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Caio Cesar Silva de Cerqueira1, Tábita Hünemeier1, Jorge Gomez-Valdés2, Virgı́nia Ramallo1, Carla
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Abstract

The understanding of the complex genotype-phenotype architecture of human pigmentation has clear implications for the
evolutionary history of humans, as well as for medical and forensic practices. Although dozens of genes have previously
been associated with human skin color, knowledge about this trait remains incomplete. In particular, studies focusing on
populations outside the European-North American axis are rare, and, until now, admixed populations have seldom been
considered. The present study was designed to help fill this gap. Our objective was to evaluate possible associations of 18
single nucleotide polymorphisms (SNPs), located within nine genes, and one pseudogene with the Melanin Index (MI) in
two admixed Brazilian populations (Gaucho, N = 352; Baiano, N = 148) with different histories of geographic and ethnic
colonization. Of the total sample, four markers were found to be significantly associated with skin color, but only two
(SLC24A5 rs1426654, and SLC45A2 rs16891982) were consistently associated with MI in both samples (Gaucho and Baiano).
Therefore, only these 2 SNPs should be preliminarily considered to have forensic significance because they consistently
showed the association independently of the admixture level of the populations studied. We do not discard that the other
two markers (HERC2 rs1129038 and TYR rs1126809) might be also relevant to admixed samples, but additional studies are
necessary to confirm the real importance of these markers for skin pigmentation. Finally, our study shows associations of
some SNPs with MI in a modern Brazilian admixed sample, with possible applications in forensic genetics. Some classical
genetic markers in Euro-North American populations are not associated with MI in our sample. Our results point out the
relevance of considering population differences in selecting an appropriate set of SNPs as phenotype predictors in forensic
practice.
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Introduction

In humans and other animals, pigmentation results from

melanin synthesis, which occurs in melanocytes stored in vesicles

known as melanosomes. Melanocytes are found in the epidermis,

hair bulb, and iris, and are directly responsible for the

pigmentation of these organs and structures [1,2]. The color

spectrum observed in human eyes, hair, and skin is related to the

type and quantity of melanin produced, to the size, number, and

pattern of packaging of melanosomes, and to the pH of the

melanosomal environment [3,4]. There are two main melanin

types: eumelanin and pheomelanin, which are responsible for the

black/brown and yellow/red spectra, respectively.

The human pigmentation pathway is regulated by a network

controlled by many genes, as well as by environmental,

mechanical, and epigenetic factors. For instance, Quillen et al.
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[5] identified 76 skin pigmentation candidate genes from the

Online Mendelian Inheritance in Man (OMIM) database using

the following key-words: ‘‘color’’ and ‘‘pigmentation’’. This gene

set included both classical and non-classical genes. Candidate

pigmentation genes identified to date act over different stages of

the above-mentioned processes [6]. Additional information about

the function, localization, number of exons, and other relevant

data related to these and others genes can be found in Cerqueira et

al. [7,8].

A considerable number of genetic studies involving normal and

pathological variation in human pigmentation have emerged

recently [5,8–19]. Some of these investigations showed that it is

possible to predict human color phenotypes from genotype data

with different levels of accuracy, highlighting the importance of

these types of studies for forensic practices [8,16]. Furthermore, it

has been suggested that some variants associated with pigmenta-

tion also confer susceptibility or resistance to skin cancer

[12,20,21], since the presence of various skin tones is attributed

to adaptation to diverse environments after dispersal of the

anatomically modern Homo sapiens from Africa to other continents

[9,13–15,22–25].

Additionally, these studies documented the extensive diversity of

pigmentation genotype-phenotype architecture across human

populations. For example, Quillen et al. [5] showed that in

addition to the classical genes SLC24A5 and SLC45A2, others, such

as OPRM1 and EGFR, have also contributed to differences in

pigmentation between Native Americans and Europeans. More-

over, Norton et al. [6] suggested that polymorphisms in SLC24A5,

SLC45A2, and TYR have a predominant role in the evolution of

lighter skin color in Europeans, but not in East Asians. This

indicates recent convergent evolution of lighter pigmentation

phenotypes, and is suggestive the importance of natural selection

in this process. Quillen and Shriver [15] evaluated skin color

architecture at the population level and summarized the situation

as follows: (a) despite gene flow among human populations,

differences in allele frequencies for pigmentation genes are

nonetheless observed; and (b) signatures of natural selection in

some of these genes are observed among human populations,

whereas in other genes, the signal is population-exclusive.

As noted above, several studies have indicated different

populations have different genetic backgrounds for pigmentation

genes. Therefore, caution should be exercised when extrapolating

results from one population to another. The gene pools of

contemporary admixed Brazilian populations present varying

levels of contribution from continental ancestral groups (Native

American, European, and African) reflected in the striking

differences that have been reported among them [26,27].

