the first threshold (dividing straight hair from wavy hair)
for a male aged 16 (zscore = 1.48) from sample 1 would be .362 + .145 + (1.48*–
.042) + (2.16*.005) + (1.48*–.145) = .243 which equates to a prevalence of 59.6%.

Table 4

MZ and DZ Co-Twin Correlations (and 95% Confidence Intervals)

Sample 1* Sample 2 Sample 3
N twin pairs r (95%) N twin pairs r (95%) N twin pairs r (95%)

MZ Male 170 .973 (.937, .990) 302 .925 (.850, .967) 351 .781 (.709, .837)
MZ Female 186 .996 (.987, .996) 671 .979 (.960, .986) 509 .870 (.834, .899)
DZ Male 184 .345 (.220, .394) 233 .309 (.059, .529) 250 .287 (.173, .398)
DZ Female 176 .380 (.266, .492) 482 .375 (.212, .522) 368 .378 (.254, .488)
DZ OS 318 .355 (.267, .435) 564 .440 (.295, .441) 413 .242 (.140, .339)

Note: *DZ twin and Twin-Sibling correlations were equated.
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Table 5

Summary of the Variance Components Analyses for the 3 Samples

Sample 1 Sample 2 Sample 3

ADE sex-limitation model –2LL 3940.46 4253.49 9129.81
ACE sex-limitation model –2LL 3952.45 4256.78 9138.20

Male A (95% CI) .391 (.236,.924) .588 (.122,.958) .183 (.145,.784)
Male D (95% CI) .581 (.307,.892) .337 (.000,.810) .601 (.000,.797)
Male E (95% CI) .027 (.010,.061) .075 (.033,.150) .216 (.162,.286)
Female A (95% CI) .520 (.275,.984) .632 (.185,.987) .686 (.094,.897)
Female D (95% CI) .476 (.285,.869) .348 (.000,.795) .183 (.000,.780)
Female E (95% CI) .004 (.001,.013) .021 (.010,.040) .130 (.101,.167)

Equating Male and Female VC χ2
3 5.953 5.813 9.48

p-value .114 .121 .024
A (95% CI) .446 (.156,.729) .605 (.211,.969) —
D (95% CI) .542 (.259,.833) .362 (.001,.757) —
E (95% CI) .011 (.005,.023) .033 (.019,.054) — 

AE model χ2
1 14.688 3.71 14.437

p-value .0001 .0541 .0001

Figure 1
Prevalence of straight, wavy and curly hair by sex and age.
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ence to their hair at ages 20 and 21 it is possible that
this heterogeneity may reflect the low number of
younger participants in sample 3. In addition, the
pattern of stronger dominance effects in males,
although not significantly different in samples 1 and 2,
suggest that researchers working in this area should
consider the possibility of sex by genotype interac-
tions. When measured on a 3-point scale, females
were more likely to have curly hair. Males appear to
be more likely to develop curly hair as they age, this
may potentially be due to differences in gene expres-
sion or hormonal regulation during the transition to
adulthood, however the data used in the present study
were predominantly cross sectional limiting our ability
to examine this hypothesis.

In conclusion, the present study has shown hair
curliness is significantly heritable with a broad sense
heritability of ~85–95%. Given the magnitude and the
specificity of the EDAR effect in hair morphology in
Asian populations we are hopeful that future associa-
tion studies will detect similar genetic influences in
European populations.
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