Nonetheless, few studies have examined polymorphisms in

pigmentation candidate genes in these Brazilian populations to

date [28]. Accordingly, the main objective of the present work was

to evaluate the possible association between 18 single nucleotide

polymorphisms (SNPs), located in nine candidate pigmentation

genes and one pseudogene, and the Melanin Index (MI) in two

Brazilian populations with different admixture levels.

Materials and Methods

Recruitment of study samples
This study recruited a subset of volunteers from the 1,600

Brazilian participants in the Consortium for the Analysis of the

Diversity and Evolution of Latin America (CANDELA, http://

www.ucl.ac.uk/silva/candela). As a whole, the CANDELA project

recruited 7,500 subjects over 18 years of age from five Latin

America countries (Brazil, Colombia, Chile, Mexico and Peru).

For this investigation, we worked with all available samples to date

from persons born in Rio Grande do Sul (RS) (n = 352), the

southernmost state of Brazil, and from those born in the state of

Bahia (BA) (n = 148). Our goal was to evaluate possible

associations between 18 SNPs and MI in two populations with

contrasting ancestry formation.

The above-indicated states have distinct colonial histories: RS is

characterized by more substantial European colonization (a

significant number of non-Portuguese European immigrants

arrived in RS in the 19th century), whereas African heritage is

more visible in BA with respect to both phenotypic and cultural

aspects. Apart from these widely recognized characteristics, other

historical, demographic, and genetic particularities can distinguish

these populations [26,27,29–33].

The traditional Gaucho culture has roots in the South American

Pampa region, whose geographical areas cover parts of RS,

Argentina, and Uruguay. However, in modern Brazil, the word

Gaucho (Gaúcho in Portuguese) is used to refer to anyone born in RS,

and not only to those born in the Pampean region of this state. In

the present study, we employ this term to refer to any volunteer

from RS, whereas the term Baiano is used to identify individuals

from BA.

This project was approved by the Research Ethics Committees

of the Universidade Federal do Rio Grande do Sul, Hospital de

Clı́nicas de Porto Alegre, and the Universidade Estadual do

Sudoeste da Bahia (Resolutions 18208/2010, 100565/2011, and

212/2010, respectively). All subjects signed an informed consent

form approved by the above-mentioned ethics committees, in

accordance with the Declaration of Helsinki.

MI measurements
The CANDELA protocol involved the acquisition of data on

physical appearance, including a quantitative measure of skin

color using the Derma spectrometer (DSM II ColorMeter,

CyberDerm Inc., USA), which provides the MI. In humans,

values ranging from 20 to 100 reflect fairer to darker skin tones.

MI was measured on the proximal medial portion of both arms to

generate a single average value. This location was chosen because

it captures the constitutive skin pigmentation (the basal quantity of

melanin), with potentially little effect of sun exposure [5,34].

Genetic analysis
DNA was extracted from total blood samples using the salting

out method [35] or with the QIAamp 96 DNA blood Kit (Qiagen),

and genotyping procedures were performed with KASP genotyp-

ing assay (LGC Genomics: www.lgcgenomics.com). Eighteen

SNPs were investigated: rs1524668 (ADAM17), rs4785763

(AFG3L1, a pseudogene), rs6058017 (ASIP), rs1129038 (HERC2),

rs1805009, rs1805008, and rs1805007 (MC1R), rs1800407,

rs1800401, and rs1800414 (OCA2), rs1426654 (SLC24A5, also

identified as NCKX5), rs6867641, rs26722, and rs16891982

(SLC45A2, also identified as MATP), rs3750965 and rs3829241

(TPCN2), and rs1042602 and rs1126809 (located at the TYR gene).

These polymorphisms were chosen because previous studies have

linked them either directly or indirectly with the human

pigmentation pathway (Table S1 in File S1).

Statistical analyses
Allele frequencies were estimated by gene counting. Agreement

of genotype frequencies with Hardy-Weinberg equilibrium (HWE)

was tested using the ‘‘Utility programs for analysis of genetic

linkage’’ [36]. Allele and genotype frequency differences were

compared between Gaucho and Baiano samples using Pearson x2 or

Fisher exact tests. Student’s t-test or the non-parametric Wilcoxon-
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Mann-Whitney tests were used to compare MI, age and ancestry

(European, African and Native American) between the Gaucho and

Baiano samples. The assumptions of normality and homoscedas-

ticity were tested using Kolmogorov-Smirnov and Levene’s tests.

Population structure due to admixture is a well-known

confounding factor in association studies. To minimize this

problem, the proportion of African, European and Amerindian

ancestry was estimated using the 40 Ancestry Informative Markers

(AIMs) studied in all CANDELA samples. Paschou et al. [37]

identified 5,000 SNPs, highly informative for worldwide conti-

nental ancestry estimation (http://www.cs.rpi.edu/,drinep/

HGDPAIMS/WORLD_5000_INFAIMs.txt). Allele frequencies

in Native Americans are available for a fraction of these markers

[38]. The 40 markers with the highest inter-geographical group

allele-frequency differences, together with the lowest intra-

geographical group variation were selected for use in the

CANDELA analysis. ADMIXTURE software [39] was used to

estimate the proportions of African, European and Native

American ancestry, as well as their standard errors. More details

about these AIMs and the admixture analysis can be found in

Ruiz-Linares et al. [40]. We also estimated the correlation

between 1/MI and ancestry proportion using Pearson’s prod-

uct–moment coefficient, to evaluate the influence of ancestry in

our dataset.

ANOVA (General Linear Models) were employed to test for the

association of genetic polymorphisms with the melanin index (MI)

by comparing these values across genotypes; Sidák-corrected

multiple comparisons were performed when appropriate. The

proportions of African and European ancestries were included in

the model as covariates. Note that covariates should be included in

the ANOVA only if they are associated with both dependent

(melanin index) and independent (genotype) variables. We also

included the group label (Gaucho vs. Baiano) as an additional

covariate in the total sample analysis to assess whether the results

were robust to this additional known level of population structure.

A Bonferroni-corrected p value threshold of 0.0028 was considered

statistically significant for ANOVA tests.

The statistical analyses were performed using WinPEPI version

4.0 [41], or PASW (former SPSS) statistical package, version 18.0.

Results

Management of quantitative data and gene frequency
analyses

Since the assumptions for the ANOVA and t-tests were not

satisfied for age and MI, we used 1/MI and 1/age transforma-

tions. Non-parametric methods were used when this transforma-

tion was not enough to satisfy those assumptions. The mean age

for the total sample (N = 500) was 25 (range 18–85) years, 168

(33.6%) being males and 332 (66.4%) females. The Gaucho mean

age (26; range 18–85) years differed significantly from the Baiano

mean age (23; 18–62) (p,0.001). The mean MI of the total sample

was 32.90 (range 22.04–76.40), while Gaucho and Baiano showed

average MI values of 31.54 (22.04–76.40) and 36.68 (23.72–

65.01), respectively. These results indicate that the Baiano group

presents a darker skin color compared with the Gaucho group (p,

0.001).

In the Gaucho sample, genotype frequencies were in accordance

with those expected by HWE, except for SLC24A5 rs1426654

(x2 = 11.051, p,0.01), which showed a lower number of hetero-

zygotes than expected. For the Baiano group, only the genotype

frequencies of SLC45A2 rs16891982 were not in HWE (x2 = 6.911,

p,0.01), also due to a lower than expected number of

heterozygotes. Allele and genotype frequencies were statistically

different between the 2 populations for ASIP rs6058017, HERC2

rs1129038, SLC24A5 rs1426654, and SLC45A2 rs16891982 (Table

S2 in File S1).

Association between MI and genotypes
Aiming to evaluate possible population stratification due to

admixture, we first tested the differences between Gaucho and

Baiano samples with respect to European, African, and Native

American ancestries measured using the 40 Ancestry Informative

Markers employed in the CANDELA Consortium. The two

groups differed for African and European contributions (p,0.001),

as well as Native American ancestry (p = 0.017). The percentage

mean values are: Gaucho: European, 84.86; African, 6.99; and

Native American, 8.15; Baiano: 61.47, 29.91, and 8.62, respectively

(Table S3 in File S1).

We also observed a moderate correlation between 1/MI and

European (r = 0.516; p,0.001); and African (r = –0.598; p,0.001)

proportions; and a weak correlation between 1/MI and Native-

American ancestry (r = –0.167; p,0.001). However, only the

African and European ancestries were associated with both

genotypes and the melanin index, as opposed to the Native

American ancestry. Sex was not associated with MI (p = 0.817) and

a negligible correlation (–0.089; p = 0.046) was observed between

MI and age. Therefore, in the ANOVA analysis of the association

between the 18 genetic markers and MI, we used European and

African proportions as covariates to adjust for population

stratification.

Three sets of ANOVA analyses were performed to evaluate the

association between MI and genotypes for the 18 markers: for the

total sample (N = 500), for the Gaucho subsample (N = 352), and for

the Baiano subsample (N = 148). The results are presented in

Table 1. In the total sample, four polymorphisms showed a

statistically significant association with MI: SLC24A5 rs1426654

(p,0.001) and SLC45A2 rs16891982 (p,0.001); and HERC2

rs1129038 (p = 0.001), and TYR rs1126809 (p = 0.001). But when

the Gaucho and Baiano populations were considered separately, only

two of these SNPs (SLC24A5 rs1426654 and SLC45A2 rs16891982)

remained significantly associated with MI (p,0.001). The

inclusion of the group label (Gaucho vs. Baiano) as an additional

covariate in the combined population analysis did not change our

results (data not shown).

The average values observed for MI suggest that for loci HERC2

rs1129038, SLC45A2 rs16891982 and TYR rs1126809, the

respective alleles A, C, and A, present a dominant effect

(Table 2), while alleles A and G of the SLC24A5 rs1426654 locus

seem to have a codominant effect. Alleles HERC2 rs1129038 G,

SLC45A2 rs16891982 C, SLC24A5 rs1426654 G, and TYR

rs1126809 G were associated with darker skin pigmentation

(Table 2).

Discussion

Knowledge about the connection between genetic variation and

complex traits has improved markedly in recent years. Neverthe-

less, current knowledge of genetic predictors of skin color remains

limited [42], particularly with respect to populations outside of the

European-North American axis. Our intention was to help fill this

gap by demonstrating the effect of genetic variants for pigmen-

tation in two admixed Brazilian populations.

Our results showed that just two polymorphisms (SLC24A5

rs1426654 and SLC45A2 rs16891982) seem to behave relatively

consistently as skin color predictors in admixed samples. HERC2

rs1129038 and TYR rs1126809 were significantly associated with

MI in the total sample analyses only. We do not discard the

Admixture Process and Skin Color

PLOS ONE | www.plosone.org 3 May 2014 | Volume 9 | Issue 5 | e96886

http://www.cs.rpi.edu/~drinep/HGDPAIMS/WORLD_5000_INFAIMs.txt
http://www.cs.rpi.edu/~drinep/HGDPAIMS/WORLD_5000_INFAIMs.txt


T
a

b
le

1
.

A
n

ce
st

ry
ad

ju
st

e
d

A
N

O
V

A
te

st
s

fo
r

as
so

ci
at

io
n

b
e

tw
e

e
n

M
e

la
n

in
In

d
e

x
(M

I)
a

an
d

g
e

n
o

ty
p

e
s

in
tw

o
ad

m
ix

e
d

B
ra

zi
lia

n
p

o
p

u
la

ti
o

n
s.

T
o

ta
l

sa
m

p
le

(N
=

5
0

0
)

G
au

ch
o

(N
=

3
5

2
)

B
ai

an
o

(N
=

1
4

8
)

G
e

n
e

S
N

P
F

p
F

p
F

p

A
D

A
M

17
rs

1
5

2
4

6
6

8
0

.5
7

8
0

.5
6

2
0

.8
1

7
0

.4
4

3
0

.3
3

1
0

.7
1

9

A
FG

3L
1

rs
4

7
8

5
7

6
3

0
.1

6
7

0
.8

4
6

0
.1

1
6

0
.8

9
1

0
.0

9
0

0
.9

1
4

A
SI

P
rs

6
0

5
8

0
1

7
0

.2
7

3
0

.7
6

1
0

.1
3

1
0

.8
7

7
0

.4
6

2
0

.6
3

1

H
ER

C
2

rs
1

1
2

9
0

3
8

7
.5

9
9

0
.0

0
1

3
.4

1
8

0
.0

3
5

3
.1

5
4

0
.0

4
6

M
C

1R
rs

1
8

0
5

0
0

9
4

.4
3

6
0

.0
3

6
6

.6
9

8
0

.0
1

0
0

.0
9

6
0

.7
5

8

M
C

1R
rs

1
8

0
5

0
0

8
0

.2
9

9
0

.5
8

5
0

.3
1

5
0

.5
7

5
b

b

M
C

1R
rs

1
8

0
5

0
0

7
0

.2
6

7
0

.6
0

5
0

.4
4

0
0

.5
0

7
0

.4
9

8
0

.4
8

2

O
C

A
2

rs
1

8
0

0
4

0
7

8
.1

9
5

0
.0

0
4

3
.6

5
6

0
.0

5
7

6
.0

7
3

0
.0

1
5

O
C

A
2

rs
1

8
0

0
4

0
1

0
.2

6
2

0
.7

7
0

0
.8

0
3

0
.3

7
1

0
.0

1
8

0
.9

8
2

O
C

A
2

rs
1

8
0

0
4

1
4

0
.8

6
3

0
.3

5
3

0
.8

9
2

0
.3

4
6

0
.0

3
6

0
.8

5
0

SL
C

24
A

5
rs

1
4

2
6

6
5

4
3

0
.8

1
6

,
0

.0
0

1
2

1
.9

4
6

,
0

.0
0

1
1

0
.4

4
1

,
0

.0
0

1

SL
C

45
A

2
rs

6
8

6
7

6
4

1
0

.4
0

0
0

.6
7

1
0

.4
4

4
0

.6
4

2
9

.7
9

5
0

.0
8

9

SL
C

45
A

2
rs

2
6

7
2

2
2

.4
4

5
0

.0
8

8
3

.4
8

5
0

.0
3

2
0

.5
9

5
0

.5
5

3

SL
C

45
A

2
rs

1
6

8
9

1
9

8
2

5
7

.7
5

5
,

0
.0

0
1

3
2

.9
7

4
,

0
.0

0
1

2
6

.7
4

7
,

0
.0

0
1

TP
C

N
2

rs
3

7
5

0
9

6
5

0
.6

4
2

0
.5

2
7

0
.8

1
4

0
.4

4
4

0
.0

7
9

0
.9

2
4

TP
C

N
2

rs
3

8
2

9
2

4
1

0
.4

8
2

0
.6

1
8

1
.0

1
8

0
.3

6
3

0
.2

7
3

0
.7

6
1

TY
R

rs
1

0
4

2
6

0
2

3
.6

3
7

0
.0

2
7

1
.1

9
6

0
.3

0
4

4
.9

7
4

0
.0

0
8

TY
R

rs
1

1
2

6
8

0
9

6
.9

0
5

0
.0

0
1

3
.8

5
3

0
.0

2
2

3
.8

7
4

0
.0

2
3

a
A

N
O

V
A

te
st

s
p

e
rf

o
rm

e
d

o
n

1
/M

I.
b

N
o

t
te

st
e

d
d

u
e

to
sc

ar
ci

ty
o

f
d

at
a

(o
n

ly
n

=
4

in
d

iv
id

u
al

s
w

it
h

g
e

n
o

ty
p

e
C

C
).

d
o

i:1
0

.1
3

7
1

/j
o

u
rn

al
.p

o
n

e
.0

0
9

6
8

8
6

.t
0

0
1

Admixture Process and Skin Color

PLOS ONE | www.plosone.org 4 May 2014 | Volume 9 | Issue 5 | e96886



T
a

b
le

2
.

M
I

cr
u

d
e

an
d

an
ce

st
ry

-a
d

ju
st

e
d

m
e

an
s,

ac
co

rd
in

g
to

th
e

g
e

n
o

ty
p

e
s

o
f

fo
u

r
p

o
ly

m
o

rp
h

is
m

s
fo

r
w

h
ic

h
an

as
so

ci
at

io
n

w
it

h
th

e
M

e
la

n
in

In
d

e
x

(M
I)

w
as

o
b

se
rv

e
d

.

P
o

ly
m

o
rp

h
is

m
s

a
n

d
g

e
n

o
ty

p
e

T
o

ta
l

sa
m

p
le

G
a

u
ch

o
B

a
ia

n
o

N
M

I
m

e
a

n
A

d
j

M
I

m
e

a
n

a
N

M
I

m
e

a
n

A
d

j
M

I
m

e
a

n
a

N
M

I
m

e
a

n
A

d
j

M
I

m
e

a
n

a

H
ER

C
2

rs
1

1
2

9
0

3
8

G
G

1
5

7
3

5
.2

3
4

.4
R

6
5

N
/A

N
/A

9
2

N
/A

N
/A

G
A

1
4

0
3

2
.8

3
2

.6
S

9
4

N
/A

N
/A

4
6

N
/A

N
/A

A
A

4
3

3
0

.8
3

1
.8

S
4

0
N

/A
N

/A
3

N
/A

N
/A

G
G

2
3

4
9

.8
3

8
.7

R
9

4
9

.6
4

1
.0

R
1

4
4

9
.9

4
1

.7
R

G
A

1
0

4
3

7
.3

3
5

.3
S

5
1

3
4

.9
3

4
.0

S
5

3
3

9
.6

3
8

.5
R

A
A

3
6

6
3

2
.1

3
2

.0
T

2
8

8
3

1
.2

3
0

.9
T

7
8

3
5

.4
3

4
.9

S

SL
C

4
5

A
2

rs
1

6
8

9
1

9
8

2

C
C

6
6

4
1

.3
3

6
.1

R
2

4
3

9
.7

3
5

.4
R

4
2

4
2

.2
3

9
.0

R

C
G

1
6

4
3

6
.1

3
4

.9
R

1
1

0
3

3
.8

3
3

.3
R

5
4

4
1

.0
3

9
.4

R

G
G

2
5

2
3

0
.7

3
1

.0
S

2
0

9
3

0
.5

3
0

.3
S

4
3

3
1

.7
3

2
.3

S

T
Y

R
rs

1
1

2
6

8
0

9

G
G

3
3

8
3

4
.8

3
3

.4
R

2
2

9
N

/A
N

/A
1

0
9

N
/A

N
/A

G
A

1
3

2
3

2
.6

3
2

.2
S

9
8

N
/A

N
/A

3
4

N
/A

N
/A

A
A

1
8

3
0

.0
3

0
.5

S
1

6
N

/A
N

/A
2

N
/A

N
/A

N
/A

=
N

o
as

so
ci

at
io

n
d

e
te

ct
e

d
;

a
M

e
an

s
in

d
ic

at
e

d
b

y
th

e
sa

m
e

le
tt

e
r

d
o

n
o

t
d

if
fe

r
at

th
e

0
.0

5
le

ve
l

(S
id

ák
-c

o
rr

e
ct

e
d

m
u

lt
ip

le
co

m
p

ar
is

o
n

s
b

as
e

d
o

n
1

/M
I)

.
d

o
i:1

0
.1

3
7

1
/j

o
u

rn
al

.p
o

n
e

.0
0

9
6

8
8

6
.t

0
0

2

Admixture Process and Skin Color

PLOS ONE | www.plosone.org 5 May 2014 | Volume 9 | Issue 5 | e96886



possibility that these two markers might also be relevant, but

additional studies are necessary to confirm their real importance

for skin pigmentation. It is possible that their association in Gaucho

and Baiano disappeared due to small sample size when these

populations were considered separately. On the other hand, some

classical markers associated with skin pigmentation in Europeans

and others populations (Table S1 in File S1) are not associated in

our admixed samples (for example, ASIP rs6058017, MC1R

rs1805009, OCA2 rs1800414, SLC45A2 rs6867641), indicating

the possibility that they are population-specific. Therefore, they

should be avoided for general inferences in forensic DNA

phenotyping. This notable absence of association between classical

skin pigmentation loci (including ASIP and MC1R) and skin color

also was noted by Beleza et al. [43] studying Cape Verdean

subjects with extensive West African/European admixture. On the

other hand, similarly to us, they found a significant association of

SLC24A5 rs1426654 and SLC45A2 rs16891982 with this trait.

Pigmentation differs due to the amount and type of melanin

synthesized in melanocytes, and to melanosome shape and

distribution [3]. Complex gene and protein networks are related

to these processes, and it is likely that their architectures differ, at

least in part, across diverse human populations. Our findings have

important forensic implications, since some authors have suggested

that eye and hair color predictions can be developed indepen-

dently of the biogeographic ancestry of the population investigated

[17,18,44,45]. Results of the present study indicated that for skin

color this assumption appears to be only partially true.

Despite the fact that we observed an intermediate effect of

heterozygote genotypes in the majority of significant SNPs, it is

clear that heterozygotes for some polymorphisms had MI means

similar to those of one of the homozygotes. The description of the

specific effect of each genotype is therefore extremely important.

For instance, HERC2 rs1129038 and TYR rs1126809 suggest a

dominant relationship between alleles, as found by Cook et al. [46]

in a study of the expression of pigmentation genes across different

genotype profiles. SNPs SLC45A2 rs16891982 and SLC24A5

rs1426654 were previously associated with skin color in European

and/or Asian populations [6,17,18,46–48], and our results

indicate similar association in admixed populations. On the other

hand, HERC2 rs1129038 was previously associated with eye and

hair color only [49,50]. This polymorphism is in high linkage

disequilibrium with HERC2 rs12913832 [50,51], which, in turn, is

associated with eye, hair, and skin color [46,50], and seems to have

an on-off effect on the OCA2 gene function [52,53]. Our study

shows, for the first time, that HERC2 rs1129038 can have a role in

skin color, at least in some populations, such as those investigated

here (Total sample; Table 1).

Interestingly, some studies have suggested that the SLC45A2

rs16891982 C allele was associated with darker skin and/or brown

eyes, whereas in other investigations, this allele was associated with

lighter skin and/or blue eyes (Table S1 in File S1). This

discrepancy may be due to the fact that C/G differences can

easily lead to reading mistakes. Our data indicated that the C allele

(Phe) was related to higher MI values, thus corroborating the

propositions of Norton et al. [6], Spichenok et al. [17], and Walsh

et al., [18].

In general, the effects described here for the SNPs statistically

associated with skin color are in agreement with their function-

ality, as described in the literature. For instance, Ginger et al. [54]

demonstrated that the expression of the SLC24A5 gene product is

required for the production of melanin in differentiating human

epidermal melanoblasts. Also, a functional study conducted by

Sturm [55] found that in SLC24A5*111Ala homozygotes the

amount of melanin in cultured melanocytes increased by 2.2 times,

as compared to Thr111Thr. More information about the biological

effects of other SNPs studied here in human pigmentation may be

viewed in Table S1 in File S1.

Conclusion

The main implication of our study is the establishment of some

genetic markers as skin color predictors in admixed populations.

Two SNPs (SLC24A5 rs1426654 and SLC45A2 rs16891982) were

significantly associated with MI in all analyses. Two other markers

showed suggestive results (HERC2 rs1129038 and TYR

rs1126809), indicating the need for additional studies for

confirmation. An interesting finding is that while some polymor-

phisms seem to behave consistently as skin color predictors, others

seem to be population-specific, indicating that genotype-pheno-

type relationships found in one population cannot be uncritically

extrapolated to another.

Supporting Information

File S1 Table S1, Characteristics of the SNPs studied. Table S2,

Genotype and allele frequencies for 18 SNPs in the Gaucho

(N = 352) and Baiano (N = 148) samples. Table S3, Mean and
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Gaucho samples.
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and Jequié sample collections and support.

Author Contributions

Conceived and designed the experiments: CCSC TH LS-F RG-J AR-L

MCB. Performed the experiments: CCSC TH JAG-V. Analyzed the data:

CCSC TH JAG-V PV-P RCD SMCJ MCB. Contributed reagents/

materials/analysis tools: VR CDV-K AALB DL FR GB SC-Q VA-A CG

GP RG-J FMS SMCJ LS-F AR-L MCB. Wrote the paper: CCSC TH

SMCJ FMS MCB.

References

1. Sturm RA, Teasdale RD, Box NF (2001) Human pigmentation genes:

identification, structure and consequences of polymorphic variation. Gene

277: 49–62.

2. Hida T, Wakamatsu K, Sviderskaya EV, Donkin AJ, Montoliu L, et al. (2009)

Agouti protein, mahogunin, and attractin in pheomelanogenesis and melano-

blast-like alteration of melanocytes: a cAMP-independent pathway. Pigment Cell

Melanoma Res 22: 623–634.

3. Parra EJ (2007) Human pigmentation variation: evolution, genetic basis, and

implications for public health. Am J Phys Anthropol 45: 85–105.

4. Cheli Y, Luciani F, Khaled M, Beuret L, Bille K, et al. (2009) {alpha}MSH and

Cyclic AMP elevating agents control melanosome pH through a protein kinase

A-independent mechanism. J Biol Chem 284: 18699–18706.

5. Quillen EE, Bauchet M, Bigham AW, Delgado-Burbano ME, Faust FX, et al.

(2012) OPRM1 and EGFR contribute to skin pigmentation differences between

Indigenous Americans and Europeans. Hum Genet 131: 1073–1080.

6. Norton HL, Kittles RA, Parra E, McKeigue P, Mao X, et al. (2007) Genetic

evidence for the convergent evolution of light skin in Europeans and East Asians.

Mol Biol Evol 24: 710–722.

Admixture Process and Skin Color

PLOS ONE | www.plosone.org 6 May 2014 | Volume 9 | Issue 5 | e96886



7. Cerqueira CCS, Amorim CEG, Salzano FM, Bortolini MC (2011) Human

pigmentation genes: forensic perspectives, general aspects and evolution. In:
Yacine N, Fellag R, editors. Forensic Science. New York: Nova Science

Publishers Inc. pp. 85–106.
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África Atlântica. Rio de Janeiro: Editora Campus. 208 p.

32. Hünemeier T, Carvalho C, Marrero AR, Salzano FM, Pena SD, et al. (2007)
Niger-Congo speaking populations and the formation of the Brazilian gene pool:

mtDNA and Y-chromosome data. Am J Phys Anthropol 133: 854–867.

33. Marrero AR, Silva-Junior WA, Bravi CM, Hutz MH, Petzl-Erler ML, et al.

(2007) Demographic and evolutionary trajectories of the Guarani and Kaingang
natives of Brazil. Am J Phys Anthropol 132: 301–310.

34. Shriver MD, Parra EJ, Dios S, Bonilla C, Norton H, et al. (2003) Skin

pigmentation, biogeographical ancestry and admixture mapping. Hum Genet
112: 387–399.

35. Lahiri DK, Nurnberger JI (1991) A rapid non-enzymatic method for the
preparation of HMW DNA from blood for RFLP studies. Nucleic Acids Res 19:

5444.

36. Ott J (1988) Program HWE, Utility Programs for Analysis of Genetic Linkage.
Available: http://www.jurgott.org/linkage/ListSoftware.html. Accessed 12 Au-

gust 2013.
37. Paschou P, Lewis J, Javed A, Drineas P (2010) Ancestry informative markers for

fine-scale individual assignment to worldwide populations. J Med Genet 47:
835–847.

38. Reich D, Patterson N, Campbell D, Tandon A, Mazieres S, et al. (2012)

Reconstructing Native American population history. Nature 488: 370–374.
39. Alexander DH, Novembre J, Lange K (2009) Fast model-based estimation of

ancestry in unrelated individuals. Genome Res 19: 1655–1664.
40. Ruiz-Linares A, Adhikari K, Acuña-Alonzo V, Quinto M, Jaramillo C, et al.

(2014) Admixture in Latin America: geographic structure, phenotypic diversity

and self-perception of ancestry based on 7,342 individuals. PLoS Genetics (under
revision).

41. Abramson JH, Gahlinger PM (2001) Computer programs for epidemiologists:
PEPI. Version 4.0. Salt Lake City. UT: Sagebrush Press.

42. Liu F, Wen B, Kayser M (2013) Colorful DNA polymorphisms in humans.
Semin Cell Dev Biol 24: 562–575.

43. Beleza S, Johnson NA, Candille SI, Absher DM, Coram MA, et al. (2013)

Genetic architecture of skin and eye color in an African-European admixed
population. PLoS Genet 9: e1003372.

44. Valenzuela RK, Henderson MS, Walsh MH, Garrison NA, Kelch JT, et al.
(2010) Predicting phenotype from genotype: normal pigmentation. J Forensic Sci

55: 315–22.

45. Walsh S, Liu F, Wollstein A, Kovatsi L, Ralf A, et al. (2013) The HIrisPlex
system for simultaneous prediction of hair and eye colour from DNA. Forensic

Sci Int Genet 7: 98–115.
46. Cook AL, Chen W, Thurber AE, Smit DJ, Smith AG, et al. (2009) Analysis of

cultured human melanocytes based on polymorphisms within the SLC45A2/
MATP, SLC24A5/NCKX5, and OCA2/P loci. J Invest Dermatol 129: 392–

405.

47. Graf J, Hodgson R, Van Daal A (2005) Single nucleotide polymorphisms in the
MATP gene are associated with normal human pigmentation variation. Hum

Mutat 25: 278–284.
48. Stokowski RP, Pant PV, Dadd T, Fereday A, Hinds DA, et al. (2007) A

genomewide association study of skin pigmentation in a south Asian population.

Am J Hum Genet 81: 1119–1132.
49. Eiberg H, Troelsen J, Nielsen M, Mikkelsen A, Mengel-From J, et al. (2008) Blue

eye color in humans may be caused by a perfectly associated founder mutation in
a regulatory element located within the HERC2 gene inhibiting OCA2

expression. Hum Genet 123: 177–187.
50. Sturm RA, Duffy DL, Zhao ZZ, Leite FP, Stark MS, et al. (2008) A single SNP

in an evolutionary conserved region within intron 86 of the HERC2 gene

determines human blue-brown eye color. Am J Hum Genet 82: 424–431.
51. Amos CI, Wang L, Lee JE, Gershenwald JE, Chen WV, et al. (2011) Genome-

wide association study identifies novel loci predisposing to cutaneous melanoma.
Hum Mol Genet 20: 5012–5023.

52. Edwards M, Bigham A, Tan J, Li S, Gozdzik A, et al. (2010) Association of the

OCA2 Polymorphism His615Arg with melanin content in East Asian
populations: further evidence of convergent evolution of skin pigmentation.

PLoS Genet 6: e1000867.
53. Visser M, Kayser M, Palstra RJ (2012) HERC2 rs12913832 modulates human

pigmentation by attenuating chromatin-loop formation between a long-range

enhancer and the OCA2 promoter. Genome Res 22: 446–455.
54. Ginger RS, Askew SE, Ogborne RM, Wilson S, Ferdinando D, et al. (2008)

SLC24A5 encodes a trans-Golgi network protein with potassium-dependent
sodium-calcium exchange activity that regulates human epidermal melanogen-

esis. J Biol Chem 283: 5486–5495.
55. Sturm RA (2009) Molecular genetics of human pigmentation diversity. Hum

Mol Genet 18: R9–R17.

Admixture Process and Skin Color

PLOS ONE | www.plosone.org 7 May 2014 | Volume 9 | Issue 5 | e96886

http://www.jurgott.org/linkage/ListSoftware.html

